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Background and Purpose: The pharmacology of flavonoids on β-cell function is

largely undefined especially in the context of defective secretion of insulin. We

sought to identify flavonoids that increased the insulin-secreting function of β-cells

and to explore the underlying mechanisms.

Experimental Approach: INS-1 β-cells in culture and islets of Langerhans isolated

from control and diabetic male rats were used for insulin secretion experiments.

Pharmacological and electrophysiological approaches were used for mechanistic

studies.

Key Results: Among a set of flavonoids, exposure of INS-1 β-cells to resokaempferol

(ResoK) enhanced glucose-stimulated insulin secretion and therefore we further char-

acterised its activity and its pharmacological mechanism. ResoK glucose-dependently

enhanced insulin secretion in INS-1 β-cells and pancreatic islets isolated from rats.

Mechanistically, whole cell patch clamp recordings in INS-1 cells showed that ResoK

rapidly and dose-dependently enhanced the L-type Ca2+ current whereas it was inac-

tive towards T-type Ca2+ current. Accordingly, pharmacological inhibition of L-type

Ca2+ current but not T-type Ca2+ current blocked the effects of ResoK on glucose-

stimulated insulin secretion. ResoK was still active on dysfunctional β-cells as it ame-

liorated glucose-stimulated insulin secretion in glucotoxicity-induced dysfunctional

INS-1 cells and in pancreatic islets isolated from diabetic rats.

Conclusion and Implications: ResoK is a glucose-dependent activator of insulin

secretion. Our results indicated that the effects of ResoK on insulin secretion

involved its capacity to stimulate L-type Ca2+ currents in cultured β-cells. As ResoK

was also effective on dysfunctional β-cells, our work provides a new approach to

stimulating insulin secretion, using compounds based on the structure of ResoK.

Abbreviations: Cav, voltage-gated Ca2+channel; EC50, half maximal effective concentration; Emax, efficacy; GK, Goto-Kakizaki; KATP, ATP-sensitive K+ channels; Kaemp, kaempferol; ResoK,

resokaempferol; V0.5, potential at half-maximal activation; Veh, vehicle.
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1 | INTRODUCTION

Pancreatic β-cells are fundamental for glucose homeostasis by secret-

ing insulin. This hormone maintains glycaemia within the physiological

range mainly by promoting glucose uptake and utilisation by periph-

eral tissues. Therefore, together with worsening of insulin resistance,

the progressive decline of β-cell capacity to secrete insulin in response

to glucose is a cardinal feature of the pathogenesis and the evolution

of Type 2 diabetes (Rorsman & Ashcroft, 2018). This relative insulin

deficiency can be partly corrected by antidiabetic medications which

improve glucose-induced insulin secretion (Perreault et al., 2021). In

fact, β-cells respond to raised levels of blood glucose through the cou-

pling of cytosolic and mitochondrial processes in which glucose

undergoes a metabolic sequence leading to the inhibition of ATP-

sensitive K+ channels (KATP). This causes membrane depolarisation

and a consequent opening of voltage-gated Ca2+ channels. The ensu-

ing inward Ca2+ currents allow activation of the multiple-step exocy-

totic process that ultimately evokes insulin release (Gilon et al., 2014;

Rorsman & Ashcroft, 2018). Not surprisingly, proteins involved in or

regulating this complex series of events constitute current and poten-

tial therapeutic targets to boost the insulin-secreting activity of dys-

functional β-cells. For instance, sulphonylureas work by binding and

mediating the closure of β-cell KATP channels which elicits insulin

secretion, even in low concentrations of glucose. In contrast, other

antidiabetic drugs including incretin analogues display glucose-

dependent insulinotropic properties. The use of compounds with such

pharmacological attributes is expected to have improved safety pro-

files, at least in terms of lower incidence of hypoglycaemia (Perreault

et al., 2021). Therefore, considerable efforts are still being made to

develop such compounds with the aim of providing alternative thera-

peutic options, as Type 2 diabetes is increasingly prevalent worldwide

(Perreault et al., 2021).

In this context, compounds from plant sources and their deriva-

tives are likely to be good candidates, as a number of them have been

found to directly target β-cell function (Bermont et al., 2020;

Ghorbani et al., 2019; Patyra et al., 2024; Zheng et al., 2022) and to

improve metabolic health (Fu et al., 2010; Heikkilä et al., 2019). In par-

ticular, flavonoids are phytochemicals that exert pleiotropic health

benefits through the regulation of protein targets and associated sig-

nalling pathways (Dall'Asta et al., 2015; Fusi et al., 2017; Howes

et al., 2020; Man, Xia, et al., 2020). The opportunity of developing

flavonoid-based therapeutics is strengthened by in vitro and in vivo

studies showing that these compounds are bioactive towards differ-

ent tissues affected by Type 2 diabetes (Cao et al., 2022; Fusi

et al., 2020; Keylani et al., 2023). However, flavonoids constitute a

rich collection of naturally-occurring molecules with high structural

and activity diversity whose pharmacological value against β-cell dys-

function is largely unexplored.

In this study, we describe an analysis of the insulin-secreting

activity of different flavonoids, using a β-cell line in order to identify

molecules improving glucose-induced insulin secretion. Next, the

mechanism of action of one promising compound, namely resokaemp-

ferol (ResoK), was explored using pharmacological and electrophysio-

logical approaches. Finally, the therapeutic potential of ResoK was

examined by testing its capacity to enhance insulin secretion from

dysfunctional β-cells.

2 | METHODS

2.1 | Animals

All animal care and experimental procedures complied with the

Directive 2010/63/EU of the European Parliament and of the Coun-

cil and were approved by the institutional Animal Care and Use

Ethical Committees of the Languedoc-Roussillon and Université

Paris Cité. All efforts were made to minimise any animal suffering.

Animal studies are reported in compliance with the ARRIVE guide-

lines (Percie du Sert et al., 2020) and with the recommendations

made by the British Journal of Pharmacology (Lilley et al., 2020).

Male Wistar rats (Charles River, France) were housed in a conven-

tional animal facility in Montpellier, France. Animals were housed in

groups of three in transparent cages enriched with poplar heartwood

What is already known?

• Pancreatic β-cells play a key role in glycaemic control by

secreting insulin.

• Flavonoids display pharmacological activity on cellular

protein targets.

What does this study add?

• In cultures of INS β-cells, ResoK increases insulin secre-

tion by stimulating L-type Ca2+ currents.

• ResoK improves insulin secretion in a glucose-dependent

manner in β-cells from diabetic rats.

What is the clinical significance?

• ResoK-based compounds may be used to ameliorate pan-

creatic β-cell function in Type 2 diabetes.
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modules in a temperature and humidity-controlled animal facility

(temperature = 20 ± 1�C; humidity = 60%) under a 12 h light:dark

cycle (7 AM/7 PM) and had access to water and food ad libitum.

Male Goto-Kakizaki rats from our local colony (GK/Par) were bred

and housed in the conventional Buffon animal facility- Université Paris

Cité, Paris, France. Animals were housed in controlled environment

(temperature = 20 ± 1�C; humidity = 60%) and 12 h light: dark cycle

(8 AM/8 PM), with access to water and food ad libitum. Rats were

housed two per ventilated cages and were furnished with standard

enrichment (cardboard-house, craft paper as well as hood stick). After

weaning, animals were fed with a standard chow diet.

2.2 | Insulin secretion experiments in INS-1 cells

INS-1 cells (RRID:CVCL_0352; passages 33–50), a gift from Professor

C. B. Wollheim, (Geneva, Switzerland), were cultured in RPMI-1640

medium (containing 2 g�L�1 glucose) supplemented with 10% (v/v)

heat-inactivated fetal calf serum, 100 U�ml�1 penicillin, 100 μg�ml�1

streptomycin, 2 mmol�L�1 L-glutamine, 10 mmol�L�1 HEPES,

1 mmol�L�1 sodium pyruvate and 50 μmol�L�1 2-mercaptoethanol, in

a humidified atmosphere (5% CO2, 37�C). INS-1 cells were seeded

in 24-well plates pre-coated with poly-L-lysine (4 � 105 cells per well)

and cultured for 5 days before insulin secretion experiments. Gluco-

toxicity was induced by culturing cells for 48 h in RPMI-1640 medium

containing 25 mmol�L�1 glucose. Cells were washed with buffer

1 (123 mmol�L�1 NaCl, 5.4 mmol�L�1 KCl, 1.3 mmol�L�1 KH2PO4,

1.4 mmol�L�1 MgSO4, 2.9 mmol�L�1 CaCl2, 5 mmol�L�1 NaHCO3 and

20 mmol�L�1 HEPES, pH 7.4) supplemented with 1 g.L�1 BSA. Then,

cells were incubated for 1 h (5% CO2, 37�C) in 500 μl buffer 1/BSA

containing the tested flavonoid in the absence (non-stimulating basal

condition; i.e., 1.4 mmol�L�1 glucose) or in the presence of secreta-

gogues (8.3 mmol�L�1 glucose; 1.4 mmol�L�1 glucose + 10 nmol�L�1

glibenclamide; 1.4 mmol�L�1 glucose + 5 mmol�L�1 monomethyl suc-

cinate). Exenatide (0.001; 0.01; 0.1; 1; 10 nmol�L�1) was tested in the

same conditions in the presence of 8.3 mmol�L�1 glucose. When

verapamil (20 μmol�L�1), nifedipine (1 μmol�L�1) or Z944 (2 μmol�L�1)

was used, INS-1 cells were pre-treated with these inhibitors for

15 min directly in the culture medium prior to proceeding with cell

washes with buffer 1/BSA. Then, INS-1 cells were incubated for 1 h

in 500 μl buffer 1/BSA containing ResoK and the Ca2+ channel inhibi-

tor at the same concentration that was used for the pre-treatment.

Control treatments were always performed using the same amount of

vehicle (DMSO) in each well. At the end of the 1 h incubation period,

supernatants were collected and insulin was directly quantified with

PerkinElmer Insulin assay kits.

For this assay, a standard curve (0.625; 1.25; 2.5; 5; 10; 16;

20 ng�ml�1) was prepared by diluting the insulin stock solution in the

following assay buffer: 30 mmol�L�1 Na2HPO4, 20 mmol�L�1 KH2PO4,

pH 7, 0.05% (v/v) tween-20. Samples containing insulin were diluted

in the assay buffer so that measurements lay within the standard

curve. Specifically, supernatants originating from INS-1 subjected to

8.3 mmol�L�1 glucose were diluted 30X, whereas the ones subjected

to 1.4 mmol�L�1 glucose were diluted 10X. Samples (8 μl) of the

diluted supernatants were dispensed in a 384-well microplate

(Greiner #784075). Then 4 μl of Insulin XL665 and 4 μl of Insulin Eu

Cryptate antibody were added. After an overnight incubation at room

temperature in the dark, the signal was collected by the Tecan Spark

10 M reader at both 665 and 620 nm (λex = 320 nm) using the fol-

lowing settings: 75 flashes per well, lag time 100 μs, integration time

400 μs.

2.3 | Cell viability assay

The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-

mide) tetrazolium reduction assay was used to test cell viability fol-

lowing ResoK exposure. INS-1 cells were seeded in 96-well plates

pre-coated with poly-L-lysine (105 cells per well). After being cul-

tured for 5 days in RPMI-1640 medium (containing 2 g�L�1 glucose)

supplemented with 10% heat-inactivated fetal calf serum,

100 U�ml�1 penicillin, 100 μg�ml�1 streptomycin, 2 mmol�L�1

L-glutamine, 10 mmol�L�1 HEPES, 1 mmol�L�1 sodium pyruvate and

50 μmol�L�1 2-mercaptoethanol, cells were washed with buffer 1

supplemented with 1 g�L�1 BSA and incubated for 1 h (5% CO2,

37�C) in buffer 1/BSA containing ResoK (0; 2; 5; 10; 20; 50 or

100 μmol�L�1) in the presence of 8.3 mmol�L�1 glucose. Then, cells

were washed with buffer 1/BSA and incubated for 3 h (5% CO2,

37�C) in buffer 1/BSA containing 0.5 g�L�1 MTT. Finally, cells were

washed with phosphate buffered saline (without calcium or magne-

sium) and the formazan precipitate was solubilised in 50 μl DMSO

prior to recording absorbance at 570 nm using the Tecan Spark 10 M

reader. Background absorbance was measured using wells in which

no cells were seeded and was subtracted from assay readings.

2.4 | Insulin secretion experiments in rat
pancreatic islets

As INS-1 cells constitute a rat-derived β-cell line, pancreatic

islets were isolated from rats. Specifically, Wistar and GK rats were

used to isolate non-diabetic and diabetic pancreatic islets respectively

because GK rats were originally developed by selective breeding of

glucose-intolerant Wistar rats (Goto et al., 1976; Portha et al., 2012).

Regarding the isolation of pancreatic islets from Wistar rats, the

same protocol as previously described was used (Bayle et al., 2019).

Two Wistar rats were killed to prepare pancreatic islets for each inde-

pendent biological repeat (n = 5 in Figure 3). Specifically, a total of

10 male Wistar rats of 8 to 9 week-old weighing 280–300 g at the

time of the experiments were anesthetised with isoflurane and killed

by decapitation. This protocol was approved by the Institutional Ani-

mal Care and Use Committee Languedoc-Roussillon (ID #19002). The

common bile duct was cannulated and the pancreas was filled by

injection of collagenase V solution (10 ml, 1 mg�ml�1), excised and

digested at 37�C for 16 min. Islets were separated with Histopa-

que®1077 gradient and selected by hand-picking under a microscope.

GAUTHERON ET AL. 3
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Then, islets originating from the two rats were pooled and stabilised

for 1 h (5% CO2, 37�C) in buffer 2 (120 mmol�L�1 NaCl, 4.7 mmol�L�1

KCl, 1.2 mmol�L�1 KH2PO4, 1.2 mmol�L�1 MgSO4, 2.5 mmol�L�1

CaCl2, 24 mmol�L�1 NaHCO3, pH 7.4) supplemented with 1 g�L�1

BSA and containing 2.8 mmol. L�1 glucose. After this 1 h recovery

period, batches of 5 islets chosen at random were incubated for 1 h at

37�C, in 1 ml buffer 2/BSA containing 2.8 mmol�L�1 (basal insulin

secretion) or 8.3 mmol�L�1 glucose in the absence or presence of

20 μmol�L�1 ResoK. We used glucose at 8.3 mmol�L�1 to stimulate

insulin secretion in pancreatic islets isolated from Wistar rats as we

previously showed that this concentration led to an intermediate

amount of insulin release (Bayle et al., 2022), which is appropriate to

examine the potential stimulatory effect of a compound (Bayle

et al., 2019). Control treatments were always performed using the

same amount of vehicle (DMSO). At the end of the 1 h incubation

period, supernatants were collected and stored at �20�C until insulin

quantification with PerkinElmer Insulin assay kit. To do so, superna-

tants originating from pancreatic islets subjected to 8.3 mmol�L�1 glu-

cose were diluted 10X in the assay buffer, and those from islets

subjected to 2.8 mmol�L�1 glucose were diluted 2X. Then, the same

protocol as the one described in the preceding section was used.

Glycaemia in GK rats was measured at 9 AM before humane killing

(see below), using Accu-Check Glucometer (Roche, Boulogne-

Billancourt, France) in blood samples collected at the tip of the tail. Gly-

caemia ranged from 1.86 to 3.45 g�L�1 (Table S1). One GK rat was killed

to prepare pancreatic islets for each independent biological repeat

(n = 5 in Figures 7 and S4). Specifically, a total of 10 male GK rats of

8 to 10 week-old (340–360 g) were killed by lethal pentobarbital injec-

tion (182 mg�ml�1) and directly decapitated. This protocol was

approved by the institutional Animal Care and Use Ethical Committee

of the Université Paris Cité (ID #B-75-13-17). The pancreas of GK rats

was digested with liberase at 37�C and islets were separated from exo-

crine tissue with Histopaque®1077 gradient and hand-picked under a

stereomicroscope. Ten islets of equivalent size per rat and per condition

were pre-incubated for 1 h in a Krebs-Ringer/bicarbonate/HEPES

buffer 3 (115 mmol�L�1 NaCl, 5 mmol�L�1 KCl, 24 mmol�L�1 NaHCO3,

10 mmol�L�1 HEPES, 1 mmol�L�1 CaCl2, 1 mmol�L�1 MgCl2) containing

2 g�L�1 fatty-acid-free BSA and 2.8 mmol�L�1 glucose. After this 1 h

recovery period, islets were incubated for 1 h with fresh buffer 3/BSA

containing 2.8 or 16.7 mmol�L�1 glucose, or 2.8 mmol. L�1 glucose

+ 20 μmol�L�1 ResoK, or 16.7 mmol�L�1 glucose + 20 μmol. L�1

ResoK, to measure insulin secretion. We used glucose at 16.7 mmol�L�1

to stimulate insulin secretion in pancreatic islets isolated from GK rats

to compensate for diabetic β-cell failure (Lutz, 2023; Mesto et al., 2022;

Portha et al., 2012). When nifedipine (1 μmol�L�1) was used, 10 GK

islets of equivalent size per rat and per condition were pre-incubated

for 1 h in the same buffer 3/BSA. Fifteen minutes before the end of this

pre-incubation period, nifedipine or the same volume of DMSO was

directly added to the incubation buffer. After this 1 h recovery period,

islets were incubated for 1 h with fresh buffer 3/BSA containing 2.8 or

16.7 mmol�L�1 glucose, or 16.7 mmol�L�1 glucose + 20 μmol�L�1

ResoK, or 16.7 mmol�L�1 glucose + 1 μmol�L�1 nifedipine, or

16.7 mmol�L�1 glucose + 20 μmol�L�1 ResoK + 1 μmol�L�1 nifedipine.

Control treatments were always performed using the same amount of

vehicle (DMSO). Insulin released in the supernatant was measured by

ELISA. The insulin concentrations used for the standard curve were

0.15; 0.4; 1; 3; 5.5 ng�ml�1. Samples originating from GK islets sub-

jected to 16.7 mmol�L�1 glucose were diluted 4X in the assay buffer,

the ones subjected to 2.8 mmol�L�1 glucose were not diluted. The

absorbance was read at 450 nm using a microplate reader.

2.5 | Electrophysiological recordings

Voltage-gated Ca2+ channel activities were recorded using the whole-

cell patch-clamp technique with a Biologic RK400 amplifier (Biologic,

France). Data acquisition and analysis were performed using the

pCLAMP system (Axon Instruments, Union City, CA, USA). Currents

were recorded with patch pipettes of 3–5 MΩ. Capacitive transients

were electronically compensated. Residual capacitive transient and

linear leakage currents were subtracted using a four sub-pulse proto-

col. The extracellular solution contained 130 mmol�L�1 NaCl,

5.6 mmol�L�1 KCl, 1 mmol�L�1 MgCl2, 1 mmol�L�1 glucose,

10 mmol�L�1 HEPES, 5 mmol�L�1 BaCl2, adjusted to pH 7.4 with

NaOH. The pipette solution contained 130 mmol�L�1 CsCl,

10 mmol�L�1 EGTA, 5 mmol�L�1 ATPNa2, 2 mmol�L�1 MgCl2,

10 mmol�L�1 HEPES, adjusted to pH 7.3 with CsOH. The holding

potential was set at �80 or �50 mV, and depolarizing test pulses

were applied as described. Compounds were applied to cells by pres-

sure ejection from a glass pipette. The effect of ResoK was quantified

as percentage of variation of the amplitude of the current compared

to the amplitude of the basal current. All experiments were performed

at room temperature.

2.6 | Comparative modelling and docking in the rat
Cav1.2 channel

The rat Cav1.2 channel subunit α1C sequence (P22002) was recovered

from UniProt (UniProt; http://www.uniprot.org/uniprot/). The search

for homologous sequence and alignment were performed using

@TOME-2 server (Pons & Labesse, 2009), and sequence of human

Cav1.2 channel subunit α1C (A0A0A0MSA1) was selected with a 97%

of identity. Homology models of the rat subunit α1C were generated

using the electron microscopy structure of human channel determined

at 3.30 Å resolution as templates: Protein Data Bank accession

no. 8HMB. Final models were built using Modeller 7.0 (Webb &

Sali, 2017) and evaluated using the dynamic evolutionary trace as

implemented in ViTOusing @TOME-2 comparative option. The files

for the docked compounds (ResoK and benidipine) were generated

with MarvinSketch 6.2.2 for the SMILES and with Frog2 server for

the mol2 (Miteva et al., 2010). Docking simulation was performed

using the server e-Drugs-3D (Pihan et al., 2012) and with Autodock-

Vina (Eberhardt et al., 2021) with a box of 60 Å � 60 Å � 60 Å to

cover all the protein with no constraint. The pictures shown in

Figures S2 and S3 were generated using PyMOL.
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2.7 | Randomisation and blinding

For insulin secretion experiments in INS-1 cells, treatment groups

were randomly assigned to different wells within each 24-well plate.

Pancreatic islets were isolated from fed, weight-matched Wistar or

GK rats chosen at random. Then, pancreatic islets were randomly

assigned to different treatments.

Except for the exploratory data reported in Figure 1, experiments

were not carried out under blind conditions. Blinding was not practi-

cally feasible owing to the slightly yellow colour of ResoK solutions.

Nevertheless, during the course of this study, insulin secretion experi-

ments in INS-1 cells were performed and replicated by different oper-

ators and yielded the same conclusion. In addition, insulin secretion

experiments using pancreatic islets from Wistar rats were conducted

in Montpellier (France) whereas the ones using pancreatic islets from

GK rats were independently conducted in Paris (France) by different

operators and both set of experiments showed a pharmacological

effect of ResoK. Finally, statistical analyses were undertaken by

another operator who was blinded tor treatment assignment. All pro-

cedures were previously standardised (Bayle et al., 2019; Mesto

et al., 2022; Youl et al., 2010) to improve reproducibility and lower

the risk of technical bias.

2.8 | Data and statistical analyses

The data and statistical analyses comply with the recommendations

on experimental design and analysis in pharmacology (Curtis

F IGURE 1 Exploratory data reporting
the effect of a set of flavonoids on
glucose-induced insulin secretion in INS-1
cells. Eight flavonoids whose structures
are provided in (a) were tested for their
capacity to enhance glucose-induced
insulin secretion. (b) INS-1 cells were
incubated for 1 h with 8.3 mmol�L�1

glucose in the absence (vehicle) or
presence of 20 μmol�L�1 of each
flavonoid. After 1 h of incubation, the
extracellular medium was collected and
insulin concentration was quantified. The
histogram shows the insulin secretion
(ng�ml�1), as means ± SEM from n = 3
experiments. Kaemp, kaempferol; ResoK,
resokaempferol.
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et al., 2022). All the data were analysed using GraphPad Prism v10

software (Graphpad Software, San Diego, USA). Calculations of EC50

and Emax were computed using non-linear regression curve fit (vari-

able slope - four parameters). All averaged data are expressed as mean

± SEM. The declared group size (n) is the number of independent

values and therefore always represents the number of experimental

independent repeats (but not technical replicates). Statistical analysis

was carried out using these independent values. Each experimental

independent repeat was carried out with distinct biological prepara-

tions. Group sizes suitable for each set of experiments were estimated

to ensure adequate power and to detect a pre-specified effect based

on the published data, on pilot studies and on our previous reports

(Bayle et al., 2019; Péraldi-Roux et al., 2022; Toubal et al., 2020).

Studies were designed to generate groups of equal size. However, in

Figure 2, group sizes are not equal (n = 8 or n = 5) because the con-

trol concentrations (i.e., [flavonoid] = 0 and 20 μmol�L�1) were

systematically tested to certify the validity of each independent

repeat within each 24-well plate. To ensure the reliability of single

values, technical triplicate and quintuplicate were used for insulin

secretion experiments in INS-1 cells and Wistar pancreatic islets

respectively. For insulin secretion experiments using GK pancreatic

islets, each condition was run in duplicate. For electrophysiological

studies, each independent experimental repeat (n) was carried out

with distinct biological preparations using different INS-1 cells culti-

vated in different cell culture dishes. Specifically, currents from one

cell were recorded in each independent experimental repeat.

Data emanating from insulin secretion experiments using rat pan-

creatic islets were normalised to the assay-matched basal group

(i.e., insulin secretion under 2.8 mmol�L�1 glucose) to control for

unwanted sources of variation and thus plotted as fold matched con-

trol values. This is necessary due to the inherent interassay variability

which could distort the interpretation of the averaged data originating

F IGURE 2 Effects of resokaempferol
(ResoK) and kaempferol (Kaemp) on basal
and glucose-induced insulin secretion in

INS-1 cells. The effects of increasing
concentrations (2–100 μmol�L�1) of
ResoK and Kaemp in INS-1 cells were
determined under (a) basal (1.4 mmol�L�1

glucose) or (b) 8.3 mmol�L�1 glucose-
stimulated conditions. After 1 h of
incubation, the extracellular medium was
collected and insulin concentration
(ng�ml�1) was quantified. Data shown are
individual values with means ± SEM.
Emax values are given as percentage of
vehicle response under 8.3 mmol�L�1

glucose. Under basal condition (a), one-
way ANOVA detected no effect of either
flavonoid. Under 8.3 mmol�L�1 glucose-
stimulated condition (b), there was an
effect of the treatment for ResoK
(Kruskal-Wallis followed by Dunn's test)
and Kaemp (one-way ANOVA followed
by Holm–Sidak's test). *P < 0.05,
significantly different from 0 μmol�L�1 of
flavonoid; n = 8 when [flavonoid] = 0
and 20 μmol�L�1, for the other
concentrations n = 5.
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from such a biological system (e.g., islets were isolated from different

animals for each independent experimental repeat; size of pancreatic

islets between animals can differ so does the number of β-cells within

each individual islet). In this case, non-parametric analyses were car-

ried out to compare data that were not normally distributed. Never-

theless for better transparency, the data of insulin secretion

(in ng�ml�1�h�1 per islet) are also provided (Figures 3a, 7c and S4).

Similarly, electrophysiological data showing the stimulating effect of

ResoK on L-type and T-type currents were normalised within each cell

to the assay-matched vehicle treatment to control for unwanted

sources of variation. This is necessary because the measured currents

can largely vary between cells depending of their size for instance.

This within cell normalisation allowed us to adequately quantify the

average effect of ResoK on currents. Therefore, these data sets were

expressed and plotted as fold matched control values (Curtis

et al., 2022).

Unbiased approaches for identifying outliers could not be used

because n < 12 (Curtis et al., 2022). Statistical analyses were run

only on group size of n independent values ≥ 5, and as follows.

First, each data set was tested for normality (Shapiro–Wilk test,

P > 0.05 = passed) and for variance homogeneity (Brown–Forsythe

test, P > 0.05 = passed). Parametric statistical tests (t test and ANO-

VAs) were used only if the data were normally distributed and there

was no inhomogeneity of variance. If only one data set failed the

Shapiro–Wilk test, nonparametric analyses were performed using

Mann–Whitney or Kruskal–Wallis tests. Comparisons between two

sets of data were performed by unpaired two-tailed t test or

unpaired two-tailed Mann–Whitney test. Comparisons between

multiple sets of data were performed by one-way ANOVA, two-way

ANOVA or Kruskal–Wallis tests with no matching. Holm–Sidak's or

Dunn's post hoc comparisons were conducted only if tested ANOVA

or Kruskal–Wallis respectively achieved statistical significance

(P < 0.05 = passed). The limit of statistical significance throughout the

study was set at P < 0.05. [Correction added on 4 October 2024,

after first online publication: ‘Kruskall-Wallis’ has been changed to

‘Kruskal-Wallis’ in this version.]

2.9 | Materials

Standard chow diet (diet D113), poplar heartwood modules for cage

enrichment and Lignocel® Select Fine for bedding were from Safe

(Augy, France). RPMI-1640 medium (#BE12-167F) was purchased

from Lonza (Levallois Perret, France) and from CAPRICORN Scientific

(#RPMI-XA). Fetal calf serum was purchased from Eurobio (Les Ulis,

France). Chemical reagents used for buffer preparation in electrophys-

iological and insulin secretion studies, glucose (#G7528), collagenase

V (#C9263), histopaque®1077 (#10771) glibenclamide (#PHR1287),

monomethyl succinate (#M81101), bovine serum albumin (BSA,

#A8022), DMSO (#D8418), trypsin, penicillin, streptomycin, poly-L-

lysine, L-glutamine, nifedipine (#N7634), verapamil (#V4629), Z944

(#SML2635) were obtained from Merck-Sigma-Aldrich (St. Louis, MO,

USA). Fatty-acid-free BSA (#10775835001) and liberase

(#05401020001) for GK islet isolation were from Roche

(Boulogne-Billancourt, France). Exenatide was from MedChemExpress

(#HY-13443). MTT was from Euromedex (#4022). Pure flavonoids

were purchased from Extrasynthese (Genay, France): ResoK (#1251,

purity ≥ 95%), kaempferol (#1124S, purity ≥ 99%), apigenin (#1102S,

F IGURE 3 Effect of resokaempferol (ResoK) on basal and glucose-induced insulin secretion from non-diabetic pancreatic islets. Pancreatic
islets from Wistar rats were incubated for 1 h in the absence (vehicle) or in the presence of 20 μmol�L�1 ResoK under basal (2.8 mmol�L�1

glucose) or 8.3 mmol�L�1 glucose-stimulated conditions and insulin secretion was quantified. The data expressed in ng�ml�1�h�1 per islet are
provided in (a) where matched experiments are connected with lines. In (b), the data shown are individual values with the means ± SEM of insulin
secretion of the same data expressed as fold matched control values (i.e., 2.8 mmol�L�1 glucose). *P < 0.05, significantly different as indicated; ns,
not significant: Mann–Whitney test, n = 5.
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purity ≥ 99%), morin (#1344S, purity ≥ 99%), chrysin (#1362S,

purity ≥ 99%), galangin (#1114S, purity ≥ 99%) and from abcr GmbH

(Karlsruhe, Germany) 3-hydroxyflavone (#AB117256, purity = 98%),

40-hydroxyflavone (#AB304389, purity = 98%). Insulin quantification

was determined using PerkinElmer Insulin assay kit (#62IN2PEH, Cis-

bio International, Bagnols-sur-Cèze, France). Insulin quantification

from GK pancreatic islets was performed by ELISA (Alpco Diagnostics,

Salem, MA, USA, #80-INSRTU-E01). Stock solutions of flavonoids

were prepared at 20 mmol�L�1 in DMSO and stored at �20�C. The

final concentration of DMSO did not exceed 0.1% (v/v) except when

ResoK was used at 50 and 100 μmol�L�1. Nevertheless, all the treat-

ments were always performed using the same amount of vehicle

(DMSO) and did not affect any functional assay.

2.10 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in https://www.guidetopharmacology.org and are

permanently archived in the Concise Guide to PHARMACOLOGY

2021/22 (Alexander et al., 2023).

3 | RESULTS

3.1 | Identification of ResoK as an activator of
glucose-induced insulin secretion

Because flavonoids can behave as pharmacological agents, their activ-

ity is strongly related to their molecular structure. However, several

thousands of flavonoids have been described so far (Fusi et al., 2020).

Therefore, we first decided to focus on a small set of compounds that

had been shown to modulate vascular tone by acting on ion channels

which are also key regulators of β-cell function (Carullo et al., 2021;

Rorsman & Ashcroft, 2018; Saponara et al., 2011) (Figure 1a). To eval-

uate their effect on the insulin-secreting function of β-cells, INS-1

cells were exposed to these flavonoids for 1 h under a stimulating glu-

cose concentration (8.3 mmol�L�1) and then insulin secretion was

quantified. This intermediate stimulating concentration of glucose

was chosen because it avoids any saturation of the system that could

conceal a pharmacological action (Bayle et al., 2019). Flavonoids were

used at 20 μmol�L�1 since this concentration approximates the EC50

values that were reported in different functional assays (Fusi

et al., 2020; Saponara et al., 2011; Schonhofer et al., 2021). Among

the eight flavonoids tested, our exploratory data suggested that

ResoK and Kaemp had the capacity to increase glucose-induced

insulin secretion when used at 20 μmol�L�1 (Figure 1b). Hence, we

next sought to determine the potency and efficacy of these two com-

pounds on insulin secretion.

Concentration-response relationships of ResoK and Kaemp (2, 5,

10, 20, 50 and 100 μmol�L�1) were executed in INS-1 cells exposed

to basal (1.4 mmol�L�1 glucose) or 8.3 mmol�L�1 glucose-stimulated

conditions. Under basal condition none of these compounds

modulated insulin secretion (Figure 2a). In contrast, under

8.3 mmol�L�1 glucose-stimulated condition, both ResoK and Kaemp

enhanced insulin secretion when used at 20 μmol.L�1 and ResoK was

also effective at 50 μmol�L�1 (Figure 2b). This effect declined for the

two flavonoids when used at 100 μmol�L�1. While ResoK and Kaemp

exhibited similar EC50, our data also suggested that the efficacy

(Emax) of the former was higher (Figure 2b). Under the same experi-

mental conditions, the clinically effective antidiabetic drug exenatide

displayed an EC50 = 31 ± 3 pmol�L�1 and an Emax = 194 ± 3%

(in percentage of vehicle response under 8.3 mmol�L�1 glucose,

n = 7). In addition, during the course of the present study, Bermont et

al also reported that Kaemp stimulated glucose-induced insulin secre-

tion in INS-1E cells and in human pseudo-islets (Bermont et al., 2020)

which reinforced the relevance of our data. For all these reasons, the

rest of our study was focused on ResoK whose activity on the insulin-

secreting function of β-cells was unknown. We first tested whether

ResoK affected INS-1 cell viability in the same experimental settings

that were used to profile its pharmacological activity on glucose-

induced insulin secretion. Thus, INS-1 cells were incubated for 1 h

with increasing concentrations of ResoK (2, 5, 10, 20, 50 and

100 μmol�L�1) in the presence of 8.3 mmol�L�1 glucose and the cell

viability was determined using MTT assay. We observed that up to

100 μmol�L�1, ResoK did not compromise INS-1 cell viability

(Figure S1).

Next, we asked whether the activity of ResoK on INS-1 cells

could be expanded to native β-cells clustered into islets of Langer-

hans. Therefore, pancreatic islets were isolated from non-diabetic

male Wistar rats and incubated for 1 h with ResoK (20 μmol�L�1) in

the presence of either a basal (2.8 mmol�L�1) or a stimulating

(8.3 mmol�L�1) glucose concentration (Figures 3a,b). In line with what

we observed using INS-1 cells, we found that ResoK enhanced insulin

secretion in the presence of a stimulating, but not a basal, concentra-

tion of glucose.

3.2 | Exploration of the pharmacological action of
ResoK

As we observed that the pharmacological behaviour of ResoK on insu-

lin secretion was similar in both rat pancreatic islets and INS-1 cells,

we decided to use this cell line to address the mechanism of action of

this flavonoid. First, we assessed whether ResoK also modulated

insulin secretion induced by two other secretagogues acting through

distinct mechanisms compared to glucose. We opted for the sulfonyl-

urea glibenclamide and the mitochondrial substrate monomethyl suc-

cinate. Glibenclamide stimulates insulin secretion by directly inducing

the closure of KATP and thus it does not require any metabolic signal

(Perreault et al., 2021). In contrast to glibenclamide, the action of suc-

cinate derivatives such as monomethyl succinate relies on mitochon-

drial activation but through a mechanism that bypasses glycolysis

(De Marchi et al., 2017; MacDonald et al., 1989). INS-1 cells were

exposed to glibenclamide (10 nmol�L�1) and monomethyl succinate

(5 mmol�L�1) using concentrations that induced release of insulin,
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similar to that induced by 8.3 mmol�L�1 glucose. As shown in

Figure 4, ResoK (20 μmol�L�1) enhanced both glibenclamide- and

monomethyl succinate-stimulated insulin secretion. These results sug-

gested that ResoK acted on a common cellular process that is involved

in the insulin secreting activity of glucose, glibenclamide and mono-

methyl succinate.

Because the pharmacological action of these three secretagogues

depends on Ca2+ influx (Panten et al., 1989; Zawalich et al., 1993) and

voltage-gated Ca2+ channels are activated only upon cellular stimula-

tion, we next tested the ability of ResoK to modulate their activity.

Therefore, we studied the electrophysiological properties of whole-

cell Ca2+ currents in INS-1-cells with the patch-clamp method using

Ba2+ as the charge carrier (Figure 5). We observed that ResoK

(20 μmol�L�1) increased inward currents at potentials for which L-

type current is predominant (Figure 5a). Accordingly, ResoK enhanced

L-type current at test potential of �10 mV (Figure 5b and Table S2)

whereas it was ineffective on T-type current measured at �40 mV

(Figure 5c). The effect of 20 μmol�L�1 ResoK on L-type current

evolved rapidly, peaking within 50 s following the perfusion of the fla-

vonoid and gradually reversed after its removal (Figure 5d). The

response induced by ResoK was concentration-dependent and

detected within the same micromolar range as its action on insulin

secretion (Figure 5e). Finally, the current–voltage relationship normal-

ised to �1 for the maximum inward current enabled us to observe

that the rise of the L-type current generated by ResoK was dependent

on depolarisations (Figure 5f). Indeed, ResoK-enhanced L-type current

was greater for voltage stimulation around �20 and �10 mV, for

which L-type current is prevailing. However, ResoK did not signifi-

cantly decrease the potential at half-maximal activation (V0.5) of the

L-type current (from �20.0 ± 0.9 mV to �24.8 ± 2.3 mV, for vehicle

vs. ResoK respectively; n = 6, P = 0.08; t test).

A molecular docking study was carried out to determine whether

ResoK was able to bind in the L-type Ca2+channel Cav1.2. To this

end, a homology model of the central pore of the rat α1C subunit was

constructed using the three-dimensional cryo-EM map of the human

α1C subunit of Cav1.2, which shares 97% sequence identity, in com-

plex with benidipine (Wei et al., 2024). To validate the model, we

compared the docking site of benidipine with the resolved structure

of the benidipine-bound Cav1.2 complex obtained by cryo-EM. We

found that the docking site of benidipine largely overlapped its bind-

ing site identified in the experimental structure of the

Cav1.2-benidipine complex (Figure S2). The docked pose of ResoK

involves low-energy bonds between its hydroxyl groups and several

amino acids of the channel located in a region that includes domain III

(T1142) and domain IV (Y1489) which accommodate the dihydropyri-

dine binding site (Figure S3).

Next, we hypothesized that the insulin-secreting activity of

ResoK relied, at least in part, on its capacity to enhance L-type Ca2+

currents. We tested this possibility by determining the effect of

ResoK on glucose-induced insulin secretion in the presence of Ca2+

channel inhibitors (Figure 6). First, we used two structurally and mech-

anistically unrelated L-type Ca2+ current inhibitors, namely verapamil

and nifedipine (Alexander et al., 2023). Thus, INS-1 cells were incu-

bated with ResoK (20 μmol�L�1) in the presence of verapamil or nifed-

ipine and then insulin release was quantified under 8.3 mmol�L�1

glucose-stimulated condition. Verapamil and nifedipine were used at

20 and 1 μmol�L�1 respectively to ensure efficient inhibition of L-type

Ca2+ currents in accordance with their published pIC50 (Alexander

et al., 2023). As shown above, ResoK enhanced glucose-induced insu-

lin secretion but this effect was not observed in the presence of

verapamil (Figure 6a) or nifedipine (Figure 6b). Besides, we also evalu-

ated the involvement of T-type Ca2+ currents on the insulin-secreting

activity of ResoK in INS-1 cells. To do so, we used a selective inhibitor

of T-type Ca2+ currents, namely Z944, at 2 μmol�L�1 in accordance

with its pIC50 (Alexander et al., 2023) and a previous report (Harding

et al., 2021). In contrast to what we observed with L-type Ca2+ cur-

rent inhibitors, the stimulating activity of ResoK on glucose-induced

insulin secretion was preserved, after exposure to Z944 (Figure 6c).

3.3 | Effects of ResoK on insulin secretion in
dysfunctional β-cells

We assessed the capacity of ResoK to ameliorate insulin secretion in

β-cells whose responsiveness to glucose was impaired (Figure 7). First,

dysfunction was promoted by culturing INS-1 cells under glucotoxic

conditions (25 mmol�L�1 glucose) for 48 h (Bayle et al., 2019). As

expected, glucotoxicity compromised glucose-induced insulin secre-

tion which attested to the dysfunction of β-cells (Figure 7a).

F IGURE 4 Effects of resokaempferol (ResoK) on insulin secretion
promoted by glucose, glibenclamide and monomethyl succinate in
INS-1 cells. INS-1 cells were incubated with 20 μmol�L�1 ResoK in the

presence of 8.3 mmol�L�1 glucose or 1.4 mmol�L�1 glucose
+ 10 nmol�L�1 glibenclamide or 1.4 mmol�L�1 glucose + 5 mmol�L�1

monomethyl succinate. After 1 h of incubation, the extracellular
medium was collected and insulin concentration was quantified. The
data shown in the histogram are individual values with the means
± SEM of insulin secretion (ng�ml�1). *P < 0.05, significantly different
as indicated; two-tailed unpaired t test, n = 5.
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Therefore, glucotoxicity-induced dysfunctional INS-1 cells were

exposed to ResoK (20 μmol�L�1) for 1 h under 8.3 mmol�L�1 glucose-

stimulated condition and insulin release was quantified. Interestingly,

we observed that ResoK was still active on defective cells as it

restored glucose-induced insulin secretion in INS-1 cells that under-

went glucotoxic insult (Figure 7a). In addition, using whole-cell patch

clamp recording, we found that ResoK kept its capacity to enhance L-

type current from INS-1 cells previously subjected to glucotoxicity

(Figure 7b and Table S2).

Next, we tested the ability of ResoK to improve insulin secretion

from diabetic β-cells within islets of Langerhans. To do so, pancreatic

islets were isolated from inbred Goto-Kakizaki (GK) male rats. This

strain is a lean model of spontaneous Type 2 diabetes (Goto

et al., 1976; Lutz, 2023) and as a result, β-cells from diabetic GK rats

are poorly responsive to glucose (Mesto et al., 2022; Portha

et al., 2012). Therefore, GK pancreatic islets were incubated with a

higher glucose concentration that the one used to stimulate Wistar

pancreatic islets since our data suggested that a stimulating

F IGURE 5 Effects of resokaempferol (ResoK) on L- and T-type Ca2+ channel currents carried by Ba2+ in INS-1 cells. Typical traces of inward
currents stimulated (a) by a ramp depolarisation (from a holding potential �80 mV to record T and L-type currents), or (b) by a depolarisation at
�10 mV (from a holding potential at �50 mV to record slow inactivated L-type current) or (c) by a depolarisation at �40 mV (from a holding
potential at �80 mV to record transient T-type current) in the absence (vehicle) or presence of 20 μmol�L�1 ResoK. In (b) and (c), the data shown
are the means ± SEM of ResoK stimulation, *P < 0.05, significantly different from control; Mann–Whitney test, n = 6. (d) Time course of the
effect of 20 μmol�L�1 ResoK on L-type current. ResoK was added at t = 30 s and then washed out at t = 300 s. (e) Concentration-response of
ResoK on the L-type current. The data shown are individual values with the means ± SEM of ResoK stimulation. One-way ANOVA showed an
effect of the treatment. *P < 0.05, significantly different from 0.5 μmol�L�1 ResoK with Holm–Sidak's test, n = 5. (f) Effect of 20 μmol�L�1 ResoK
on the current-to-voltage (I/V) relationship of L-type current. Both curves were normalised to �1 (maximum inward current). Two-way ANOVA
showed an interaction between treatment and depolarisation, *P < 0.05 significantly different from vehicle with Holm–Sidak's test, n = 6.
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concentration of glucose was necessary to reveal the pharmacological

effect of ResoK (Figures 2 and 3). Specifically, pancreatic islets from

GK rats were incubated with either a basal (2.8 mmol�L�1) or a stimu-

lating (16.7 mmol�L�1) glucose concentration in the presence or

absence of ResoK (20 μmol�L�1) (Figure 7c,d). Importantly, we

observed that ResoK retained its capacity to sustain insulin secretion

from diabetic GK pancreatic islets only when they were subjected to

glucose stimulation. Finally, we asked whether this pharmacological

effect was sensitive to L-type Ca2+ current inhibition as it was the

case in INS-1 cells. Therefore, GK pancreatic islets were incubated

with ResoK (20 μmol�L�1) in the presence of 1 μmol�L�1 nifedipine

and then insulin release was quantified following stimulation with

16.7 mmol�L�1 glucose (Figure S4). We observed that the stimulatory

activity of ResoK on glucose-induced insulin secretion from diabetic

GK pancreatic islets was inhibited by nifedipine.

4 | DISCUSSION

In the present study, we first analysed the activity of a small set of fla-

vonoids on β-cell function with the final aim of identifying compounds

capable of ameliorating glucose-induced insulin secretion from dys-

functional pancreatic β-cells. From this initial analysis, ResoK was

selected and its pharmacological properties on β-cells were further

characterised.

ResoK belongs to the flavonol subclass of flavonoids and is also

known as 3,7,40-trihydroxyflavone or 5-deoxykaempferol. ResoK is

thus closely-related to Kaemp but, in contrast to the latter, it does not

seem to occur widely throughout the plant kingdom (Del Rio

et al., 2013). Although Pubchem and the LOTUS databases indicate

that ResoK is a natural product found in plants such as Pterocarpus

marsupium, Anthyllis vulneraria or Lens culinaris (Rutz et al., 2022), it is

F IGURE 6 Effects of Ca2+

channel inhibitors on resokaempferol
(ResoK)-stimulated insulin secretion
in INS-1 cells. INS-1 cells were
incubated for 1 h with 8.3 mmol�L�1

glucose in the absence (vehicle) or
presence of ResoK at 20 μmol�L�1

and (a) 20 μmol�L�1 of verapamil
(Vera) or (b) 1 μmol�L�1 of nifedipine

(Nif) or (c) 2 μmol�L�1 of Z944 and
then insulin secretion was quantified.
The data shown are individual values
with the means ± SEM of insulin
secretion (ng�ml�1). In (a), Two-way
ANOVA showed an effect of both
ResoK and verapamil, *P < 0.05 with
Holm–Sidak's test, n = 5. In (b),
Kruskal–Vallis showed an effect of
the treatment, *P < 0.05 with Dunn's
test, n = 5. In (c), *P < 0.05, two-way
ANOVA showed an effect of ResoK
only, with Holm–Sidak's test, n = 6.
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likely to be a minor dietary component and accordingly this flavonoid

has been the subject of only few pharmacological studies (Correia da

Silva et al., 2022; Lee et al., 2010; Saponara et al., 2011; Yu

et al., 2016). Historically, most studies investigating the biological

activities of flavonoids have primarily considered compounds such as

Kaemp, quercetin or catechins, or their derivatives, that commonly

occur in foodstuffs (Del Rio et al., 2013). Here, we have not opted for

a nutritionally-based approach. Instead, we prioritised the favourable

pharmacological actions elicited by flavonoids on β-cell function by

measuring their capacity to enhance glucose-induced insulin secretion

because β-cell physiology and signalling are finely and essentially

tuned in a way to properly secrete insulin upon glycaemic demand

(Noguchi & Huising, 2019). This framework prompted us to focus on

ResoK which we found to be particularly active in enhancing insulin

secretion in response to several secretagogues and whose pharmaco-

logical activity on β-cell function had never been explored. The

F IGURE 7 Effect of resokaempferol (ResoK) on insulin secretion in dysfunctional β-cells. INS-1 cells were cultured in a control medium or in a
medium containing 25 mmol�L�1 glucose for 48 h (glucotoxicity). Then, in (a) cells were incubated with 8.3 mmol�L�1 glucose for 1 h, in the
absence (vehicle) or in the presence of 20 μmol�L�1 ResoK and insulin secretion was assayed. Matched data are connected with lines. One-way
ANOVA showed an effect of the treatment. *P < 0.05, significantly different as indicated; ns, not significant, with Holm–Sidak's test, n = 8. Panel
(b) shows typical traces of L-type Ba2+ currents at test potential of �10 mV in the absence (vehicle) or presence of 20 μmol�L�1 ResoK recorded
from INS-1 cells beforehand subjected to glucotoxicity. The histogram shows the individual values with mean ± SEM of ResoK stimulation;
*P < 0.05, significantly different from vehicle; Mann–Whitney test, n = 5. In (c) and (d) diabetic pancreatic islets from GK rats were incubated for
1 h in the absence (vehicle) or in the presence of 20 μmol�L�1 ResoK under basal (2.8 mmol�L�1 glucose) or 16.7 mmol�L�1 glucose-stimulated
conditions and insulin secretion was assayed. The data expressed in ng�ml�1�h�1 per islet are provided in (c) where matched data are connected
with lines. In (d), the data shown are the means ± SEM of insulin secretion of the same data expressed as fold matched control values
(i.e., 2.8 mmol�L�1 glucose). Mann–Whitney test, n = 5.
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diverse pharmacological landscape of the flavonoids tested here on

β-cell function indicates that their activity is highly dependent on their

molecular structures (Fusi et al., 2017; Yokoyama et al., 2015). This is

in line with previous studies showing that these closely-related mole-

cules are not merely antioxidant compounds but rather behave as

pharmacological agents and thus modulate cell processes through

protein-mediated mechanisms following selective binding to targets

(Anghel et al., 2022; Fusi et al., 2020; Lin et al., 2022; Saponara

et al., 2011; Walker et al., 2000; Zheng et al., 2022). In this respect,

common dietary flavonoids such as quercetin or catechins were

reported to protect or sustain β-cell survival and function through the

modulation of distinct signalling pathways (Dall'Asta et al., 2015;

Ghorbani et al., 2019).

Here, we report that micromolar concentrations of ResoK were

necessary to generate a pharmacological action on insulin secretion.

Specifically, the EC50 of ResoK was approximately 10 μmol�L�1 which

falls within the same range of potencies that were published for other

flavonoids in various biological systems (Anghel et al., 2022; Biagioli

et al., 2021; Jing et al., 2021; Salehi et al., 2020; Saponara

et al., 2011). Such concentrations are unlikely to be reached in the

bloodstream following consumption of food as, in this case, Cmax

values of flavonoids and their metabolites are generally lower than

1 μmol�L�1 (Fusi et al., 2020; Williamson et al., 2018). From a thera-

peutic perspective, ongoing improvements of drug delivery aimed at

increasing flavonoid bioavailability and pharmacokinetics studies indi-

cate that micromolar concentration of flavonoids used in vitro are

achievable in the bloodstream following oral administration (Bilia

et al., 2017; Fusi et al., 2020; Ghorbani et al., 2019; Penalva

et al., 2017). Evidence of safety of ResoK when used at such non-die-

tary dose is lacking. Nevertheless, its closely-related analogue, Kaemp,

failed to demonstrate any safety concerns in healthy adults when

administered orally at a dose five times higher than the estimated

human dietary intake (Akiyama et al., 2023).

Our present results showed that ResoK improved the insulin

secreting function of INS-1 cells and also of β-cells clustered in their

native context that is to say within pancreatic islets. Importantly, we

observed that, in both cases, ResoK effect was evoked only upon

exposure of cells to a stimulating concentration of glucose. These

findings indicated that the insulinotropic activity of ResoK is glucose-

dependent, in contrast to current sulfonylurea antidiabetic drugs. Such

a pharmacological feature is essential to leveraging the insulinotropic

effect of a compound while minimising side-effect liabilities and in

particular the likelihood of experiencing hypoglycaemia (Perreault

et al., 2021). The glucose dependency effect of ResoK also implied

that it targeted a glucose-dependent regulator of insulin secretion

and/or was unable to modulate its activity in the absence of any stim-

ulus. Because voltage-gated Ca2+ channels (Cav) are key regulators of

insulin secretion and are activated only when cellular depolarisation

exceeds a threshold (Gilon et al., 2014; Rorsman & Ashcroft, 2018),

we investigated their involvement in the pharmacological action of

ResoK. The use of two mechanistically distinct inhibitors of Cav1

channels, namely verapamil and nifedipine (Alexander et al., 2023),

pinpointed their contribution in the pharmacological effect of ResoK

in INS-1 cells. This finding suggested that ResoK behaved as an acti-

vator of L-type currents which are conducted by Cav1 channels. This

pharmacological behaviour is, indeed, expected to translate into an

enhancement of insulin secretion from β-cells as Ca2+ influx through

Cav1 channels plays a major role over the other subtypes of Cav to

trigger insulin exocytosis (Yang & Berggren, 2006). In contrast, inhibi-

tion of Cav3 channels, which are also expressed in β-cells (Yang &

Berggren, 2006), did not alter ResoK effect indicating that this flavo-

noid was unable to modulate T-type currents. Patch-clamp studies

which allowed us to individually record L-type and T-type currents in

the presence of ResoK further substantiated its relative stimulatory

selectivity towards Cav1 over Cav3 channels. A similar selectivity has

been previously described for quercetin when tested on rat arterial

smooth muscle cells and INS-1 cells (Bardy et al., 2013; Saponara

et al., 2002). However, quercetin also stimulated insulin secretion in

INS-1 cells submitted to a non-stimulatory glucose concentration

(1.4 mmol�L�1) (Bardy et al., 2013) in contrast to what we report here

for ResoK. Surprisingly, seminal work by Saponara et al identified

ResoK as an inhibitor of L-type current in rat arterial myocytes (Sapo-

nara et al., 2011). Even though, we have not undertaken an in-depth

analysis of this discrepancy, such a pleiotropic activity has already

been described for certain dihydropyridines whose activity can shift

from agonism to antagonism depending on the experimental condi-

tions (Hockerman et al., 1997; Lacinová, 2005).

Electrophysiological studies also indicated that ResoK stimulated

L-type currents in a concentration- and voltage-dependent fashion.

This effect arose at membrane potentials above depolarisation thresh-

old and culminated around �20 and �10 mV. This pharmacological

behaviour on L-type current is predicted to enhance Ca2+ influx in the

presence of ResoK when any stimulus depolarised cells sufficiently to

move the resting potential towards �20 mV. Thus, this could explain

why ResoK also stimulated insulin secretion induced by two other

unrelated compounds, namely glibenclamide and monomethyl succi-

nate, that cause membrane depolarisation yet through two dissimilar

mechanisms (Heart et al., 2007; Perreault et al., 2021). Besides, ResoK

did not stimulate L-type current at resting potential or low depolaris-

ing stimuli and, unlike quercetin, it did not modify V0.5 (Bardy

et al., 2013). These data corroborated the finding that ResoK was

unable to stimulate insulin secretion from resting cells, in particular

under a non-stimulating glucose concentration by contrast to querce-

tin. Time-course studies indicated that the stimulatory effect of ResoK

on L-type currents developed within a few seconds, raising the possi-

bility it directly targeted Cav1 channels. This hypothesis is supported

by previously reported docking simulations and our own, which

predict that Cav1, at least the rat Cav1.2 subtype, can accommodate

flavonoid templates including ResoK through the formation of an

interaction network with several amino acids located in the same

binding pocket of the α1C subunit (Carullo et al., 2021; Fusi

et al., 2017; Trezza et al., 2022).

The pharmacological properties of ResoK shed light on its poten-

tial to compensate for β-cell dysfunction, mainly by supporting insulin

secretion when glucose concentration exceeds threshold values. We

therefore ensured that the glucose-dependent activity of ResoK on
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insulin secretion was preserved in cellular models in which β-cell func-

tion was spontaneously or intentionally deteriorated. For this purpose,

the use of pancreatic islets prepared from GK rats constituted a model

of choice as this rodent strain spontaneously develops Type 2 diabe-

tes-like phenotypes, owing to the loss of β-cell mass and defective

insulin secretion, rather than insulin resistance (Lutz, 2023; Portha

et al., 2012). We used GK/Par rats 8 to 10 weeks-old, as at this age,

β-cell secretory dysfunction is already apparent along with hypergly-

caemia (Portha et al., 2012). In our experimental setting, ResoK also

improved insulin release from GK islets only when they were sub-

jected to a stimulatory glucose concentration (16.7 mmol�L�1) and this

pharmacological effect was inhibited by nifedipine. Together, these

data provided further evidence that the pharmacological activity of

ResoK was glucose-dependent and relied, at least in part, on func-

tional Cav1 channels in diabetic GK pancreatic islets. In line with these

findings, we observed that ResoK was still able to stimulate L-type

current in dysfunctional INS-1 cells raising the hypothesis that Cav1

channels may constitute a glucose-dependent druggable target aimed

at improving the ability of glucose to stimulate insulin secretion. It

should be noted that the activity of ResoK was explored without con-

sidering sex-related biological factors that can also influence islet cell

function (Gannon et al., 2018). In particular, the effect of ResoK

remains to be evaluated in pancreatic islets prepared from female rats

in order to determine whether its pharmacological profile is preserved

regardless of sex differences.

In the setting of metabolic disorders, the multi-target nature of

flavonoids (Carullo et al., 2021; Fusi et al., 2020) could endow ResoK

with other exploitable health activities beyond improving β-cell func-

tion, as other cell types and tissues involved in diabetes-related com-

plications are sensitive to glycaemic dysregulation. Accordingly, the

search of unimolecular multifunctional compounds is currently a mat-

ter of extensive research in order to provide new options tailored to

different groups of patients according to their comorbidities (Bailey

et al., 2023). In particular, a number of flavonoids and their derivatives

elicit cardiovascular benefits in different biological systems (Fusi

et al., 2020; Man, Xia, et al., 2020; Man, Zhou, et al., 2020) which

could spur interest for future evaluation of ResoK activity in animal

models of cardiometabolic disorders. Such follow-up studies may

potentially make ResoK a chemical scaffold for the design of more

valuable compounds. Nevertheless and in this perspective, careful

determination of the structural determinants responsible for the phar-

macological activity of ResoK is a prerequisite as subtle modifications

in the chemical structure of flavonoids can alter their activity

(Saponara et al., 2011).

In conclusion, by focusing on the underappreciated bioactivity of

ResoK, this work further documents the pharmacological effects

attributed to flavonoid compounds. Specifically, our findings showed

that ResoK exerted action on β-cell function and importantly this

action was glucose-dependent and was conserved in diabetic β-cells

which led to an improvement of glucose-stimulated insulin secretion.

Through the implementation of pharmacological and electrophysiolog-

ical approaches, we also proposed a mechanistic insight that implies a

selective stimulation of L-type Ca2+ current by ResoK. Altogether, our

data constitute a preliminary phase towards the development of

ResoK-based compounds to sustain glucose-stimulated insulin secre-

tion from dysfunctional β-cells.
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