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A B S T R A C T   

In the search for novel, bi-functional compounds acting as CaV1.2 channel blockers and K+ channel stimulators, 
which represent an effective therapy for hypertension, 3,3′-O-dimethylquercetin was isolated for the first time 
from Brazilian Caatinga green propolis. Its effects were investigated through electrophysiological, functional, and 
computational approaches. In rat tail artery myocytes, 3,3′-O-dimethylquercetin blocked Ba2+ currents through 
CaV1.2 channels (IBa1.2) in a concentration-dependent manner, with the inhibition being reversed upon washout. 
The compound also shifted the voltage dependence of the steady-state inactivation curve to more negative po
tentials without affecting the slope of the inactivation and activation curves. Furthermore, the flavonoid stim
ulated KCa1.1 channel currents (IKCa1.1). In silico simulations provided additional evidence for the binding of 3,3′- 
O-dimethylquercetin to KCa1.1 and CaV1.2 channels and elucidated its mechanism of action. In depolarized rat 
tail artery rings, the flavonoid induced a concentration-dependent relaxation. Moreover, in rat aorta rings its 
antispasmodic effect was inversely related to the transmembrane K+ gradient. In conclusion, 3,3′-O-dime
thylquercetin demonstrates effective in vitro vasodilatory properties, encouraging the exploration of its scaffold 
to develop novel derivatives for potential use in the treatment of hypertension.   

1. Introduction 

Propolis is a complex mixture produced by bees, consisting of resins 
(50%), beeswax (30%), essential oils (10%), pollens (5%), and other 
organic substances (5%). Its chemical composition closely mirrors that 
of plant buds or exudates used in its production. Among the over 300 
identified chemical components of propolis, polyphenols (phenolic acids 
and flavonoids), terpenoids, coumarins, and prenylated derivatives are 
the main classes represented (Huang et al., 2014; Teixeira et al., 2005). 
These components can serve as indicators of its floral and geographical 
origin. In various regions worldwide, including the United States of 
America, Europe, and Japan, propolis is gaining popularity as a food 

supplement for improving human health and preventing diseases, as 
well as a valuable alternative medication (Teixeira et al., 2005). Accu
mulating evidence suggests that propolis exhibits analgesic, hypogly
cemic (Cunha et al., 2023), antibiotic, antifungal, antiviral (Zulhendri 
et al., 2021), and anti-inflammatory activities (Zulhendri et al., 2022), 
and is cytotoxic towards tumour cells, making it a common choice in 
traditional medicine for treating colds, wounds, ulcers, sprains, heart 
failures, and diabetes (de Almeida-Junior et al., 2023). 

Recent systematic review and meta-analysis studies propose that 
propolis supplementation could reduce oxidative stress by increasing 
the levels of several antioxidant enzymes, thereby potentially protecting 
against certain chronic diseases (Nazari-Bonab et al., 2023; Zullkiflee 
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et al., 2022). Due to its high antioxidant content, propolis has been 
suggested as a potential antimicrobial and antioxidant food preserva
tive, although its usage is limited by the unpleasant taste and smell 
(Segueni et al., 2023). 

A recent review (Chavda et al., 2023), considering the main con
stituents of propolis, such as hesperidin, caffeic acid phenethyl ester, 
myricetin, quercetin, kaempferol, and limonin, used an in silico approach 
to highlight its beneficial effects against chronic diseases like tubercu
losis and cancer (Altabbal et al., 2023). Remarkably, propolis extracts 
exhibit positive or synergistic interaction with several drugs, enhancing 
their pharmacological activity. This property suggests the potential use 
of propolis in integrative medicine to treat cancer, microbial infections, 
diabetes, and neurological disorders, with a low risk of altered phar
macokinetic activities (Hossain et al., 2022). 

The chemical richness of propolis may contribute to cardiovascular 
health. A recent review (Silva et al., 2021) focused on its 
anti-atherosclerotic, antihypertensive, anti-haemostatic, and anti
angiogenic activities, coupled with antioxidant and anti-inflammatory 
properties that prevent endothelial and cardiomyocyte dysfunction. 
Among the varieties reviewed, Brazilian green propolis, identified by 
bees salivary enzymes imparting a green hue by cutting fragments of 
shoot apices and mixing them with wax to make propolis (Mendonça 
et al., 2021), exhibits the most beneficial activities. Notably, Caatinga 
green propolis was reported to contain many flavonoid derivatives, 
distinguishing it from other Brazilian propolis previously investigated 
(Hossain et al., 2022). However, the vasorelaxant activity of its main 
components is still unknown. 

Vessel tone is regulated by numerous pathways, including the crucial 
CaV1.2 and KCa1.1 channels. Unravelling the component(s) responsible 
for the vascular activity of propolis and understanding its (their) mode 
of action is crucial for endorsing the nutraceutical potential of this 
popular natural product. The present study reports chromatographic 
separation, NMR-structural elucidation, and a thorough in vitro as well 
as in silico investigation of the vascular activity of 3,3′-O-dime
thylquercetin isolated from green propolis of the Caatinga Mimosa ten
uiflora. M. tenuiflora (Willd.) Poir., known as “jurema-preta”, is a 
shrubby tree of the genus Mimosa (family Fabaceae) naturally occurring 
in the northeastern Brazilian Caatinga, including the beekeeping sector 
(Son et al., 2022). Results demonstrate that 3,3′-O-dimethylquercetin is 
a bi-functional vasodilator capable of inhibiting vascular smooth muscle 
CaV1.2 channels and stimulating KCa1.1 channels. 

2. Materials and methods 

2.1. General experimental procedures 

NMR spectral data (400 MHz for 1H and 100 MHz for 13C NMR) were 
acquired on a Bruker AVANCE in methanol-d4. Column chromatography 
was performed with Silica gel (40–63 μm; Thermo Fisher, USA) and 
Sephadex LH-20 (25–100 μm; GE Healthcare, Sweden). Thin-layer 
chromatography (TLC) was performed on pre-coated silica gel 60 F254 
(Merck, Germany). Visualization of TLC plates was achieved using a 
solution of sulfuric acid 5% in ethanol. 

2.2. Propolis material 

Green propolis was collected from Remanso province, Brazil, in July 
2021, and taxonomically identified by Prof. Milton Groppo from the 
Department of Biology, University of São Paulo (Brazil). A voucher 
specimen, SPFR-15118, has been deposited at the Department of 
Biology, University of São Paulo. 

2.3. Extraction and isolation 

Green propolis powder (150 g) was extracted with 90% EtOH (4 x 2L 
x 4 h) using a Soxhlet apparatus. The resulting crude extract (38.50 g) 

was obtained by evaporating the combined 90% EtOH-soluble extracts 
under reduced pressure at 55 ◦C. The crude extract was then subjected to 
normal silica gel column chromatography [n-hexane-CH3COCH3 (1:0 to 
0:1, v/v)] resulting in 13 fractions (A-M). Fraction D (5.51 g) was further 
separated on a normal silica gel chromatographic column 
[CHCl3–CH3COCH3 (15:1 and 9:1, v/v)], to yield four fractions D41- 
D44. Fraction D43 (0.9 g) underwent preparative HPLC-UV [Phenom
enex reverse phase column, 4 μm, 250 × 10 mm, λmax 281 and 335 nm]. 
Elution with acetonitrile:water (6:1, v/v, 0.1% acetic acid) resulted in 
the isolation of 3,3′-O-dimethylquercetin (19.3 mg). 

3,3′-O-Dimethylquercetin (Alday et al., 2019): yellow amorphous 
powder; 1H-NMR (CD3OD, 400 MHz, δH ppm): 7.52 (1H, dd, 2.0, 8.1 Hz, 
H-6′), 7.48 (1H, d, 2.0 Hz, H-2′), 6.93 (1H, d, 8.1 Hz, H-5′), 6.63 (1H, s, 
H-8), 6.57 (1H, s, H-6), 3.96 (3H, s, 3′-OCH3), 3.87 (3H, s, 3-OCH3); 
13C-NMR (CD3OD, 100 MHz, δH ppm): 184.3 (C-4), 166.3 (C-7), 158.8 
(C-5), 154.0 (C-8a), 153.2 (C-2), 152.1 (C-3′), 149.9 (C-4′), 132.9 (C-3), 
123.8 (C-1′), 121.8 (C-6′), 116.8 (C-5′), 110.7 (C-2′), 103.9 (C-4a), 99.1 
(C-6), 95.5 (C-8), 56.8 (3′-OCH3), 56.8 (3-OCH3). 

2.4. Animals 

All study procedures adhered strictly to the European Union 
Guidelines for the Care and the Use of Laboratory Animals (European 
Union Directive, 2010/63/EU) and received approval from the Animal 
Care and Ethics Committee of the University of Siena and the Italian 
Department of Health (7DF19.N.TBT on the 11 May 2020). Male Wistar 
rats (260–360 g), purchased from Charles River Italia (Calco, Italy), 
were housed in an animal facility with a temperature of 25 ± 1 ◦C and a 
12:12 h dark-light cycle. They were fed with a standardised diet and had 
access to drinking water ad libitum. Animals were anaesthetized with 
isoflurane (4%)-O2 gas mixture using Fluovac equipment (Harvard 
Apparatus, Holliston, Massachusetts, USA), followed by decapitation 
and exsanguination. The thoracic aorta and tail main artery were 
promptly isolated, placed in a modified Krebs-Henseleit solution (KHS) 
or an external solution, and prepared. Cells and rings were processed as 
detailed in sections 2.5, 2.8, and 2.9. 

2.5. Cell isolation procedure for patch-clamp experiments 

Smooth muscle cells were freshly isolated from the tail main artery, 
at 37 ◦C, by means of collagenase (type XI, 1.2 mg/ml) treatment in the 
presence of bovine serum albumin (1 mg/ml) and trypsin inhibitor (1 
mg/ml) in 2 ml of 0.1 mM Ca2+ external solution [consisting of (in mM): 
130 NaCl, 5.6 KCl, 10 HEPES, 20 glucose, 1.2 MgCl2, and 5 Na-pyruvate; 
pH 7.4] containing 20 mM taurine. The isolation process was conducted 
under a gentle stream of a 95% O2–5% CO2 gas mixture as previously 
described (Carullo et al., 2020). Cells, stored in a 0.05 mM Ca2+ external 
solution containing 20 mM taurine and 0.5 mg/ml bovine serum albu
min at 4 ◦C under normal air, were used for experiments within two days 
after isolation (Mugnai et al., 2014). 

2.6. Ba2+ current through CaV1.2 channel (IBa1.2) recordings 

The conventional whole-cell configuration of the patch-clamp tech
nique was applied to record IBa1.2 from freshly isolated vascular smooth 
muscle cells. Borosilicate recording electrodes (WPI, Berlin, Germany) 
were used, having a pipette resistance of 2–4 MΩ when filled with the 
internal solution [containing (in mM): 100 CsCl, 10 HEPES, 11 EGTA, 1 
CaCl2 (pCa 8.4), 2 MgCl2⋅6 H2O, 5 Na-pyruvate, 5 succinic acid, 5 
oxaloacetic acid, 3 Na2-ATP, and 5 phosphocreatine; pH was adjusted to 
7.4 with CsOH]. Free Ca2+ concentration was calculated using the 
computer program EqCal (BioSoft, Cambridge, UK) considering pH and 
Mg2+ concentration, as described by Fabiato & Fabiato (1979). An 
Axopatch 200B patch-clamp amplifier (Molecular Devices Corporation, 
Sunnyvale, CA, USA) was used with an ADC/DAC interface (DigiData 
1200 A/B series, Molecular Devices Corporation). The setup facilitated 
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the generation and application of voltage pulses, recording of corre
sponding membrane currents, adjustment of the junction potential be
tween the pipette and bath solution to zero, and compensation of 
whole-cell capacitance and series resistance (between 70 and 75%). 
Current signals underwent low-pass filtering at 1 kHz and were digitized 
at 3 kHz before being stored on the computer hard disk. Cells were 
continuously superfused at room temperature (20–22 ◦C) with an 
external solution containing 0.1 mM Ca2+ and 30 mM tetraethy
lammonium (TEA+) using a peristaltic pump (LKB 2132, Bromma, 
Sweden), at a flow rate of 400 μl/min. 

IBa1.2 was recorded in an external solution containing 30 mM TEA+

and 5 mM Ba2+. The current was elicited with 250-ms clamp pulses 
(0.067 Hz) to 10 mV from a holding potential (Vh) of either − 50 mV or 
− 80 mV. Data were collected once the current amplitude had stabilized 
(typically 7–10 min after achieving the whole-cell configuration). Then 
the various experimental protocols were performed as detailed below. 
Under these conditions, IBa1.2 remained stable for the subsequent 30–40 
min (Cuong et al., 2020). 

Steady-state activation curves were generated from the current- 
voltage relationships. Conductance (G) was calculated using the equa
tion G = IBa1.2/(Em-Erev), where IBa1.2 is the peak current elicited by 
depolarizing test pulses between − 50 mV and 30 mV from a Vh of − 50 
mV; Em is the membrane potential; and Erev is the reversal potential 
(estimated from the extrapolated current-voltage curves in Fig. 4). Gmax 
represents the maximum Ba2+ conductance, calculated at potentials 
≤30 mV. The G/Gmax ratio was plotted against the membrane potential 
and fitted to the Boltzmann equation (Karmažínová and Lacinová, 
2010). 

Steady-state inactivation curves were acquired using a double-pulse 
protocol. After applying various conditioning potentials for 5 s, followed 
by a brief (5 ms) return to the Vh of − 80 mV, a test pulse (250 ms) to 10 
mV was delivered to evoke the current. The delay between the condi
tioning potential and the test pulse allowed full or near-complete 
deactivation of the channels, simultaneously preventing partial recov
ery from inactivation. 

K+ currents were blocked with 30 mM TEA+ in the external solution 
and Cs+ in the internal solution. Current values were corrected offline 
for leakage and residual outward currents using 10 μM nifedipine, which 
completely blocked IBa1.2. 

2.7. K+ current through KCa1.1 channel (IKCa1.1) recordings 

IKCa1.1 was recorded using an external solution with the following 
composition (in mM): 145 NaCl, 6 KCl, 10 glucose, 10 HEPES, 5 Na- 
pyruvate, 1.2 MgCl2, 0.1 CaCl2, 0.003 nicardipine; pH 7.4]. The inter
nal solution contained (in mM): 90 KCl, 10 NaCl, 10 HEPES, 10 EGTA, 1 
MgCl2, 6.41 CaCl2; free Ca2+ concentration pCa 7.0; pH 7.4]. IKCa1.1 was 
recorded for 500 ms from a Vh of − 40 mV to prevent voltage-dependent 
K+ channel activation. The recording stabilized in approximately 6–10 
min and remained stable for at least 20–30 min (Iozzi et al., 2013). TEA+

(1 mM), considered quite selective for KCa1.1 channels (Tykocki et al., 
2017), was added at the end of each experiment to facilitate offline 
correction for leak current. 

2.8. Caudal artery ring preparation and functional experiments 

Endothelium-denuded rings, measuring 2 mm in width, were ob
tained from the tail main artery, and mounted in a homemade Plexiglas 
support for tension recording, following the procedures outlined in Bova 
et al. (1996), with minor adjustments. The endothelium was removed by 
gently rubbing the lumen of the rings with a thin, rough-surfaced 
tungsten wire. Rings were placed in a double-chambered organ bath 
maintained at 37 ◦C filled with a modified Krebs-Henseleit solution 
[composition (in mM): 118 NaCl, 4.75 KCl, 1.19 KH2PO4, 1.19 MgSO4, 
25 NaHCO3, 11.5 glucose, 2.5 CaCl2, gassed with a 95% O2–5% CO2 gas 
mixture to create a pH of 7.4]. Contractile tension was recorded using an 

isometric force transducer (Ugo Basile, Comerio, Italy) connected to a 
digital PowerLab data acquisition system (PowerLab 8/30; ADInstru
ments, Castle Hill, Australia) and analyzed using LabChart Pro version 
7.3.7 for Windows software (ADInstruments). Initially, a preload of 2 g 
(1 g/mm) was applied to each ring at the start of the experiment. After a 
60-min equilibration period, rings were contracted either by 90 mM KCl 
or 10 μM phenylephrine until reproducible responses to each stimulus 
were achieved. Subsequently, each ring was precontracted by 1 μM 
phenylephrine, and the absence of a functional endothelium was 
confirmed by the lack of 10 μM acetylcholine-induced relaxation. 

The vasoactivity of 3,3′-O-dimethylquercetin was assessed on rings 
depolarized by either 60 mM or 90 mM KCl. Muscle tension was quan
tified as a percentage of the response to high KCl. High KCl concentra
tions were attained by directly adding KCl from a 3 M stock solution to 
the organ bath solution, as neither the efficacy nor potency of vasodi
lators is significantly affected by the resultant increase in the osmolarity 
compared to preparations in which the osmolarity is preserved (Magnon 
et al., 1998). 

2.9. Aorta ring preparation and functional experiments 

The thoracic aorta was gently cleaned of adipose and connective 
tissues and sectioned into 3-4-mm wide rings. These were mounted in 
organ baths between two parallel, L-shaped, stainless-steel hooks, one 
fixed in place and the other connected to an isometric transducer (BLPR, 
WPI, Berlin, Germany; Fusi et al., 2016). Rings equilibrated for 60 min in 
KHS under a passive tension of 1 g. Throughout this equilibration 
period, the solution was replaced every 15 min. Isometric tension was 
recorded using a digital PowerLab data acquisition system (PowerLab 
8/30; ADInstruments). The viability of the rings was assessed by 
recording the response to 0.3 μM phenylephrine and 60 mM KCl. The 
endothelium was removed by gently rubbing the lumen of the ring with 
a forceps tip. Validation of this procedure was performed by adding 10 
μM acetylcholine at the plateau of phenylephrine-induced contraction: a 
relaxation <15% indicated the absence of functional endothelium 
(Ahmed et al., 2023). 

The K+ channel opening activity of 3,3′-O-dimethylquercetin was 
examined under different conditions of high K+-evoked depolarization 
(25 mM or 60 mM KCl) and compared to the activity of pinacidil 
(Gurney, 1994). Preparations were stimulated with two consecutive 
additions of 25 mM or 60 mM KCl, separated by a 45-min washout 
period with KHS. In the first challenge, the ring was pre-incubated for 5 
min with the vehicle, while in the second it was pre-incubated for 5 min 
with the test drug. Responses were measured in the absence or presence 
of either 100 nM iberiotoxin, a specific KCa1.1 channel blocker or 10 μM 
glibenclamide, a specific Kir6 channel blocker. Both responses were 
evaluated as a percentage of the response to 60 mM KCl in the functional 
assay. 

2.10. Drugs and chemicals 

The chemicals used included collagenase (type XI), trypsin inhibitor, 
bovine serum albumin, TEA chloride, pinacidil, phenylephrine, acetyl
choline, nifedipine (Sigma Chimica, Milan, Italy), iberiotoxin (DBA 
Italia, Milan, Italy), and sodium nitroprusside (Riedel-De Haen AG, 
Seelze Hannover, Germany). All remaining substances were of analytical 
grade and used without additional purification. Phenylephrine was 
dissolved in 0.1 M HCl, while sodium nitroprusside and iberiotoxin were 
dissolved in distilled water. Nifedipine, directly dissolved in ethanol, 
and 3,3′-O-dimethylquercetin and pinacidil, directly dissolved in DMSO, 
were diluted at least 1000 times before use. 

Control experiments were conducted to validate the absence of any 
vascular response when DMSO or ethanol was added alone at their 
respective final maximal concentration of 0.1% (v/v). 
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2.11. Statistical analysis 

Individual values, contributing to the calculation of the group mean 
± SD were derived from independent cells or rings (n). These cells or 
rings, although occasionally isolated from the same animal (with at least 
three different animals in the same group), were then randomly assigned 
to different treatments and assessed individually, thereby being 
considered as single experimental units. Data were normally distributed, 
and variances were not significantly different. Based on power calcula
tion analysis (G*Power 3.1.9.4; Faul et al., 2007), a minimum of 5 rings 
or cells per group was deemed sufficient for a power calculation with 
80% confidence. 

Data analysis was conducted using pClamp 9.2.1.8 software (Mo
lecular Devices Corporation), LabChart 7.3.7 Pro (PowerLab; ADIn
struments), and GraphPad Prism version 5.04. Statistical analyses along 
with significance determination through repeated measures ANOVA 
(followed by Dunnett post-test), or Student’s t-test for paired or un
paired samples (two-tailed), were performed using GraphPad Prism 
version 5.04. In all comparisons, P < 0.05 was considered significant. 
The pharmacological response to drugs, expressed in terms of potency 
(pIC50 value, i.e., the negative logarithm of the drug concentration 
causing a reduction of response equal to 50% of the maximum) and 
efficacy (Emax value, i.e., the maximum effect evoked by the drug), was 
obtained through nonlinear regression analysis. 

2.12. 3D structure modelling 

The homology model of the Rattus norvegicus CaV1.2 channel α1C 
subunit was obtained as previously described (Trezza et al., 2022). 

Previous simulations (Carullo et al., 2022) demonstrated that the 3D 
Cryo-EM structure of Homo sapiens Ca2+-bound hsSlo1-β4 channel 
complex (PDB ID: 6V22; Tao and MacKinnon, 2019) exhibited the 
highest coverage and identity with the primary structure of Rattus nor
vegicus KCa1.1 channel (Q62976 entry from UniProt database; Uniprot 
Consortium, 2023). Consequently, this structure was employed as the 
template for homology modelling to reconstruct the Rattus norvegicus 
KCa1.1 channel. The 3D coordinates of 3,3′-O-dimethylquercetin were 
retrieved from the PubChem database in sdf format (Kim et al., 2023). 
The compound was then prepared according to LigPrep routine from 
Schrödinger suites 20223, with charges assigned by Epik at pH 7.00 ±
1.00 (Greenwood et al., 2010; Schrödinger Release 2022-3, 2022; 
Shelley et al., 2007). 

2.13. Molecular docking and molecular dynamics simulations 

Molecular docking simulations were conducted using Glide protocols 
for standard precision and extra precision (Friesner et al., 2004, 2006; 
Halgren et al., 2004). In the homology model of the CaV1.2 channel, a 
docking pose for 3,3′-O-dimethylquercetin within its putative binding 
site was identified for subsequent classical molecular dynamics simu
lation. Throughout the docking process, compound input charges were 
retained while protein amide bond conformations were allowed to vary. 
The Glide flexible protocol was selected to account for a slight degree of 
adaptability of the receptor residues in the binding site. OH and SH 
groups of the side chains were allowed to rotate within a cubic box 
measuring 22 Å per side. 

The KCa1.1 channel box, with dimensions of 18 Å on each side, was 
defined by selecting Tyr-402 as its centre. Docking boxes were generated 

Fig. 1. 3,3′-O-Dimethylquercetin isolated from Brazilian Caatinga green propolis of M. tenuiflora. (A) The 1H-NMR spectrum, (B) the key HMBC correlations, and (C) 
the chemical structure. 
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using the Receptor Grid Generation tool from Schrödinger suites 2022-3. 
3. Subsequently, a Prime MM-GBSA simulation was performed on the 

KCa1.1 channel to minimize the protein-ligand complex. A membrane, 
44.5 Å thick, was positioned at the transmembrane region, corre
sponding to the channel helices. Refinement of the side-chain confor
mations of residues within 7.00 Å from the ligand was undertaken while 
minimizing the complex. The OPLS4 force field was employed to 
parametrize the system, and solvation effects were considered by 
implementing VSGB as the implicit model of water (Lu et al., 2021). 

The best docking pose for 3,3′-O-dimethylquercetin within its puta
tive binding site in the CaV1.2 channel homology model was selected for 
subsequent classical molecular dynamics calculations. Before the clas
sical molecular dynamics simulation, the CaV1.2 channel α1C subunit 
complexed with 3,3′-O-dimethylquercetin docking pose was placed in a 
cubic water box, extending 10 Å from the protein edges, utilizing the 
CHARMM-GUI platform (Simplicio et al., 2014). 

The N- and C-termini of the CaV1.2 channel were capped through N- 
acetylation and C-carbamidomethylation modifications, respectively. 
Histidine residues were manually protonated following visual inspec
tion. The net charge of the system was neutralized by incorporating 16 
K+ counter-ions. In the transmembrane region of the CaV1.2 channel α1C 
subunit, 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) entities 
were placed, with an 85:95 ratio between upper and lower leaflets. 
Finally, the CHARMM-36m force field was applied to parametrize the 
protein (Huang et al., 2017) and the CHARMM General Force Field was 
used to generate ligand parameters within the CHARMM-GUI interface. 
Periodic boundary conditions were maintained throughout the entire 
simulation, and long-range interactions were computed using Particle 
Mesh Ewald. Classical molecular dynamics simulation and subsequent 
analyses were performed on GPU using Gromacs 2022.5 (Bauer et al., 
2023). Initially, system minimization was carried out with the steepest 
descent algorithm until convergence (forces value of 100 kJ/mol/nm) 
up to a maximum of 5000 steps. A cut-off radius of 1.2 nm was set for 
interaction calculations. 

NVT equilibration of the system was achieved with the Berendsen 
thermostat set to 300 K after 250 ps, followed by the adoption of the NPT 
ensemble. Constraints on the protein backbone and lipids were gradu
ally removed over a total of 10 ns at 1 atm pressure until convergence of 
the system pressure drift. The Nose-Hoover algorithm was used for 
temperature coupling during NPT equilibration and subsequent pro
duction simulations, while the semi-isotropic Parrinello-Rahman 
method was chosen for pressure coupling, known for its accuracy in 
membrane simulations. The low dumping parameter was set to 1 ps− 1. 

The production run was carried out for 100 ns, utilizing a time step of 
0.002 fs. Visualization of results and figure generation were performed 
using PyMol and Maestro user interfaces (PyMOL Molecular Graphics 
System, New York, NY, USA, Version 2.5, Schrödinger, LLC). 

3. Results 

3.1. 3,3′-O-dimethylquercetin isolation and identification 

The phytochemical investigation of the 90% EtOH extract of Caa
tinga M. tenuiflora green propolis led to the isolation of a major com
pound. The isolated substance was obtained as a yellow amorphous 
powder (>95% purity). Its 1H-NMR data included the singlet signals of 
H-6 (δH 6.57, 1H), H-8 (δH 6.63, 1H), 3′-OCH3 (δH 3.96, 3H), and 3-OCH3 
(δH 3.87, 3H), along with signals corresponding to an ABX spin system 
[H-2’ (δH 7.48, 1H, d, 2.0 Hz), H-5’ (δH 6.93, 1H, d, 8.1 Hz), and H-6’ (δH 
7.52, 1H, dd, 2.0, 8.1 Hz)] (Fig. 1). The 13C-NMR data complemented 
the 1H-NMR data, featuring 10 quaternary carbons (δc 103.9–184.3), 
five aromatic methines (δc 95.5–121.8), and two methoxy groups, 3′- 
OCH3 (δc 61.1) and 3-OCH3 (δc 56.8) (see Supplementary information). 
The 1H and 13C-NMR data were further validated by the HBMC corre
lations, with key correlations such as H-2′ and H-6’/C-2 identifying the 
substitution of phenyl ring at carbon C-2. The presence of two methoxy 

groups at carbons C-3 and C-3′ was confirmed by the key HMBC corre
lations 3-OCH3/C-3 and 3′-OCH3/C-3′, respectively. Based on these 
findings and a literature survey, this isolated compound was identified 
as 3,3′-O-dimethylquercetin (Alday et al., 2019, Fig. 1). 

3.2. 3,3′-O-dimethylquercetin inhibited IBa1.2 

As many flavonoids are fine regulators of CaV1.2 channels (Fusi et al., 
2017), 3,3′-O-dimethylquercetin was investigated on IBa1.2, elicited by a 
clamp pulse to 10 mV from a Vh of − 50 mV (0.067 Hz), recorded in 
single rat tail artery myocytes. As shown in Fig. 2A, 3,3′-O-dime
thylquercetin caused a marked, concentration-dependent inhibition of 
peak IBa1.2 yielding a pIC50 value of 4.84 ± 0.20 (n = 6). Under the same 
experimental conditions, the Ca2+ antagonist verapamil exhibited a 
pIC50 value of 6.17 ± 0.12 (n = 5). The addition of 15 μM 3,3′-O-di
methylquercetin resulted in a time-dependent inhibition of peak IBa1.2, 
and the inhibition almost completely reversed to control values upon 
washout (Fig. 2B). The Ca2+ antagonistic activity of 3, 

Fig. 2. 3,3′-O-Dimethylquercetin inhibits IBa1.2 in single tail artery myocytes. 
(A) Concentration-dependent effect of 3,3′-O-dimethylquercetin (ODMQ) and 
verapamil on IBa1.2. On the ordinate scale, the current amplitude is reported as a 
percentage of the value recorded just before the addition of the first drug 
concentration. Data points represent the mean ± SD (n = 4–9). Inset: traces 
(representative of 5 similar experiments) of IBa1.2, elicited with 250-ms clamp 
pulses to 10 mV from a Vh of − 50 mV, measured in the absence (control) or 
presence of various concentrations of 3,3′-O-dimethylquercetin. The effect of 
10 μM nifedipine is also shown. (B) Time course of IBa1.2 inhibition induced by 
15 μM 3,3′-O-dimethylquercetin. The drug was applied at the time indicated by 
the arrow, and peak currents were recorded during a typical depolarization 
from either − 50 mV or − 80 mV to 10 mV, applied every 15 s (0.067 Hz) and 
subsequently normalized according to the current recorded just before 3,3′-O- 
dimethylquercetin addition. Drug washout gave rise to an almost complete 
recovery from the inhibition, while 10 μM nifedipine suppressed IBa1.2. The 
effect of vehicle (2.1 mM DMSO) is also shown. Data points are the mean ± SD 
(n = 6–8). 
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3′-O-dimethylquercetin did not change when Vh was shifted from − 50 
mV to − 80 mV (Fig. 2B). 

The time course of IBa1.2 activation and inactivation were described 
by a mono-exponential function. 3,3′-O-Dimethylquercetin did not affect 
the τ of activation but significantly accelerated the τ of inactivation 
(Fig. 3). 

Fig. 4A shows the effect of 3,3′-O-dimethylquercetin on the current- 
voltage relationship recorded from a Vh of − 50 mV. Neither the 
apparent maximum (15 mV) nor the threshold (− 40 mV) of the current- 
voltage relationship was altered by the presence of 15 μM 3,3′-O-dime
thylquercetin. However, the compound significantly reduced IBa1.2 in 
the range of membrane potential values from − 20 mV to 10 mV. 

The voltage dependence of 3,3′-O-dimethylquercetin inhibition of 
IBa1.2 was further explored by analysing the steady-state activation 
curves, derived from the current-voltage relationships shown in Fig. 4A 
and fitted with the Boltzmann equation. The 50% activation potential 
(0.43 ± 3.93 mV, control, 1.44 ± 4.32 mV, 15 μM 3,3′-O-dime
thylquercetin, and 1.37 ± 3.54 mV, washout; P = 0.0515) and the slope 
factor (7.19 ± 0.22 mV, 6.82 ± 0.64 mV, and 7.26 ± 0.31 mV, respec
tively; P = 0.1316) of the activation curve remained unaffected 
(Fig. 4B). In contrast, 3,3′-O-dimethylquercetin, significantly shifted the 
steady-state inactivation curve (i.e., channel availability) toward more 
hyperpolarizing potentials (Fig. 4B). The 50% inactivation potential 
changed from − 22.86 ± 4.86 mV (n = 6, control) to − 29.62 ± 4.44 mV 
(15 μM 3,3′-O-dimethylquercetin; P = 0.0010). However, the slope 
factor was not affected by the flavonoid (− 9.47 ± 4.03 mV and − 8.48 ±
1.89 mV, respectively; P = 0.4549). The shift in the inactivation curve 
induced by 15 μM 3,3′-O-dimethylquercetin resulted in a marked 
reduction of the Ba2+ window current. At 0 mV, for example, the relative 
amplitude decreased to 0.03 compared to the relative amplitude of 0.11 
observed under control conditions. 

3.3. 3,3′-O-dimethylquercetin stimulated IKCa1.1 

Given that many flavonoids are recognized as effective KCa1.1 
channel stimulators (Fusi et al., 2020), the effect of 3,3′-O-dime
thylquercetin on iberiotoxin-sensitive IKCa1.1 was investigated (Saponara 
et al., 2006). The addition of 30 μM 3,3′-O-dimethylquercetin caused a 
significant stimulation of the current amplitude within the membrane 
potential range of 20–70 mV (Fig. 5): current stimulation reached a 
plateau in about 3 min. 

3.4. 3,3′-O-dimethylquercetin relaxed caudal artery rings stimulated by 
KCl 

This series of experiments was performed to assess whether the Ca2+

antagonistic activity of 3,3′-O-dimethylquercetin translates to a vaso
dilatory effect in the intact vascular tissue. Caudal artery rings were 
depolarized by either a submaximal (60 mM) or a maximal (90 mM) 
concentration of KCl. In rings pre-incubated with cumulative concen
trations of 3,3′-O-dimethylquercetin, the subsequent response to 90 mM 
KCl gradually diminished (Fig. 6A), yielding a pIC50 value of 4.39 ±
0.22 (n = 5; Fig. 6B). Under the same experimental conditions, the Ca2+

antagonist verapamil showed a pIC50 value of 6.20 ± 0.31 (n = 5). 
Furthermore, in rings pre-contracted by 60 mM KCl, 3,3′-O-dime
thylquercetin induced a concentration-dependent relaxation with a 
pIC50 value of 5.47 ± 0.78 (n = 5; P = 0.0179 vs. 90 mM KCl), while that 
of verapamil was 6.93 ± 0.37 (n = 6; P = 0.0067). 

Finally, the antispasmodic effect of 3,3′-O-dimethylquercetin 
reversed to control values upon washout in about 1 h (Fig. 6C). 

3.5. Antispasmodic activity of 3,3′-O-dimethylquercetin and pinacidil in 
aorta rings stimulated by KCl 

K+ channel opening activity was assessed in aorta rings stimulated by 
25 mM or 60 mM KCl, in the presence of either vehicle or tested com
pounds. As shown in Fig. 7 30 μM 3,3′-O-dimethylquercetin significantly 
antagonised both 25 mM KCl- and 60 mM KCl-induced contractions, 
though with different efficacy (44.4 ± 19.2% and 13.8 ± 10.3%, n = 5; 
P = 0.0137). Similar results were observed with pinacidil (97.7 ± 3.3% 
and 19.6 ± 8.4%, n = 5; P < 0.0001). 

Iberiotoxin (100 nM) reduced the antispasmodic activity of 3,3′-O- 
dimethylquercetin (P = 0.2436), while glibenclamide (10 μM) that of 
pinacidil by about 50% (P = 0.0009; Fig. 7). 

3.6. 3,3′-O-dimethylquercetin-CaV1.2 channel complex acquired stable 
interactions during classical molecular dynamics simulation 

The molecular docking simulation of 3,3′-O-dimethylquercetin 
within the homology model of the Rattus norvegicus CaV1.2 channel 
resulted in a binding affinity of − 9.408 kcal/mol (XP GScore) and 
showed hydrophobic interactions with multiple residues within the 
binding pocket, which is commonly occupied by well-known channel 
blockers (Zhao et al., 2019, Fig. 8). Specifically, the 3′-OCH3 and 4′-OH 
groups of the B ring formed hydrophobic interactions with Ile-1180, 

Fig. 3. 3,3′-O-Dimethylquercetin modifies IBa1.2 kinetics of single tail artery myocytes. Time constants for activation (τact) and inactivation (τinact) were measured in 
the absence or presence of various concentrations of 3,3′-O-dimethylquercetin. Lines and bars represent the mean ± SD (n = 6). *P < 0.05 vs. control (0), repeated 
measures ANOVA and Dunnett post-test. Inset: current recordings, taken from Fig. 2A inset, are sized so that the peak amplitude of the traces in the presence of the 
drug matched that of the control. 

N.T. Son et al.                                                                                                                                                                                                                                   



European Journal of Pharmacology 967 (2024) 176400

7

Ile-1181, Ala-1183, Phe-1184, and Leu-777. The core of the molecule 
engaged in non-polar interactions with the hydrophobic residues 
Phe-1143, Phe-778, Phe-730, and Leu-733. Notably, the only polar 
amino acid of the network, Thr-734, was not directly involved in 
hydrogen bond interactions. Additionally, longer-range and less 
contributing hydrophobic interactions were observed with Leu-685, 
Leu-688, and Leu-678 residues, which are in proximity to the binding 
site (Fig. 8). 

Molecular dynamics simulation of the protein-ligand complex 
showed that 3,3′-O-dimethylquercetin root mean square deviation of 
coordinates (RMSD) from the starting ligand pose within the CaV1.2 
channel putative binding site was consistently low, ranging from 0.15 to 
0.2 nm (Fig. 9). This indicates stability and reliability of the initial 
prediction. The structural integrity of the CaV1.2 channel α1C subunit 
was further confirmed by superimposing the protein backbone RMSD 
trends of the channel in complex with the ligand and in the free state 
(Fig. 9). This stability was also supported by the radius of gyration 
calculations, revealing mean values of 2.19 ± 0.01 nm and 2.22 ± 0.02 
nm for the protein-ligand complex and the free state, respectively. 
During classical molecular dynamics simulation, the ligand consistently 

formed stable interactions with polar residues within the binding pocket 
and oriented its aromatic core and B ring to engage in π-π stacking in
teractions with Phe-778 and Phe-1143, while maintaining previously 
reported hydrophobic interactions with Phe-778 and Asn-771 (corre
sponding to Phe-656 and Asn-649 of the rabbit CaV1.1 channel). 
Notably, the 4′-OH group acted as both a hydrogen-bond donor and 
acceptor, interacting simultaneously with the Thr-734 backbone and 
Asn-771 side chain (Fig. 10). The overall non-bonded interaction energy 
between the CaV1.2 channel and 3,3′-O-dimethylquercetin during the 
classical molecular dynamics simulation yielded a value of − 145.2 ±
6.3 kJ/mol (− 34.7 ± 1.5 kcal/mol). 

3.7. 3,3′-O-dimethylquercetin interaction network with the KCa1.1 
channel 

3,3′-O-Dimethylquercetin formed a tight interaction network within 
the putative binding pocket located inside the KCa1.1 channel, primarily 
characterized by π-π stacking interactions with Phe-461, Tyr-398, and 
Tyr-402 involving both the core of the molecule and the B ring (Fig. 11). 
The 4′-OH group established a hydrogen bond with the backbone of Gly- 

Fig. 4. Voltage dependency of 3,3′-O-dimethylquercetin-induced inhibition of 
IBa1.2 in single tail artery myocytes. (A) Current-voltage relationships, recorded 
from a Vh of − 50 mV, constructed before the addition (control), in the presence 
of 15 μM 3,3′-O-dimethylquercetin (ODMQ), and after drug washout. Data 
points are the mean ± SD (n = 6). *P < 0.05 vs. control, repeated measures 
ANOVA and Dunnett post-test. (B) The effect of 3,3′-O-dimethylquercetin on the 
voltage dependence of CaV1.2 channel activation and inactivation. Steady-state 
inactivation curves in the absence (control) or presence of 15 μM 3,3′-O- 
dimethylquercetin were fitted to the Boltzmann equation. Peak current values 
were used. The current measured during the test pulse was plotted against the 
membrane potential and is expressed as availability. Steady-state activation 
curves were obtained from the current-voltage relationships in panel A and 
fitted to the Boltzmann equation. Data points are the mean ± SD (n = 6). 

Fig. 5. 3,3′-O-Dimethylquercetin stimulates IKCa1.1 in single tail artery myo
cytes. (A) Original recordings (average traces of 7 cells) of conventional whole- 
cell IKCa1.1 elicited with a 500-ms voltage step from a Vh of − 40 mV to 70 mV, 
measured in the absence (control) and presence of 30 μM 3,3′-O-dime
thylquercetin (ODMQ). (B) Current-voltage relationships obtained before the 
addition (control) and in the presence of 30 μM 3,3′-O-dimethylquercetin 
(ODMQ). On the ordinate scale, the response is reported as current density in 
pA/pF. Data points are the mean ± SD (n = 7). *P < 0.05 vs. control, Student’s 
t-test for paired samples. Inset: Time course of IKCa1.1 stimulation induced by 30 
μM 3,3′-O-dimethylquercetin. The drug was applied at the time indicated by the 
arrow, and peak currents were recorded during a typical depolarization from 
− 40 mV to 70 mV, applied every 15 s (0.067 Hz) and subsequently normalized 
according to the current recorded just before 3,3′-O-dimethylquercetin addi
tion. Tetraethylammonium (TEA+; 1 mM) addition suppressed IKCa1.1. Data 
points are the mean ± SD (n = 7). 
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399, while the 7-OH group interacted with Val-464, resulting in a 
docking score of − 6.913 kcal/mol. Following the MM-GBSA minimiza
tion of the protein-ligand complex, additional interactions involving 
Lys-458 and Hie-460 (His-460 in ε tautomeric state) were detected (with 
the previous ones remaining unaffected), leading to an overall free Gibbs 
energy of binding (ΔG) of − 61.60 kcal/mol (Fig. 11). 

4. Discussion 

The main findings of the present study highlight that 3,3′-O-dime
thylquercetin is an effective and bi-functional in vitro vasodilator, as 
supported by both electrophysiological and functional evidence. 
Although this flavonoid has been previously identified in various natural 
sources, such as Mexican Populus fremontii propolis (Alday et al., 2019) 
and Australian sunflower honey (Yao et al., 2004), the present study 
marks the first identification of 3,3′-O-dimethylquercetin in Brazilian 
green propolis and its isolation from the Mimosa genus. Consequently, 
the compound could serve as a chemotaxonomic marker for Mimosa 
green propolis. 

The current investigation provides the first direct experimental evi
dence establishing 3,3′-O-dimethylquercetin as a blocker of vascular 
CaV1.2 channels. The supportive evidence for this conclusion is as fol
lows: 1) in single vascular myocytes, 3,3′-O-dimethylquercetin inhibited 
IBa1.2 in a concentration-dependent manner; 2) this inhibition was likely 
attributed to direct interaction with the channel protein; 3) 3,3′-O- 

dimethylquercetin stabilized the CaV1.2 channel in its inactivated state; 
and 4) due to its relaxation of vascular smooth muscle contraction 
resulting from the opening of CaV1.2 channels, the IBa1.2 blockade is 
presumed to have functional relevance complementing previous data 
obtained both in vivo in spontaneously hypertensive rats and in vitro in 
vascular preparations (Kubota et al., 2004; Maruyama et al., 2009) 
where a similar mechanism of action was hypothesized to underlie the 
relaxant effects of propolis. 

The inhibition of IBa1.2 induced by 3,3′-O-dimethylquercetin at a 
frequency of 0.067 Hz, allowing full recovery between pulses from 
Cav1.2 channel inactivation in rat tail artery myocytes (Saponara et al., 
2002), is tonic and developed independently of channel activation 
(Kuriyama et al., 1995). This suggests a selective inhibition of the resting 
channel state. Additionally, like nicardipine (Bean, 1984), 3,3′-O-di
methylquercetin shifted the channel availability towards more hyper
polarizing potentials, commonly interpreted as a consequence of 
high-affinity drug binding and stabilization of inactivated channels 
(Bean, 1984). Interestingly, CaV1.2 channel blockade exhibited by 3, 
3′-O-dimethylquercetin was not voltage-dependent, as comparable cur
rent inhibition was observed at Vh values of both − 50 mV and − 80 mV. 
The stabilization of the inactivated state occurred rapidly, affecting 
IBa1.2 inactivation during the 250 ms-long depolarizing step. Notably, 
this effect was observed under experimental conditions limiting or even 
abolishing Ca2+-dependent inactivation of the channel (using Ba2+ as a 
charge carrier instead of Ca2+ and clamping intracellular Ca2+ at 4 nM 

Fig. 6. 3,3′-O-Dimethylquercetin inhibits high KCl-induced contraction of caudal artery rings. (A) Trace (representative of 4 similar experiments) of the antispas
modic activity of cumulative concentrations of 3,3′-O-dimethylquercetin (diamonds with numbers; μM) pre-incubated for 10 min before the addition of 90 mM KCl 
(arrows) and its reversibility by washout (dots). (B) Concentration-response curves for 3,3′-O-dimethylquercetin and verapamil in rings challenged by either 60 mM 
or 90 mM KCl. In the ordinate scale, relaxation is reported as a percentage of the initial tension induced by 60 mM KCl or 90 mM KCl in the ring functional test, 
respectively. The effect of vehicle (0.14, 0.42, 1.41, 4.23, and 14.08 mM DMSO) is also shown. Data points represent the mean ± SD (n = 4–6). (C) Washout of the 
antispasmodic effect of 3,3′-O-dimethylquercetin. Points represent the response to 90 mM KCl recorded in the ring functional test (control) and during the washout of 
100 μM 3,3′-O-dimethylquercetin. Lines and bars represent the mean ± SD (n = 5). *P < 0.05 vs. control, repeated measures ANOVA and Dunnett post-test. 
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with EGTA to prevent smooth muscle cell contraction during re
cordings), This evidence suggests a direct interaction of the flavonoid 
with the inactivation machinery of the channel, though single-channel 
experiments are required to confirm or refute this hypothesis. Taken 

together, within the context of the “state-dependent pharmacology” of 
the channel, three simultaneous mechanisms operated by 3,3′-O-dime
thylquercetin contribute to CaV1.2 channel block: state-independent 
(tonic), state-dependent open channel inhibition (faster CaV1.2 chan
nel inactivation kinetics as observed with dihydropyridine and phenyl
alkylamine CaV1.2 channel blockers; McDonald et al., 1994), and 
state-dependent inactivated channel stabilization. The complete 
reversibility of 3,3′-O-dimethylquercetin IBa1.2 antagonism observed in 
this study suggests a relatively weak interaction of the drug with the 
channel protein. 

The leftward shift in the steady-state inactivation curve induced by 
3,3′-O-dimethylquercetin resulted in a marked reduction of the window 
current. This current is considered physiologically relevant as it is 
believed to play a crucial role in both the generation and regulation of 
vascular smooth muscle tone (Fransen et al., 2012). Hence, this property 
could contribute to the observed vasodilatory effect of the flavonoid 
previously documented in vivo (Kubota et al., 2004; Maruyama et al., 
2009). Conversely, neither the slope nor the 50% activation potential of 
the steady-state activation curve was affected by 3,3′-O-dime
thylquercetin. This indicates that the sensitivity of the channel activa
tion mechanism to the membrane voltage remained unaltered. 

In silico simulations have provided valuable insights into the mo
lecular mechanism underlying the blockade of CaV1.2 channels by 3,3′- 
O-dimethylquercetin. Interestingly, the flavonoid was predicted to bind 
to a pocket where well-known Ca2+ antagonists also bind (Zhao et al., 
2019). The simulations indicated excellent affinity (− 9.408 kcal/mol 
after molecular docking), stability within the cavity after classical mo
lecular dynamic simulation (ligand RMSD being 0.15–2 nm), and the 
ability to interact with Phe-778 and Phe-1143, key residues for drug 
pharmacological activity. Moreover, the interaction with Phe-1143 must 
be crucial for the inhibitory activity of the flavonoid, as mutagenesis 
experiments demonstrated the importance of this residue for channel 
pore formation. However, Ser-1141, which participates in the interac
tion network of dihydropyridines such as Bay K 8644 and nifedipine 
(Zhao et al., 2019), was not involved in the binding of the flavonoid. 
Collectively, this evidence suggests that the conformational change of 
the α1C subunit likely occurring upon binding of 3,3′-O-dime
thylquercetin could lead to a structural reorganization of the entire 
CaV1.2 channel, thereby explaining the blockade of the current. None
theless, future mutagenesis experiments are necessary to confirm or 
refute such a hypothesis. 

The computational approach has yielded promising results in eluci
dating the mechanism of 3,3′-O-dimethylquercetin binding to Rattus 
norvegicus CaV1.2 channels. A direct comparison with ground truth data, 
represented by co-crystals with verapamil or nifedipine (− 6.735 and 
− 4.563 kcal/mol docking scores of the co-crystallized poses, respec
tively, starting from 6JPA and 6JPC Cryo-EM models of the protein data 
bank; Zhao et al., 2019) was feasible. While the analysis focused on the 
well-known and characterized α1C subunit, which contains a total of 
2169 residues, it is important to note that CaV1.2 channels consist of 
several additional subunits. Therefore, future studies will be necessary 
to further characterize the binding site(s) in more detail and to un
equivocally determine the mode of action of 3,3′-O-dimethylquercetin. 

The conventional whole-cell method used in this study involves the 
dialysis of the cytoplasm. Consequently, it is reasonable to hypothesise 
that the inhibition of IBa1.2 by 3,3′-O-dimethylquercetin is linked to a 
direct interaction of the drug with the channel protein, as indicated by 
the in silico analysis. However, it is worth noting that the potential 
involvement of intracellular signalling pathways that survive dialysis 
cannot be ruled out. 

In addition to its CaV1.2 channel-blocking activity, 3,3′-O-dime
thylquercetin induced a significant increase in current amplitude 
through the KCa1.1 channel, aligning with the vasorelaxant behaviour 
observed in the intact tissue (see below). IKCa1.1 was characterized by 
using the channel blocker TEA+ which, at 1 mM concentration, is 
considered relatively selective for KCa1.1 channels (Tykocki et al., 

Fig. 7. 3,3′-O-Dimethylquercetin and pinacidil inhibit high KCl-induced 
contraction of aorta rings. Rings, pre-incubated for 5 min with DMSO, were 
stimulated by either 25 mM or 60 mM KCl for 15 min and then washed in KHS 
for 45 min. Pinacidil (10 μM) or 3,3′-O-dimethylquercetin (30 μM) were added 
5 min before the second challenge by KCl. The effects of 100 nM iberiotoxin and 
10 μM glibenclamide are also shown. In the ordinate scale, response is reported 
as a percentage of the tension induced by 60 mM KCl in the ring functional test. 
Lines and bars represent mean ± SD (n = 3–6). *P < 0.05 vs DMSO, Student’s t- 
test for paired samples. 

Fig. 8. Best binding pose of 3,3′-O-dimethylquercetin within the CaV1.2 
channel α1C subunit following molecular docking simulation. Hydrophobic in
teractions between the ligand and residues within 4.00 Å of 3,3′-O-dime
thylquercetin are shown. The colouring of residues follows a polar (cyan) and 
non-polar (green) scheme. The numbering of interacting residues with their 
corresponding chain id are depicted for clarity.(For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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2017). It’s important to note that TEA+ also potently blocks KV1.1, 
KV1.2, and KV3.1 channels. However, it should be emphasized that 
KV1.1 and KV3.1 channels are not expressed in rat tail artery myocytes 
(Xu et al., 2000) and the Vh of − 40 mV used for IKCa1.1 recordings should 
have limited or even avoided the contribution of KV1.2 channels to the 
overall current amplitude. 

The marked binding affinity (− 6.913 kcal/mol) obtained in the 
computational simulations strongly supported the KCa1.1 channel 

stimulation induced by 3,3′-O-dimethylquercetin. Mutagenesis experi
ments have suggested that the receptor S6/RCK linker might be 
responsible for both modulator binding to and activation of the KCa1.1 
channel (Gessner et al., 2012). Specifically, Tyr-402 is crucial for 
channel activation and for coupling with downstream effectors. In silico 
simulations demonstrated that 3,3′-O-dimethylquercetin established a 
tight interaction network with residues in a putative binding pocket 
close to the linker region, supporting the electrophysiology evidence and 

Fig. 9. Root mean square deviation trends of CaV1.2 channel-3,3′-O-dimethylquercetin complex during classical molecular dynamics simulation. The computed root 
mean square deviation (RMSD) during the whole molecular dynamics simulation showed stability of both the protein backbone (black line) and the ligand pose (blue 
line). Time and RMSD are represented in the X- and Y-axis, respectively. For comparison, the protein backbone trend for the channel-free state is also reported (red 
line).(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 10. CaV1.2 channel α1C subunit in complex with 3,3′-O-dimethylquercetin after molecular dynamics simulation. (A) Protein-ligand complex. Lipids are reported 
as grey lines and protein backbone as cartoon-like representations in chain-based colouring schemes. The ligand (purple ball-and-sticks) is positioned near the centre 
of the channel subunit pore. (B) Enlarged view of the most representative binding pose of 3,3′-O-dimethylquercetin following the reorientation of the B ring during 
classical molecular dynamics simulation. Hydrogen bonds (light orange dashed lines) and π-π stacking interactions (blue dashed lines) formed by the ligand with 
residues of the binding pocket (pink ball-and-sticks) are shown. The colour scheme of the protein backbone is the same as in panel A. Ser-1141, not interacting with 
the ligand, is reported only as a reference residue.(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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providing insightful details about its molecular mechanism. Unfortu
nately, the resolution of the intra-cytoplasmic region in classical mo
lecular dynamics simulation did not permit further investigation of the 
binding mode inside the KCa1.1 channel. Nevertheless, the Gibbs free 
energy of binding after minimization of the protein-ligand complex 
yielded promising results (− 61.60 kcal/mol). It’s important to note that 
the lack of any experimentally ascertained complex involving a KCa1.1 
channel and a stimulator limited the present study to a putative binding 
site based on mutagenesis experiments. While 3,3′-O-dimethylquercetin 
could potentially have a good affinity profile for other channel regions, 
additional resources are needed to correlate the resulting affinity with a 
biological function. 

The inhibition of the CaV1.2 channel by 3,3′-O-dimethylquercetin 
was also observed in intact tissues under conditions of full membrane 
depolarization, specifically in tail artery rings stimulated by either 60 
mM or 90 mM KCl concentrations. Under conditions mimicking those 
used in the patch-clamp experiments to evoke IBa1.2, 3,3′-O-dime
thylquercetin caused relaxation, and its potency and efficacy were 
consistent with those calculated in the electrophysiology experiments. 
Furthermore, the myorelaxant effect of the drug was completely 
reversed by washout, like what was observed in the patch-clamp ex
periments. The flavonoid exhibited both antispasmodic and spasmolytic 
activities. Additionally, the observation that the antispasmodic activity 
of 3,3′-O-dimethylquercetin was directly correlated with the trans
membrane chemical gradient for K+ (Gurney, 1994), i.e., the lower the 
gradient (as in the presence of 60 mM extracellular KCl), the smaller the 
efflux of K+ through the open channels, along with its reversal by the 
selective KCa1.1 channel blocker iberiotoxin, suggested that the contri
bution of KCa1.1 channel stimulation by the flavonoid has functional 
implications for vessel mechanics. The observation that neither iber
iotoxin nor glibenclamide fully reversed the antispasmodic activity of 
the flavonoid and pinacidil, respectively, adds further support to the 
notion of a significant vasodilatory mechanism independent of the 
stimulation of K+ channels for both compounds (this paper; Lebrun 
et al., 1990). This once again underscores the bi-functional vasorelaxant 
effect of 3,3′-O-dimethylquercetin. 

Due to the inherent limitations in data collected from in vitro ex
periments, further in vivo investigations are now necessary to determine 
whether the current findings contribute to the growing body of evidence 
supporting Brazilian green propolis as a versatile remedy for various 
conditions, including inflammation (Dos Santos et al., 2022), hyper
tension (Batista et al., 2020; Silva et al., 2021), immune-related diseases 
(de Figueiredo et al., 2014), and oral cavity issues (Carvalho et al., 
2019). 

In conclusion, the results obtained from electrophysiological, func
tional, and in silico analyses: 1) offer the first direct experimental proof 
that 3,3′-O-dimethylquercetin acts as a dual-function vasorelaxant 
agent, blocking CaV1.2 channels and stimulating KCa1.1 channels; 2) 
introduce a new element to the vasoactive capabilities of propolis 
(Beserra et al., 2020); 3) and likely provide a mechanistic explanation 
for previous studies conducted on vascular preparations (e.g., Massaro 
et al., 2013). 
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Fig. 11. KCa1.1 channel in complex with 3,3′-O-dimethylquercetin obtained with MM-GBSA simulation. (A) Protein-ligand complex. The KCa1.1 channel is repre
sented as a pink cartoon-like structure and the investigated binding pocket as blue spheres. (B) Enlarged view of the 3,3′-O-dimethylquercetin (blue ball-and-stick) 
interaction network with surrounding residues (green ball-and-sticks). Hydrogen bonds are represented as light orange dashed lines, π-π stacking interactions as blue 
dashed lines. For clarity, only interacting residues forming polar contacts are shown in green, while all interacting residues of the cavity are labelled in black.(For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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