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(Ky) channels+t
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Dietary polyphenols have been associated with many beneficial cardiovascular effects. However, these
effects are rather attributed to small phenolic metabolites formed by the gut microbiota, which reach
sufficient concentrations in systemic circulation. 4-Methylcatechol (4-MC) is one such metabolite. As it is
shown to possess considerable vasorelaxant effects, this study aimed to unravel its mechanism of action.
To this end, experimental in vitro and in silico approaches were employed. In the first step, isometric
tension recordings were performed on rat aortic rings. 4-MC potentiated the effect of cyclic nucleotides,
but the effect was not mediated by either soluble guanylyl cyclase (sGC), modification of cyclic adenosine
monophosphate levels, or protein kinase G. Hence, downstream targets such as calcium or potassium
channels were considered. Inhibition of voltage-gated K* channels (Ky) markedly decreased the effect of
4-MC, and vasodilation was partly decreased by inhibition of the Ky7 isoform. Contrarily, other types of K*
channels or L-type Ca®* channels were not involved. In silico reverse docking confirmed that 4-MC binds
to Ky7.4 through hydrogen bonding and hydrophobic interactions. In particular, it interacts with two
crucial residues for Ky7.4 activation: Trp242 and Phe246. In summary, our findings suggested that 4-MC
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Introduction

Hypertension is a multifactorial and, in its early stages, a
silent disease that affects more than 30% of the adult popu-
lation worldwide. It can cause or facilitate a cardiovascular
event and even premature death.' Arterial blood pressure is
basically determined by two parameters: cardiac output and
total peripheral resistance. In many cases, hypertensive
patients have an unaltered cardiac output, whereas the total
peripheral resistance is elevated.” This fact highlights the
major role played by blood vessels in the pathogenesis of
hypertension. Indeed, small arteries and arterioles often
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exerts vasorelaxation by opening Ky channels with the involvement of Ky7.4.

appear more constricted and thicker in hypertension owing to
abnormalities in vascular smooth muscle cells (VSMCs).?
Physiologically, the dynamic changes in vessel contractility are
monitored by a tight interplay between the potassium (K') and
calcium (Ca®") channels located in VSMCs. However, in
chronic hypertension, vascular remodeling frequently occurs
and contributes to an abnormal depolarized state of VSMCs.>*
Flavonoids are polyphenolic substances that are abundant in
foods such as vegetables, fruits, tea, red wine, and dark choco-
late and have been positively linked to protective effects on the
cardiovascular system.>® Indeed, epidemiological studies have
suggested that a high intake of flavonoids is inversely related
to arterial blood pressure.” The probable explanation for this
phenomenon is based on vasorelaxation as a consequence of
flavonoid intake. However, flavonoids are not active in vivo in
their parent forms as they are poorly absorbed.® Hence, rather
their metabolites, most commonly small phenolic compounds
formed by human microflora, are responsible for such an
effect. To date, a large repertoire of small phenolic metabolites
has been identified and detected in human biological
fluids®** and many have been shown to relax in different mag-
nitude vessels in vitro or even in vivo.'*™** Yet, in most cases,
the mechanisms of action of these metabolites remain enig-
matic as there has not been much research in this field.
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4-Methylcatechol (4-MC) is one such metabolite. It was
suggested to be formed upon microbial catabolism of different
classes of (poly)phenols (e.g., flavonol, quercetin, and its glyco-
sides, flavan-3-ols, chlorogenic acids, Fig. 1).>'® Although its
detection in the urine of rats fed with vanillin was described
as early as in the mid-1970s," its significant vasorelaxant
effects were discovered by our team recently, and such data
were confirmed in animals where 4-MC was able to decrease
arterial blood pressure."*"® More concretely, 4-MC induced
relaxation of the rat aorta and mesenteric arteries in vitro, and
caused a drop in the mean arterial pressure by 10% in
spontaneously hypertensive rats after a single i.v. dose of
2.5 mg kg~". Importantly, the observed effects were not mediated
through the heart, and most likely relied on a decrease in the
resistance of the vasculature.'® Therefore, the aim of the
current study was to unravel the specific mechanisms that
mediate the vasodilatory action of 4-MC. To achieve this, we
carried out in vitro experiments on the isolated rat aorta, and
in silico reverse docking studies.

Materials and methods
Animals

For the in vitro experiments, male Wistar Han rats (n = 32)
obtained from Charles River, Germany (av. weight 300 g) were
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Fig. 1 Simplified scheme of the suggested metabolic pathways for dis-
tinct classes of polyphenols leading to the formation of 4-methyl-
catechol: (a) procyanidin (PC), (b) chlorogenic acids, (c) flavonol rutin,
and (d) vanillin. Data were obtained from the following ref. 9 and 17-22.
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used. The animals were bred in the animal facility of the
Faculty of Pharmacy, Charles University, and maintained at a
constant temperature of 23-25 °C with the 12 h dark/light
cycle. Rats were provided a standard diet and tap water
ad libitum. The study was conformed to The Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health (8th edition, revised 2011, ISBN-13:978-0-
309-15400-0), and was performed in agreement with approval
of the Czech Ministry of Education, Youth and Sports (No.
4937_2019-9).

Chemicals

Urethane, noradrenaline, acetylcholine, sodium nitroprusside
(SNP), dimethyl sulfoxide (DMSO), nifedipine, 1H-[1,2,4]
oxadiazolo[4,3-a]quinoxalin-1-one  (ODQ), membrane-
permeable protein kinase G Io inhibitory peptide:
RQIKIWFQNRRMKWKKLRKKKKKH (DT-3), forskolin, bradyki-
nin, iberiotoxin, glibenclamide, BaCl,, 4-aminopyridine, lino-
pirdine, and thapsigargin, as well as the tested compound
4-MC were purchased from Sigma-Aldrich (Germany). Bay
K8644 was obtained from Axon Medchem BV (Netherlands).
4-MC was dissolved in 100% DMSO (10 mM), and the sub-
sequent solutions were prepared with ultrapure water. KCIl and
CaCl, were purchased from Sigma-Aldrich. NaCl, NaHCO3;, and
p-glucose were provided by PENTA s.r.o. (Czech Republic),
MgSO,-7H,0 was purchased from Erba Lachema (Czech
Republic) s.r.o., whereas KH,PO, was obtained from Dr Kulich
Pharma s.r.o. (Czech Republic). The Krebs solution contained
the following composition in mM: NaCl, 119; KCl, 4.7; CaCl,,
1.25; KH,PO,, 1.18; MgS0O,-7H,0, 1.17; NaHCO;, 25; and
p-glucose, 11.

In vitro experiments

Rat aorta isolation. Rats were anaesthetized by adminis-
tration of urethane (1.2 g kg™, intraperitoneally) and sacri-
ficed by exsanguination. The thoracic aorta was excised,
immersed in the Krebs solution, and cleaned of adherent fat,
connective tissue, and blood, and cut into 3 mm long rings. In
certain experiments, the endothelial layer of the aortic rings
was mechanically disrupted by gently rubbing the luminal
surface with dental floss. The rings were maintained in tissue
baths filled with the Krebs solution aerated with 5% CO, in
0,, at 37 °C. Each aortic ring was hung between two stainless-
steel wire hooks, one fixed to a holder and the second con-
nected to a transducer and computer equipped with SPEL
Advanced Kymograph Software, v3.2 (Experimetria Ltd,
Hungary). This arrangement enabled the measurement of iso-
metric tensions. Subsequently, the aortic rings were allowed to
stabilize at a tension of 2 g for 40 min. During that period, the
Krebs solution was replaced in 10 min intervals. After that,
each tissue bath was filled with 5 mL of the Krebs solution,
and the tension was set at 1 g (basal tension). The viability of
the aortic rings was verified through the contraction mediated
by noradrenaline (1 pM), followed by the addition of acetyl-
choline (100 uM).

This journal is © The Royal Society of Chemistry 2024
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Mechanistic experiments. Taking into account prior experi-
ments suggesting that 4-MC-induced vasorelaxation is inde-
pendent of endothelium integrity,"* the current mechanistic
study using different activators/inhibitors (Table 1) was exe-
cuted on endothelium-denuded aortic rings. To test the influ-
ence of activators of cyclic nucleotide synthesis on relaxation,
noradrenaline-precontracted aortic rings were treated with
4-MC (at 15 pM, i.e., a concentration able to cause ~15-20% of
the maximal relaxation), followed by the cumulative addition
of the NO donor, SNP (100 pM-1 uM), or the adenylyl cyclase
activator, forskolin (100 pM-1 pM). To explore the possible
involvement of soluble guanylate cyclase (sGC), its inhibitor
ODQ (1 pM) was applied for 30 min, followed by the contrac-
tion with noradrenaline and cumulative addition of 4-MC (100
nM-100 pM). The role of protein kinase G (PKG) was investi-
gated by treating the aortic rings with inhibitors of PKG: DT3
(1 M) or Rp-8-pCPT-cGMPS (1 pM) for 30 min before the con-
traction induced by noradrenaline (10 pM), followed by the
addition of 4-MC at a concentration causing ~80% of the
maximal relaxation. In other experiments, the aortic rings were
pre-treated with various K channel inhibitors, namely, iberio-
toxin (20 nM), glibenclamide (10 pM), BaCl, (50 pM), 4-amino-
pyridine (3 mM), or linopirdine (10 uM) for 30 min, followed
by the addition of noradrenaline. Once the contraction
reached the plateau, 4-MC was cumulatively added (100 nM-
100 uM). As the negative control, the rings were pre-treated
with the vehicle of the respective inhibitor, instead of the
latter. To explore the role of L-type calcium channels (Cay1.2),
the aortic rings were pre-treated with 15 mM KCl, followed by
incubation with 4-MC for 30 min, at concentrations causing
20% and 80% of the maximal relaxation. Then, a L-type
calcium channel activator, Bay K8644, was added cumulatively
(100 pM-1 pM) in the dark to induce a contractile response.
KCl (60 mM) was used to induce maximal contraction. As the

Table 1 Target proteins investigated in the mechanistic studies of
4-methylcatechol (4-MC), and activators/inhibitors used in the in vitro
experiments on the isolated rat aorta

Activator (A)/

Targets inhibitor (I)

Ion channels

L-type Ca®>* channels (Cay1.2) Bay K8644 (A)
Nifedipine (I)
BKq, (large conductance calcium- activated K* Iberiotoxin (I)
channels)

Karp (ATP-sensitive K* channels)
Kir (inwardly-rectifier K* channels)
Ky (voltage-gated K" channels)

Ky7 (voltage-gated K' channels Ky7 subfamily)

Enzymes
sGC (soluble guanylate cyclase)

Glibenclamide (1)
Ba** (1)
4-Aminopyridine (I)
Linopirdine (I)

Sodium nitroprusside
(8)

oDQ (1

DT3 (1)
Rp-8-pCPT-cGMPS (I)
Forskolin (A)

PKG-Ia (protein kinase G isoform Io)
PKG-Ia,f (protein kinase G isoforms Ia,p)
AC (adenylate cyclase)

ATPases
SERCA (sarco/endoplasmic reticulum calcium
ATPase)

Thapsigargin (I)

This journal is © The Royal Society of Chemistry 2024
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negative control, the same concentration of DMSO without the
tested compound was applied in the incubation step.
Nifedipine (150 nM), a standard L-type calcium channel
inhibitor, was used as the positive control.

Lastly, the aortic rings were treated with the sarco/endoplas-
mic reticulum calcium ATPase (SERCA) inhibitor thapsigargin
(1 upM), followed by the addition of noradrenaline (10 uM) in
the presence of 7 mM KCl. Once the contraction was stable,
4-MC was applied at a concentration causing ~80% of the
maximal relaxation. As the negative control, the rings were
treated with the vehicle of the respective inhibitor in the incu-
bation step.

Measurement of cCAMP

Smooth muscle cell line. The A10 rat embryonic thoracic
aorta smooth muscle cell line was obtained from American
Type Culture Collection. Cells were cultivated in Advanced
DMEM/F12 medium (Gibco, #12634028) supplemented with
10% of foetal bovine serum (Gibco, #10500064), 1% HEPES,
and 1% penicillin/streptomycin solution at 37 °C in a humidi-
fied atmosphere of 5% CO, in air. The culture was passaged
twice weekly once they reached approx. 80% confluence. After
passage, cells were seeded into 12-well plate with a seeding
density of 100 000 cells per well, and left to grow for 2 days to
reach full confluency. Cells were treated with 10 pL of inducer
with or without 4-MC (both dissolved in DMSO) mixed with
390 pL of the media for 1 minute, and the reaction was
stopped by the addition of 400 pL of 1% Triton X-100 in 0.1 M
HCI. The suspension was incubated for 10 minutes in a 37 °C
ultrasonic bath, and spun down for 2 min at 10500 g. The
supernatant was stored at —80 °C until the cAMP was
determined.

Human platelets. All healthy volunteers had given written
informed consent for the study. The study was approved (No.
UKFaF/176666/2021-2), and performed under the supervision of
the Ethics Committee of Charles University, Faculty of Pharmacy
in Hradec Kralové. It conformed to the latest Declaration of
Helsinki. Blood was collected in EDTA test tubes and centrifuged
at 214g for 8 minutes by VWR Compact Star CS4 (VWR
International Ltd, U.K.). The obtained supernatant (platelet rich
plasma) was again centrifuged at 2000g for 1 minutes. The
supernatant was discharged, and the pellet was resuspended in
Krebs solution without calcium. The number of platelets was cal-
culated in the Neubauer chamber and adjusted to 0.5 x 10°
platelets per ml. This platelet suspension (390 pL) was treated
with inducers with or without 4-MC (both dissolved in DMSO,
total volume 10 pL) precisely for 1 minute. The reaction was
stopped by the addition of 1% Triton X-100 in 0.1 M HCI, and
left for 10 minutes in an ultrasonic bath. The supernatant was
used for cAMP determination after centrifugation at 10 500g.

The level of cAMP was assessed by ELISA (ab290713, Abcam,
U.K.), according to the instructions of the manufacturer.

Molecular docking and interaction analysis

Ligand preparation. All ligand structures were retrieved from
PubChem®® in SDF format, followed by energy minimization

Food Funct., 2024, 15, 11047-11059 | 11049
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using the MM2 force field feature built in the Chem3D v. 22.0
(PerkinElmer, Waltham, Massachusetts, U.S.A.), and finally
converted to PDB format.

Protein preparation. The crystal structures of the target pro-
teins were obtained from the RCSB Protein Data Bank (PDB).>*
Prior to docking analysis, the proteins were prepared using
UCSF Chimera built-in Dock Prep v. 1.15 (the Resource for
Biocomputing, Visualization, and Informatics at the University
of California, San Francisco, U.S.A.). In the preparation of the
protein, water molecules were extracted, the missing residues
were repaired, hydrogen atoms were added, and partial
charges were assigned. The PDB provided 9 target proteins
with crystal structures that satisfied the criteria for molecular
docking studies (Fig. 2).

Molecular docking analysis. Molecular docking calculations
were performed using UCSF Chimera built-in AutoDock Vina
tool v. 1.15 (the Resource for Biocomputing, Visualization,
and Informatics at the University of California).”> The grid
box and box center were arranged according to each target

1CJK)

Kv7.1 (PDB: 7CTI)

soluble guanylate cyclase (PDB: 7D9T)

4-Methylcatechol

Kv7.2 (PDB: 7CRI)
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protein to cover the active binding site and all essential resi-
dues. Other parameters were kept at default values. The best-
docked poses of 4-MC were selected based on the lowest
docking score, followed by the comparison of interactions
with those of each reference ligand in the binding cavity of
the target proteins. The protein-ligand interactions were
determined again using Chimera®® by displaying residues
within 5 A from the ligand pose and Discovery Studio
Visualizer (Discovery Studio 2020 v20.1.0.19295) for 2D
interaction.

Data analysis. GraphPad Prism v. 9.2.0 (GraphPad Software,
San Diego, CA, USA) was used for data analysis.
Concentration-response curves were fitted by nonlinear
regression. The significance of the results was assessed
through the Student unpaired t-test. In the experiments with
Bay K8644, two-way analysis of variance (ANOVA) was used, fol-
lowed by the Holm-Sidak multiple comparison test. Data are
shown as mean +* SEM of at least three independent

experiments.

PKA (PDB: 3P0O)

Fig. 2 Structures of 4-methylcatechol and the target proteins used for reverse docking.
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Results
Cyclic nucleotide pathways

In the first step, the possible involvement of the cyclic guano-
sine monophosphate (cGMP) or cyclic adenosine monophos-
phate (cAMP) pathways in the 4-MC-induced vasorelaxation
was investigated. For this reason, SNP, a NO donor that acti-
vates soluble guanylyl cyclase (sGC), and forskolin, an activator
of adenylate cyclase, were used. In the presence of 4-MC, the

View Article Online
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vasodilatory effects of both activators were potentiated (Fig. 3A
and B). Due to this fact, the involvement of sGC, which pro-
duces ¢cGMP, and PKG, which is a downstream target of cGMP,
was analyzed. No significant differences were found after inhi-
bition of sGC with ODQ (Fig. 3C), nor inhibition of different
PKG isoforms; Io by DT3 and Ia,; by Rp-8-pCPT-cGMPS
(Fig. 3D). Hence, sGC and PKG are not the targets of 4-MC. To
see the possible involvement of the cAMP pathway, the cAMP
levels were measured in rat VSMC (ESI Fig. S1t). 4-MC was not
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Fig. 3

(A) Effect of 4-methylcatechol (4-MC, 15 pM) on relaxation induced by sodium nitroprusside. (B) Effect of 4-MC (15 pM) on relaxation

induced by forskolin. (C) Concentration-dependent curves obtained with 4-MC in the presence and absence of the soluble guanylate cyclase inhibi-
tor ODQ (1 pM). (D) Impact of inhibition of PKG-la,f isoforms by Rp-8-pCPT-cGMPS (1 uM) or DT-3 (1 uM) on 4-MC-induced vasorelaxation (70 uM,
i.e., concentration able to induce ~80% relaxation). Controls: (A and B) aortic rings were treated with cumulative concentrations of the activators
sodium nitroprusside and forskolin in the absence of the tested compound 4-MC. (C) and (D) Aortic rings were treated with 4-MC in the absence of
the inhibitor. Each point represents mean + SEM from at least five separate experiments, except for (D), where n = 4 for each group. ns = not
significant.
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able to modify the levels of cAMP in these cells, whether alone
or in combination with forskolin, prostaglandin E, or seroto-
nin. As the cells had relatively high basal cAMP levels and only
the combination of forskolin with theophylline (a non-selective
inhibitor of phosphodiesterase) was able to markedly increase
the cAMP levels, we decided to confirm these results in
another model. Human platelets were selected, as they had
very low basal levels of cAMP, and responded well to low con-
centration of forskolin. 4-MC did not modify the basal levels of
cAMP in resting platelets, and it had also no impact on the
raised levels of cAMP after treatment with forskolin, prosta-
glandin E, or adenosine (ESI Fig. S1f). This suggests that
4-MC cannot activate adenylyl cyclase or block phosphodiester-
ase, in contrast to a clear impact of the non-selective phospho-
diesterase inhibitor theophylline.

As cyclic nucleotide pathways are likely not involved, atten-
tion was then given to ion channels, which are the other
known downstream targets of cyclic nucleotide-mediated vaso-
dilatory pathways.

BKca, Karp, Kir and Ky channels

Potassium channel opening is modulated by intracellular sig-
naling pathways involving cyclic nucleotides (Fig. 4). The
opening of vascular K" channels leads to hyperpolarization of
the VSMCs with consequent vasodilation. No significant differ-
ences were found before and after the inhibition of BK¢,, Karp,
or Kz channels with their respective inhibitors, iberiotoxin
(Fig. 4A), glibenclamide (Fig. 4B), or Ba>* (Fig. 4C). On the
other hand, inhibition of Ky channels by 4-aminopyridine
caused about 60% reduction in the maximum relaxation
caused by 4-MC (Fig. 4D). Furthermore, selective inhibition of
Ky7 channels with linopirdine also caused a significant but
lower decrease in the vasodilatory effect, indicating that Ky7
channels are partially involved in the effect of 4-MC (Fig. 4E).

L-type Ca”* channels and SERCA

The excitability and contractility of VSMCs are regulated
through the interplay between K* and Ca*>* channels. L-type
Ca®" channels have the opposite role in mediating vasocon-
striction due to VSMC depolarization. Therefore, in the next
step, we sought to explore whether L-type Ca*>" channels were
inhibited in the presence of 4-MC. In this case, an L-type Ca**
channel activator, Bay K8644, was cumulatively added to the
aortic rings to induce a contractile response. 4-MC did not
abolish the Bay K8644-elicited vasoconstriction at any of the
tested concentrations, ie., low and high concentrations (30
and 70 pM), in contrast to the clinically used well-known
L-type Ca** channel blocker nifedipine (Fig. 5A). A higher con-
centration of 4-MC even potentiated the effect of Bay K8644,
rendering the possible inhibitory effect of 4-MC on the L-type
Ca®" channel highly improbable. The cytosolic calcium con-
centrations are also dependent on SERCA. For this reason, we
decided to also test the hypothesis that 4-MC activates SERCA,
as the observed vasodilation could be due to the decreasing
cytosolic calcium. The pretreatment of the norepinephrine-pre-
contracted aortic rings with the inhibitor of SERCA, thapsigar-
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gin, caused a significant but not complete decrease in the
extent of relaxation induced by 4-MC, showing that this
hypothesis might not be simply rejected (Fig. 5B).

Molecular docking and intermolecular interaction

One of the hydroxyl groups on 4-MC undergoes sulfonation in
the circulation of plasma. Therefore, docking studies were per-
formed not only on 4-MC, but also on 4-methylcatechol-1-
sulfate (4-MC-1-S) and 4-methylcatechol-2-sulfate (4-MC-2-S).
The docking scores of 4-MC, 4-MC-1-S and 4-MC-2-S (Table 2
and Table S11) were lower than all reference ligands of each
target protein, but showed higher ligand efficiencies than the
reference ligands, particularly in the case of 4-MC. The ligand
efficiency is a measurement of the binding energy per non-
hydrogen atom of the ligand on the target protein, or simply
the free binding energy divided by the number of heavy
atoms.>” Ligand efficiency can be used to determine whether
the ligand has an optimal position on the binding site of the
protein through the formation of multiple contacts.””

Based on the ligand efficiency value, 4-MC (>0.65) showed
the potential to interact with PKGla, PKA, Ky7.1, Ky7.2, and
Ky7.4, which meant that they can be possible 4-MC targets
(Table 2).

These data agree with most of our experimental results,
concluding that sGC, PKGIp, adenylate cyclase, and possibly
SERCA can be excluded from the list of potential targets of
4-MC. Interestingly, in the case of PKGIa and PKA, their ligand
efficacy values were higher. However, as in the prior in vitro
experiments, the inhibitor DT3 did not affect the vasodilatory
effects of 4-MC. PKGIa was also ruled out as a potential target,
in addition to PKA. On the other hand, our docking results
further support the hypothesis that Ky channels, in particular
Ky7.1, Ky7.2, and Ky7.4, might be potential targets of 4-MC
(Table 2).

Molecular docking approaches allow the modelling of the
interactions between ligands and proteins at the atomic level,
enabling the characterization of ligand behaviour in the
ligand-binding domain to elucidate fundamental biochemical
processes.?® Overall, the docking poses of 4-MC, and its 1- and
2-sulfates are similar to each other, and have analogous inter-
actions with each target protein (Fig. S2-7t). The docking of
4-MC on a binding domain of the protein that overlaps with a
reference ligand reflects the higher chances of biologically rele-
vant interactions and biochemical effects.

The best-docked poses of 4-MC on the ligand-binding
domains of the abovementioned improbable targets (namely,
adenylate cyclase, PKA, sGC, PKGIa, PKGIp and SERCA) are
shown as complementary results in the supplementary data
(Fig. S2-S4t). Notably, at this stage of our study, the compi-
lation of the ligand efficiency and the best docked poses con-
firmed, as initially hypothesized, that Ky channels are involved
in the vasodilatory effect of 4-MC. Although the above-reported
docking scores suggested that Ky7.1 could be the target, the
participation of this channel is improbable because the best-
docked pose of 4-MC did not overlap with the reference ligand
ML277 (Fig. 6A). The molecular interactions between 4-MC or

This journal is © The Royal Society of Chemistry 2024
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(A) Effect of inhibition of vascular potassium (K*) channels (BKc,, Karp, Kir and Ky) on the vasodilatory activity of 4-methylcatechol (4-MC).

Concentration-dependent curves for the vasorelaxation induced by 4-MC in the absence (controls) and presence of (A) iberiotoxin (20 nM), (B) glib-
enclamide (10 pM), (C) BaCl, (50 pM), (D) 4-aminopyridine (3 mM), and (E) linopirdine (10 uM). Each point represents mean + SEM from at least five
separate experiments. BK¢,, large conductance calcium-activated K* channels; Karp, ATP-sensitive K* channels; Kg, inwardly rectifying K* channels;

Ky, voltage-gated K* channels; ***p < 0.001 vs. control.

the reference ligand at the ligand binding domain of each
target protein are summarized in Table S1.f Some residues
involved in the interaction between 4-MC and the target
protein were the same as in the interaction between the refer-
ence ligand and the protein.

In the case of the Ky7.2 channel, the best docked pose of
4-MC overlapped with the reference ligand retigabine (Fig. 6B),

This journal is © The Royal Society of Chemistry 2024

and both ligands formed H-bonds with Trp236 (Fig. 7).
Moreover, Phe305 and Leu299 were shared residues, albeit
with different interactions involved; namely, H-bonds in the
case of retigabine, and hydrophobic contacts in the case of
4-MC (Fig. 7). Concerning the Ky7.4 channel, besides the
observed overlapping docked poses between 4-MC and the
reference ligand retigabine (Fig. 6C), similar types of inter-
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Fig. 5 Effect of 4-methylcatechol (4-MC) on vessel tonus as a function of extracellular (A) and intracellular (B) calcium. (A) Effect of pretreatment of
rat aortic rings with 4-MC (70 and 30 uM) on the Bay K8644 (100 pM-1 pM)-elicited contraction of aortic rings. Nifedipine (150 nM) and DMSO were
used as the positive and negative controls, respectively. Data were calculated from the maximal contraction induced by KCl (60 mM). *p < 0.05 as
compared to the negative control using two-way ANOVA, followed by the Holm-Sidak multiple comparison test. (B) Impact of the sarco/endoplas-
mic reticulum calcium ATPase (SERCA) inhibitor thapsigargin (TSG, 1 uM) on 4-MC (70 pM)-induced vasorelaxation. Vessels were precontracted with
norepinephrine (10 pM), and the degree of vasodilation was measured thereafter. As the negative control, the rings were treated with thapsigargin
(TSG) and the solvent DMSO. As the positive control, the relaxation-induced 4-MC was measured in the absence of TSG. **p < 0.01 as compared to
the positive control using Student’s unpaired t-test. Each point represents the mean + SEM from at least five separate experiments, except for (B) n =

4 for control, n = 5 for 4-MC and n = 5 for 4-MC + TSG.

Table 2 Docking scores of 4-methylcatechol (4-MC) for each target

protein
Docking score Docking score
(keal mol™) differences

PDB Target Reference (Reference ligand) -

D protein ligand 4-MC (4-MC)

7D9T sGC -10.7 -5.3 5.4

6CO0T PKGIa —-8.2 —6.5 1.7

5JAX PKGIp -11.6 —6.0 5.6

3POO PKA -9.3 -5.9 3.4

7TCI Ky7.1 -8.8 —6.0 2.8

7CR1 Ky7.2 -8.1 —-6.1 2.0

7BYM Ky7.4 -7.6 —6.0 1.6

1CJK AC -9.7 —5.6 4.1

6JJU SERCA -9.7 -5.5 4.2

PDB ID, Protein Data Bank Identifiers; sGC, soluble guanylate cyclase;
PKGla, protein kinase G isoform Ia; PKGIp, protein kinase G isoform
If; PKA, protein kinase A; Ky, voltage-gated potassium channel; AC,
adenylate cyclase; SERCA, sarco/endoplasmic reticulum calcium-
ATPase.

actions were found. In some cases, they were formed with
shared residues. It is noteworthy that some of the residues
involved, namely Trp242 and Phe246, are crucial for the acti-
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vation of the Ky7.4 channel.”® The best-docked pose of 4-MC
in the Ky7.4 binding cavity was stabilized by H-bonds and
hydrophobic interactions. H-bonds were formed between the
hydroxyl group of 4-MC (Fig. 7) and the amine groups of
Ala241 and Phe246, and the carboxyl group of Phe310, amino
acids present on the Ky7.4 protein backbone. Similarly,
H-bonds (Fig. 7) were established between retigabine and
specific residues of the Ky7.4 protein backbone: (1) an O atom
and the Trp242 side chain, (2) an amine group with the Ser309
side chain, and (3) an amine group with the Leu305 and
Phe311 carboxyl groups. Interestingly, due to the proximity of
the benzyl groups of both ligands to the aromatic side chain of
Trp242, the same n-x interaction with Trp242 was found for
both 4-MC and retigabine (Fig. 7). Furthermore, retigabine
and 4-MC interacted with Phe246, albeit distinctly, through
n-n and H-bond interactions (Fig. 7), respectively.

Discussion

In the current study, we set out to elucidate the mechanism of
the vasodilatory activity of 4-MC as a follow-up to our previous
research.'® To achieve a more complex picture, both in vitro
and in silico approaches were employed. The obtained results

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 2D representation of molecular interactions between the reference ligand (ML277 for Ky7.1 and retigabine for K\7.2; 7.4), 4-methylcatechol
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apparently fit together and enabled us to overcome the inher- for experimental confirmation of in silico results. In reverse
ited problems of experiments, e.g., the absence of known and docking, the docking score between the ligand and the target
selective activators or inhibitors, and docking, i.e., the need protein serves as an evaluation criterion to rank the potential
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targets of the ligand. To accomplish target evaluation, reverse
docking analysed whether the ligand could fit into the ligand
binding site of the target protein, and evaluated the critical
interactions between the ligand and protein. These two factors
were used to determine the potential target of 4-MC.

In the presence of 4-MC, a potentiation of the vasodilation
of the rat aorta mediated by cGMP- and cAMP-pathways was
observed. As the hypothesis of direct activation of sGC/PKG or
impact on cAMP was subsequently ruled out, we concentrated
on other downstream targets of cyclic nucleotide pathways,
particularly ion channels, which are known to be involved in
vasodilation/constriction of arteries. Interference with calcium
influx through L-type Ca®* channels can be excluded, but the
involvement of potassium (Ky) channels and specifically the
Ky7 subtype was observed.

Nevertheless, the mechanism of 4-MC-induced vasorelaxa-
tion is not solely based on the activation of Ky7 channels.
Moreover, inhibition of all Ky channels by 4-AP did not fully
abolish the vasodilatory effect of 4-MC (Fig. 4D). Besides that,
the extent to which the selective inhibitor of Ky7 channels,
linopirdine, lessened the maximum vasodilatory effect of
4-MC was much lower than that caused by 4-AP (~15% vs.
~60% decrease, Fig. 4E and D), meaning that other subfami-
lies of K" channels could be involved. In fact, the family of Ky
channels is highly complex and diverse with 12 subfamilies
(Ky1-Ky12) in humans.®® In SMCs, besides the Ky7 channels,
Ky1, Ky2, and Ky4 channels are also expressed.’' Moreover,
the distribution of each subtype depends on the species and
the vascular bed. To obtain a framework, Ky1.2, Ky1.5, Ky2.1,
Ky7.1, Ky7.4, and Ky7.5 were identified in blood vessels from
rodents, rabbits, dogs, and humans.?*? The role of vascular Ky7
channels should neither be underestimated nor overestimated.
This channel family provides roughly 20% of cell ion currents
(at —40 mV),** and participates in the regulation of the resting
membrane potential and the negative feedback of myogenic
and vasoconstrictor-induced tone. Among the Ky7 channel
subtypes, Ky7.4 together with Ky7.5 likely play major
roles.**® The Ky7.4 channel family can be influenced by
several vasoactive stimuli (e.g., activation of the cAMP/PKA
pathway,”” ¢cGMP/PKG pathway’®) in several vascular beds like
the renal VSMCs,*” coronary®® and cerebral arteries.’® During
vasoconstriction, the activated protein kinase C was reported
to inhibit the Ky7 channels.** Thus, the Ky7 channels plays an
important role in vascular physiology. Nevertheless, it should
be kept in mind that the regulation of vascular tone is very
complex and involves the interplay of numerous factors.

Complete experimental testing is currently not possible due
to the lack of specific activators or inhibitors. Hence, we
cannot exclude the fact that other Ky channel subfamilies, not
involved in this study, might also be involved. Regardless, our
docking study suggested the involvement of the Ky7.2 and 7.4
channels. There are additional drawbacks of experimental
functional studies with activators/inhibitors, as they cannot
provide direct insight into the type of 4-MC interaction with Ky
channels, ie., direct or indirect. Such limitation can be
resolved by supplementation with in silico data. Indeed, our
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in silico data showed that 4-MC could directly bind to Ky chan-
nels, further supporting our hypothesis. Concerning Ky7.2,
H-bonds formed with the residues Phe305 and Ser303 are con-
sidered relevant for the stabilization of retigabine.** However,
the results showed that 4-MC forms hydrophobic interactions
with Phe305 (Fig. 7). Moreover, Ky7.2 channels are mostly
expressed in the central nervous system, where together with
Ky7.3, they form the “M channel”.** On the other hand, Ky7.4
channels are expressed in the mammalian vasculature,** and
their involvement was most obvious and strongly supported by
the following observations: (a) a very low difference in docking
scores (—1.6 kcal mol™) (Table 2), (b) the best-docked pose for
4-MC that overlapped with that of the reference ligand retiga-
bine (Fig. 7), and (c) the intermolecular interaction analysis
demonstrated that crucial residues for Ky7.4 activation are
involved (Fig. 7).

Ky channels are major determinants of the membrane
potential in VSMCs, and are thus essential for the regulation
of the vascular tone. Studies have reported on alterations in
the function of these channels in cardiovascular diseases.
Particularly, a decrease in Ky7.4 protein levels was reported in
animal models of hypertension.*’

Although scarce, bioavailability studies reported on human
plasma maximum concentrations for the sulphated form of
4-MC ranging from ~2 to 3.5 pM, which were attained within
6 h to 7 h after the ingestion of a mixed berry fruit purée (blue-
berry, blackberry, raspberry, strawberry tree fruit, and
Portuguese crowberry) or cranberry juice.”*® 4-MC sulphate
was also identified in human plasma after the consumption of
natural and enriched apple juices.'® Therefore, relatively high
plasma concentrations of 4-MC can be reached after the inges-
tion of foods rich in polyphenols. Thus, by targeting Ky7.4
channels, 4-MC could likely contribute to the prevention of
smooth muscle remodeling. Moreover, it is noteworthy that
even before the consumption of the purée, this conjugate was
already present in plasma from the volunteers, albeit at lower
levels, i.e., ~300 nM.*®

The docking study also allows us to answer the question of
whether SERCA is involved. Experimental testing showed that
inhibition of SERCA by thapsigargin decreased the vasodilation
caused by 4-MC (Fig. 5B). This suggested that SERCA could be a
possible target. Such experimental data could not bring a clear
answer, as there is a tight interplay of K* and Ca®" currents in
modulating the VSMC contractility. The docking study does not
confirm 4-MC interaction with SERCA, so the likely explanation
is that an elevation in intracellular Ca®>" decreased the vasoactive
effect of 4-MC mediated by K* channels.

Nevertheless, the intriguing nature of the mechanism of
4-MC is evidenced by the fact that with increasing concen-
trations of 4-MC, a potentiation of the vasocontractile response
induced by Bay K8644 was observed (Fig. 5A). The meaning of
these findings remains to be clarified. At first sight, it seems a
paradox since with increasing cytosolic Ca*>" concentrations,
VSMCs become depolarized, thereby promoting the activation
of Ky channels. It is possible that 4-MC can somehow affect
the effect of Bay K8644, which is also dependent on other

This journal is © The Royal Society of Chemistry 2024
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conditions.*”*® Interestingly, others have reported that the
parent compound, quercetin, reduces the efficacy of Bay
K8644."° Under specific conditions favouring the depolarisation
of rat arteriae, both quercetin and Bay K8644 potentiated the
response to calcium.’® Nevertheless, it should be also men-
tioned that 4-MC has a different mechanism at least in other
cells, as we recently showed that its antiplatelet potential is
based on interference with cyclooxygenase-thromboxane
synthase coupling.>' Notably, the diverse mechanisms of action
of 4-MC are reflected in pleiotropic effects that include vasodila-
tory and antiplatelet activities. In addition, it is important to
emphasize the significance of exploring the metabolic pathways,
metabolites formed, as well as their pharmacokinetics to better
understand the beneficial effects of a diet rich in polyphenols.
Under physiological conditions, 4-MC and other metabolites
are formed, and may exert synergistic effects. In addition, the
existence of large interindividual variability in the microbiota
catabolic output'®>? presents a challenge for further study.

Conclusions

In summary, our findings suggest that the dietary polyphenol
metabolite, 4-MC, relaxes the rat aorta through the opening of
Ky channels, with partial involvement of the Ky7 subfamily. In
silico molecular docking studies corroborated the in vitro
results, and deepened our study at the molecular level. The
results showed the overlapping best-docked poses of 4-MC and
that of retigabine (the reference ligand) at Ky7.4, as well as
similar interactions with crucial residues, namely Trp242 and
Phe246. However, the existence of other mechanisms appar-
ently contributing to the relaxation of the vasculature by 4-MC
is unambiguous. Given the reported pleiotropic effects of
4-MC on the cardiovascular system, further research on this
metabolite and its sulfate conjugates is warranted.
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