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Background and Purpose: The pharmacology of polyphenol metabolites on beta-
cell function is largely undetermined. We sought to identify polyphenol metabolites
that enhance the insulin-secreting function of beta-cells and to explore the underlying
mechanisms.

Experimental Approach: INS-1 beta-cells and rat isolated islets of Langerhans or
perfused pancreas preparations were used for insulin secretion experiments. Molecu-
lar modelling, intracellular Ca%* monitoring, and whole-cell patch-clamp recordings
were used for mechanistic studies.

Key Results: Among a set of polyphenol metabolites, we found that exposure of
INS-1 beta-cells to urolithins A and C enhanced glucose-stimulated insulin secretion.
We further characterized the activity of urolithin C and its pharmacological mecha-
nism. Urolithin C glucose-dependently enhanced insulin secretion in isolated islets
of Langerhans and perfused pancreas preparations. In the latter, enhancement was
reversible when glucose was lowered from a stimulating to a non-stimulating concen-
tration. Molecular modelling suggested that urolithin C could dock into the Ca,1.2 L-
type Ca®* channel. Calcium monitoring indicated that urolithin C had no effect on
basal intracellular Ca?* but enhanced depolarization-induced increase in intracellular
Ca?* in INS-1 cells and dispersed cells isolated from islets. Electrophysiology studies
indicated that urolithin C dose-dependently enhanced the L-type Ca?* current for
levels of depolarization above threshold and shifted its voltage-dependent activation
towards more negative potentials in INS-1 cells.

Conclusion and Implications:  Urolithin C is a glucose-dependent activator of insulin
secretion acting by facilitating L-type Ca®* channel opening and Ca®" influx into pan-
creatic beta-cells. Our work paves the way for the design of polyphenol metabolite-

inspired compounds aimed at ameliorating beta-cell function.



1 | INTRODUCTION

Pancreatic beta cells play a key role in the control of blood glucose
level by secreting insulin. Once transported into beta-cells, glucose
undergoes a complex metabolic sequence that leads to elevation of
intracellular ATP/ADP ratio. This in turn inhibits ATP-sensitive K*
channels (Katp) which causes membrane depolarization and thus the
opening of voltage-gated L-type Ca?* channels. The ensuing increase
in intracellular [Ca?*] ([Ca?*];), which is the primary mediator of the
fusion of insulin-secretory granules with the plasma membrane, trig-
gers insulin exocytosis (Rorsman & Ashcroft, 2018). Proteins involved
in this series of events constitute druggable targets to overcome the
deficit of glucose-induced insulin secretion which is a core feature of
the pathogenesis and the evolution of Type 2 diabetes (Oh & Olefsky,
2016; Vetere, Choudhary, Burns, & Wagner, 2014). For instance,
sulphonylureas bind to beta cell Katp channels and mediate their clos-
ing which in turn promotes insulin secretion in a way that is largely
independent of glucose levels both in vitro and in vivo. The use of
compounds that improve insulin secretion in a glucose-dependent
manner is predicted to be a safer strategy to help achieve glycaemic
goals due to lower risk of hypoglycaemia (Vetere et al., 2014). The
development of such lead molecules is still an active area of research
in order to provide more therapeutic options in the future as the num-
ber of Type 2 diabetic patients keeps growing (Zheng, Ley, & Hu,
2018).

In this context, plant polyphenols are likely good candidates since
several of these well-known antioxidant compounds are now widely
regarded as pharmacological agents that regulate target proteins and
associated signalling pathways including in pancreatic beta cells
(Dall'Asta et al., 2015; Goszcz, Duthie, Stewart, Leslie, & Megson,
2017; Oak et al., 2018; Saponara, Carosati, Mugnai, Sgaragli, & Fusi,
2011). The possibility of developing polyphenol-based therapeutics
is further supported by studies reporting that a number of polyphe-
nols elicit therapeutic-like effects at pharmacological micromolar
concentrations in cells, tissues, and various animal models (Bai et
al.,, 2017; Gu et al., 2017; Wright, 2013; Zhao et al., 2018). However
and in contrast to the naturally occurring plant polyphenols, the bio-
activity of their metabolite derivatives has more recently emerged
and hence is still poorly characterized (Del Rio et al., 2013; Espin,
Larrosa, Garcia-Conesa, & Tomas-Barberan, 2013; Goszcz et al.,
2017). In particular, the extensive metabolism of polyphenols in both
the gastrointestinal tract and liver offers a collection of potential
valuable compounds whose pharmacology on beta cell function is
largely unknown.

In the present study, a screen of several polyphenol metabolites
was undertaken using an insulin-secreting beta cell line in order to
identify molecules improving glucose-induced insulin secretion. Fur-
ther exploration of the insulin-secreting activity of one promising com-
pound, namely, urolithin C, was then pursued using islets of
Langerhans and isolated pancreas preparations. Finally, the pharmaco-
logical mechanism by which urolithin C enhanced insulin secretion was

also investigated.

What is already known
e Pancreatic beta-cells play a key role in glycaemic control

by secreting insulin.

e Plant polyphenols display pharmacological activity on
cellular protein targets.

What this study adds
e The polyphenol metabolite urolithin C is a glucose-
dependent activator of insulin secretion.

o Urolithin C modulates L-type Ca?* channels currents and
enhances Ca?" influx.

What is the clinical significance

e Polyphenol metabolite-based compounds may be used to
ameliorate pancreatic beta cell function in type 2
diabetes.

2 | METHODS

2.1 | Animals

All animal care and experimental proceduress complied with the Direc-
tive 2010/63/EU of the European Parliament and of the Council. Ani-
mal studies are reported in compliance with the ARRIVE guidelines
(Kilkenny, Browne, Cuthill, Emerson, & Altman, 2010) and with the
recommendations made by the British Journal of Pharmacology. Eight
9-week-old male Wistar rats (Crl:WI (Han), RRID:RGD_2308816,
Charles River, France) weighing 280-300 g at the time of the experi-
ments were used for pancreatic islets preparation and isolated per-
fused pancreas experiments. Wistar rats were previously used for
the same purpose (Gross, Roye, Manteghetti, Hillaire-Buys, & Ribes,
1995; Youl et al., 2010). Animals were housed in groups of three per
cage enriched with poplar heartwood modules in a temperature and
humidity-controlled conventional animal facility under a 12-hr light:
dark cycle and had water ad libitum. Animals used for pancreatic islets
preparation had food ad libitum. Animals used for isolated perfused
pancreas experiments were fed with 20 g-day™* of standard diet.

2.2 | Insulin secretion experiments in INS-1 cells

INS-1 cells (RRID:CVCL_0352) were cultured in RPMI-1640 medium
(containing 11 mmol-L™* glucose) supplemented with 10% Fetal Calf
Serum, 100 U-ml™! penicillin, 100 pg:ml™? streptomycin, 2 mmol-L™*
L-glutamine, 10 mmol-L™* HEPES, 1 mmol-L™* sodium pyruvate, and
50 umol-L™? 2-mercaptoethanol, in a humidified atmosphere (5%
CO,, 37°C). INS-1 cells were seeded in 24-well plates pre-coated with
poly-L-lysine (4 x 10° cells per well) and cultured for 5 days before
insulin secretion experiments. Glucotoxicity was induced by culturing
cells for 48 hr in RPMI medium containing 25 mmol-L™! glucose. Insulin



secretion was performed using static incubation experiments. Cells
were washed with buffer 1 (123 mmol-L™* NaCl, 5.4 mmol-L™* KCI,
1.3 mmol-L™? KH,PO,, 1.4 mmol-L™* MgS0,, 2.9 mmol-L™* CaCl,,
5 mmol-L™* NaHCO3, and 20 mmol-L™* HEPES, pH 7.4) supplemented
with 0.1% (w/v) BSA. Then, cells were incubated for 1 hr (5% CO,, 37°C)
in 500-pl buffer 1/BSA containing urolithin A, B, C, or D in the
absence (non-stimulating condition; i.e., 1.4 mmol-L™* glucose) or in
the presence of secretagogue (8.3 mmol-L™ glucose; 1.4 mmol-L™!
glucose + 10 nmol-L™? glibenclamide); 8.3 mmol-L™? glucose induces
an intermediate and consistent enhancement of insulin secretion com-
pared to basal glucose concentration (1.4 mmol-L™%). Similarly to other
studies, we used this intermediate concentration of glucose to avoid
any saturation of the system that could mask a positive pharmacolog-
ical effect on insulin secretion (Broca et al., 2009; Rebuffat et al., 2018;
Youl et al., 2010). At the end of the 1-hr incubation period, superna-
tants were saved and stored at -20°C until insulin assay. The screen-
ing of polyphenol metabolites was carried out in the same condition
in the presence of 8.3 mmol-L™* of glucose only.

23 |
islets

Insulin secretion experiments in rat pancreatic

Rats were anaesthetized with isoflurane and killed by decapitation.
The common bile duct was cannulated, and the pancreas was filled
by injection of collagenase V solution (10 ml, 1 mg:ml™), excised,
and digested at 37°C for 16 min. Islets were separated by Ficoll gradi-
ent and selected by hand-picking under a microscope. Then, islets
were stabilized for 1 hr (5% CO,, 37°C) in buffer 2 (120 mmol-L™!
NaCl, 4.7 mmol-L™* KCI, 1.2 mmol-L™! KH,PO4, 1.2 mmol-L™* MgSOy,,
2.5 mmol-L™? CaCl,, 24 mmol-L™? NaHCOj3, 0.1% BSA, pH 7.4) con-
taining 2.8 mmol-L™! glucose. Batches of five islets chosen at random
were incubated for 1 hr at 37°C, in 1-ml buffer 2/BSA containing
2.8, 8.3, or 11.2 mmol-L™? of glucose in the absence or presence of
20 pmol-L™! urolithin C. At the end of the 1-hr incubation period,
supernatants were saved and stored at —20°C until insulin assay.

2.4 | Insulin secretion experiments in rat isolated
perfused pancreas

Rat was anaesthetized with pentobarbital (60 mg-kg™%; i.p.), and pan-
creas was isolated from the neighbouring tissues as previously
described (Gross et al.,, 1995). The pancreas was transferred into a
thermostated (37°C) plastic chamber and was perfused through its
own arterial system with buffer 3 (119 mmol-L™* NaCl, 4.7 mmol-L™*
KCl, 1.2 mmol-L™* KH,PO,, 1.2 mmol-L™* MgS0,, 2.5 mmol-L™ CaCl,,
23 mmol-L™* NaHCO3, 0.2% BSA, pH 7.4) containing 5 or 8.3 mmol-L™*
glucose depending on the experiment. Perfused medium was main-
tained at 37°C and continuously bubbled with 95% O,/5% CO,. Infu-
sion pressure was adjusted to provide a pancreatic outflow rate of
2.5 ml-min~? throughout the experiment. A 30-min equilibration period
with 5 or 8.3 mmol-L™? glucose was allowed before collecting the first
sample. Then, depending on the topic of the experiment, each pan-
creas was perfused with 5 or 8.3 mmol-L™! glucose, in the presence

of 20 pmol-L™* urolithin C or vehicle (DMSO). To determine the pan-
creatic flow rate, we measured the volume of each fraction collected
for 1 min. Samples were stored at —20°C until insulin assay. Insulin
release was calculated by multiplying insulin concentration by the flow
rate.

2.5 | Insulin assays

Insulin quantification was performed using Cisbio Insulin assay kit
according to the manufacturer's instructions.

2.6 | Comparative modelling and ligands docking in
rat Ca,1.2 channels

The rat Ca, 1.2 channel a, ¢ subunit sequence (P22002) was recovered from
UniProt (UniProt, RRID:SCR_002380; http://www.uniprot.org/uniprot/).
The search for homologous sequence and alignment were performed
using @TOME-2 server (Pons & Labesse, 2009), and sequence of
rabbit Oryctolagus cuniculus (P07293) was selected with a 77% of
identity. Homology models of the rat Ca,1.2 channel a,c were
generated using the electron microscopy structure of rabbit Cavl.1
channel determined at 3.6-A resolution as templates: Protein Data
Bank accession no. 5GJV. Final models were built using Modeller
7.0 (MODELLER, RRID:SCR_008395; Webb & Sali, 2017) and evalu-
ated using the dynamic evolutionary trace as implemented in
ViTOusing @TOME-2 comparative option. The files for the ligands
were generated with MarvinSketch 6.2.2 for the SMILES and with
Frog2 server for the Sdf (Miteva, Guyon, & Tufféry, 2010). Docking
simulation was performed using the server e-Drugs-3D (Pihan,
Colliandre, Guichou, & Douguet, 2012) with a box of
100 A x 100 A x 100 A to cover all the protein with no constraint.
The pictures shown in Figures 6 and S4 were generated using PyMOL
(PyMOL,RRID:SCR_000305) and MarvinSketch.

2.7 | Analysis of cytoplasmic Ca?* variations in INS-1
cells and dispersed cells

Cytoplasmic Ca?* variations ([Ca?*]) were measured using the
ratiometric fluorescent Ca?* indicator Fura-2 as previously described
(Bardy et al., 2013). Isolated cells were prepared by dispersion of islets
with trypsin and plated on Lab-Tek® coverglass chambers (equivalent
to 10 islets per chamber) in RPMI-1640 medium with 10% Fetal Calf
Serum, 100 U-ml™! penicillin, 100 pgml™ streptomycin, and
2 mmol-L™? L-glutamine. The experiments were performed on clusters
of cells after 2 days of culture. INS-1 cells were cultured for 4 days in
Lab-Tek® coverglass chambers before the experiment. Both cell types
were incubated with 2.5 umol-L™! Fura-2AM plus 0.02% (v/v) Pluronic
F-127 for 20 min then rinsed with buffer 2 and mounted on a micro-
scope stage (Axiovert, Zeiss, lena, Germany; 20x objective) during a
15-min waiting period for the de-esterification of Fura-2AM in the
presence of either urolithin C (20 pmol-L™?) or vehicle and with or
without nimodipine (20 pumol-L™%). Then, buffer 2 containing or not
KCI (15 mmol-L™) and/or urolithin C and/or nimodipine was applied



directly on top of the imaged cells using a perfusion system. Images
were captured digitally every 2 s with a cooled CCD camera (Photo-
metrics, Roper scientific, Evry, France). Cells loaded with Fura-2AM
were illuminated by excitation with a dual UV light source at 340 nm
(Ca%*-bound) and 380 nm (Ca®*-free) using a A DG-4 excitation system
(Sutter Instrument Company, Novato, CA, USA). Fluorescence emis-
sion was measured at 510 nm and analysed (Metafluor software, Uni-
versal Imaging Corporation, Downingtown, PA). Changes in [Ca®'];
were deduced from variations in the F340/F380 ratio after correction

for background and dark currents.

2.8 | Electrophysiological recordings in INS-1 cells

Ca?* channel currents 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 CA, USA, RRID:
SCR_011323). Currents were recorded with patch pipettes of 2-

5 MQ. Capacitive transients were electronically compensated. Resid-

Instruments, Union City, pClamp,

ual capacitive transient and linear leakage currents were subtracted
using a four sub-pulse protocol. The extracellular solution contained
130 mmol-L™* NaCl, 5.6 mmol-L™ KCI, 1 mmol-L™* MgCl,, 1 mmol-L™*
glucose, 10 mmol-L™* HEPES, 5 mmol-L™! BaCl,, adjusted to pH 7.4
with NaOH. The pipette solution contained 130 mmol-L™! CsCl,
10 mmolL™! EGTA, 5 mmol-L™* ATP Na, 2 mmol-L™! MgCl,,
10 mmol-L™! HEPES, adjusted to pH 7.3 with CsOH. The holding
potential was set at -80 mV, and depolarizing test pulses were applied
as described. Compounds were applied to cells by pressure ejection
from a glass pipette. To allow comparison of the magnitude of urolithin
C effects in different experiments, the effect of urolithin C was quan-
tified as percentage of response obtained with vehicle to control for
unwanted sources of variation. All experiments were performed at

room temperature.

2.9 | Randomization and blinding

Animals chosen at random from our weight-matched rat colonies were
used either for perfused pancreas experiments or islet isolation.
Urolithin C and control treatments were always performed in rat pan-
creatic islets originating from the same animal to reduce possible ani-
mal bias. Rat pancreatic islets were randomly assigned to different
treatments. For insulin secretion experiments performed in INS-1 cells,
treatment groups were randomly assigned to different wells within
each 24-well plate. Unless otherwise stated, data analyses and exper-
iments were not carried out under blind conditions. However, insulin
secretion experiments were performed by different operators and
yielded the same outcomes which reduced the need of blinding. In
addition, statistical analyses were undertaken by another operator.
All procedures except rat isolated perfused pancreas were previously
standardized (Bardy et al., 2013; Youl et al., 2010) to improve repro-

ducibility and lower the risk of technical bias.

2.10 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and analysis
in pharmacology (Curtis et al., 2018). All the data are expressed as
mean + SEM. Calculations of AUCs, correlations, and statistical analy-
ses were performed using GraphPad Prism vé software (GraphPad
Prism, RRID:SCR_002798). Correlations were analysed by linear
regression to compute Pearson correlation coefficient and the P value
(two-tailed).

To ensure the reliability of singles values, technical triplicate and
quintuplicate were used for insulin secretion experiments in INS-1
cells and rat pancreatic islets respectively. Image analyses of cytoplas-
mic Ca%* in INS-1 cells and cells isolated from rat pancreatic islets
were performed in triplicate. Group sizes “n” were designed to be
equal and always represent the number of experimental independent
repeats, each carried out with distinct biological preparations. For elec-
trophysiological studies, calcium currents from one cell were recorded
in each independent experiment. Group sizes suitable for each set of
experiments were estimated to ensure adequate power and to detect
a pre-specified effect based on the available literature, on pilot studies
(rat isolated perfused pancreas), and on our previous reports (Bardy et
al., 2013; Youl et al., 2010; Youl, Magous, Cros, & Oiry, 2014). Group
sizes were set at n > 5 except otherwise stated. Depending on the
design of the experiment, data were analysed with two-tailed unpaired
t-test, one-way or two-way ANOVA. The Brown-Forsythe's test was
used to assess equality of variances. When ANOVA achieved the nec-
essary level of statistical significance (P < .05) and when no significant
variance inhomogeneity was detected, Holm-Sidak multiple compari-
sons test was used to assign significance to the comparisons between

groups. The limit of statistical significance was set at P < .05.

2.11 | Materials

Poplar heartwood modules for cage enrichment and Lignocel® Select
Fine for bedding were from Safe. RPMI-1640 medium (#12-167F)
was purchased from Lonza (Levallois Perret, France). Fetal Calf Serum
was purchased from Eurobio (Les Ulis, France). Chemical reagents used
for buffer preparation, collagenase V, glibenclamide, nimodipine, BSA,
DMSO, Ficoll, trypsin, penicillin, streptomycin, poly-L-lysine, L-gluta-
mine, phloroglucinol, protocatechuic acid, 4-hydroxybenzoic acid,
3,4-dihydroxyphenylacetic acid, caffeic acid, dihydrocaffeic acid,
ferulic acid, dihydroferulic acid, 4'-hydroxyphenylacetic acid, pyrogal-
lol, tyrosol, 4'-hydroxyhippuric acid, 3-(4'-hydroxyphenyl)lactic acid,
3-hydroxyphenylacetic acid, 4'-hydroxyphenylacetic acid, pyrocate-
chol, 4'-hydroxymandelic acid, and ellagic acid were obtained from
Sigma-Aldrich (St MO, USA).
kaempferol-3-glucuronide, 3-O-methylgallic acid, 4-O-methylgallic

Louis, Quercetin-3-glucuronide,
acid, and homovanillic acid were purchased from Extrasynthese

(Genay, France) and 3-(3'-hydroxyphenyl)propionic acid from
Fluorochem (Hadfield, UK). Feruloylglycine and isoferuloylglycine were
provided by Alan Crozier (Stalmach et al., 2009). Urolithins A, B, C, and

D were obtained from Dalton Pharma Services (Toronto, ON, Canada).



Insulin quantification was determined using Cisbio Insulin assay kit
(Cisbio International, Bagnols-sur-Céze, France). Fura-2AM was pur-
chased from TEF labs (Austin, TX, USA). Pluronic F-127 was purchased
from Molecular Probes (Invitrogen, Cergy-Pontoise, France). Stock
in DMSO and
stored at -20°C. Control treatments were always performed using

solutions of urolithins were dissolved at 20 mmol-L™*

the same amount of vehicle (DMSO). The final concentration of
DMSO did not exceed 0.1% (v/v) and did not affect insulin secretion

or C32+ measurements.

2.12 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in http://www.guidetopharmacology.org, the com-

mon portal for data from the IUPHAR/BPS Guide to
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PHARMACOLOGY (Harding et al, 2018), and are permanently
archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alex-
ander, Fabbro et al., 2017; Alexander, Striessnig et al., 2017).

3 | RESULTS

3.1 | Effects of a set of polyphenol metabolites on
glucose-induced insulin secretion

Several metabolites originating from different classes of polyphenols
were selected on the basis of previous studies reporting pharmacolog-
ical activities in different biological systems (Del Rio et al., 2013;
Giorgio et al., 2015; Tognolini et al., 2012; Table S1). These metabo-
lites are produced by the transformation of polyphenols either by
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FIGURE 1 Effects of urolithins A, B, C, and D on basal and glucose-induced insulin secretion in INS-1 cells. The effects of increasing
concentrations (2-20 umol-L™Y) of (a) urolithin A, (b) urolithin B, (c) urolithin C, and (d) urolithin D in INS-1 cells were determined under basal
non-stimulating (1.4 mmol-L™? glucose) or 8.3 mmol-L™! glucose-stimulated conditions. Inserts depict the correlation between insulin secretion and
the log of urolithin concentration. Under non-stimulating glucose condition, there was a significant effect of the treatment for urolithin B and C.
Under 8.3 mmol-L™! glucose-stimulated condition, there was a significant effect of the treatment for urolithins A and C. *P < .05, significantly
different from O pmol-L™* urolithin, one-way ANOVA with Holm-Sidak test, n = 5



phase Il metabolism or through the interaction with the human gut
microbiota (Rodriguez-Mateos et al., 2014; Williamson, Kay, & Crozier,
2018). To estimate their activity on the insulin-secreting function of
beta cell, INS-1 cells were exposed to these compounds at 2 and
20 umol-L™* for 1 hr under 8.3 mmol-L™! of glucose-stimulated condi-
tion and insulin secretion was quantified. This intermediate stimulating
concentration of glucose is appropriate to examine the potential stim-
ulatory effect of a compound essentially to avoid any possible satura-
tion of the system that could mask a pharmacological action (Broca et
al., 2009; Jamen, Puech, Bockaert, Brabet, & Bertrand, 2002; Peyot et
al., 2009; Rebuffat et al., 2018; Youl et al., 2010). A ~1.5-fold increase
in glucose-induced insulin secretion was used as a cut-off to identify
potential activators. As shown in Table S1, these exploratory data led
to the identification of urolithins A, B, C, and D (see Figure S1 for
chemical structures) as potential activators of glucose-induced insulin
secretion when used at 20 umol-L™%. Therefore, we further examined
the effects of these four compounds on insulin secretion.

3.2 | Effects of urolithins A, B, C, and D on insulin
secretion in INS-1 cells

Concentration-response relationships of urolithin A, B, C, or D (2, 5,
10, and 20 pmol-L™Y) were first carried out under non-stimulating
(1.4 mmol-L™* glucose) or intermediate-stimulating (8.3 mmol-L™* glu-
cose) concentrations (Figure 1). Under non-stimulating condition,
urolithins B and C increased insulin secretion at the highest concentra-
tion tested (20 pumol-L™1). Under 8.3 mmol-L™? glucose-stimulated con-
dition, 20 pmol-L™* urolithins B and D did not significantly enhance
glucose-induced insulin secretion (Figure 1b,d). In contrast, 20
umol-L™* urolithins A and C enhanced insulin secretion. In addition,
when insulin secretion was plotted against the log of urolithin concen-
tration, a significant correlation was observed for urolithin C (% = .989)
but not for urolithin A (r? = .590; Figure 1a,). This suggested that

glucose-induced insulin secretion was concentration dependent within
the range of concentrations tested. Therefore, we examined whether
higher concentrations of urolithin C (20-200 pumol-L™%) also modulated
glucose-induced insulin secretion. We found that the effect of
urolithin C peaked at 100 pmol-L™ and declined under control value
at 200 pmol-L™? (Figure S2).

Next, we aimed at determining whether urolithins were also able to
modulate insulin secretion induced by insulinotropic drugs and in par-
ticular the non-glucose-dependent sulfonylurea glibenclamide.
Urolithins A, B, C, and D at 2, 5, 10, and 20 pmol-L™* were tested in
the presence of 1.4 mmolL™! of glucose + 10 nmol-L™! of
glibenclamide (Figure 2). As expected, glibenclamide induced an
increase in insulin secretion. Urolithins A, C, and D enhanced
glibenclamide-stimulated insulin secretion when tested at 20 pmol-L™.
A significant correlation between insulin secretion and the log of
urolithin concentration was observed for both urolithins A (> = .941)
and C (? = .959). In summary, our data suggest that urolithins A and
C (20 umol-L™Y) displayed the greatest capacity to enhance glucose-
and glibenclamide-stimulated insulin secretion.

3.3 | Effects of urolithins A, B, C, and D in
glucotoxicity-induced dysfunctional INS-1 cells

The capacity of urolithins to promote insulin secretion in dysfunctional
INS-1 cells was investigated (Figure 3). Dysfunction was induced by
culturing INS-1 cells in 25 mmol-L™? glucose for 48 hr. As expected,
glucotoxicity strongly impaired glucose-induced insulin secretion (Qui-
nault et al, 2016). As shown in Figure 3, urolithins A and C
(20 pmol-L™?) retained some capacity to stimulate insulin secretion in
dysfunctional INS-1 cells while urolithins B and D were inactive. These
data indicate that urolithins A and C partly restored insulin secretion in
INS-1 cells that were unresponsive to glucose following glucotoxic

urolithin C was more potent than urolithin A and that its effect on insult.
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FIGURE 2 Effects of urolithins A, B, C, and D on insulin secretion induced by glibenclamide in INS-1 cells. The effects of increasing
concentrations (2-20 pmol-L™%) of urolithin A (URO-A), urolithin B (URO-B), urolithin C (URO-C), and urolithin D (URO-D) were determined in
the presence of 1.4 mmol-L™? glucose + 10 nmol-L™* glibenclamide (+Glib). There was a significant effect of the treatment for urolithins A, C, and D.
*P < 05, significantly different from O umol-L™* urolithin in the presence of glibenclamide; one-way ANOVA with Holm-Sidak test, n = 5
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FIGURE 3 Effects of urolithins A, B, C, and D on insulin secretion in
dysfunctional INS-1 cells. INS-1 cells were cultured in a control
medium (CT) or in a medium containing 25 mmol-L™* glucose for 48 hr
(glucotoxicity). Then, cells were incubated with 8.3 mmol-L™2 glucose, in
the absence (Veh) or in the presence of 20 pmol-L™* urolithin A (URO-
A), urolithin B (URO-B), urolithin C (URO-C), or urolithin D (URO-D).
There was a significant effect of the treatment under glucotoxicity for
urolithins A and C. *P < .05, significantly different from Veh under
glucotoxicity, one-way ANOVA with Holm-Sidak test, n = 7

In summary, the data obtained in INS-1 cells indicated that
urolithins A and C were the most active compounds on the basis of
their capacity to promote insulin secretion under normal or dysfunc-
tional conditions. As urolithin C appeared to be more potent than
urolithin A and because its effect was concentration dependent on
both glucose- or glibenclamide-induced insulin secretion, we decided
to further explore its pharmacological properties and mechanism of
action.

3.4 | Effects of urolithin C on insulin secretion in rat
isolated islets of Langerhans and isolated perfused
pancreas

Isolated rat pancreatic islets were incubated with urolithin C
(20 umol-L™%) in the presence of either a non-stimulating (2.8 mmol-L™%)
or a stimulating (8.3 mmol-L™%) glucose concentration (Figure 4). We
observed that urolithin C increased insulin secretion in the presence
of 8.3 mmol-L™ but not 2.8 mmol-L™* glucose. We also confirmed
the stimulating effect of urolithin C under higher concentration of glu-
cose (11.2 mmol-L™%; Figure $3). Insulin secreting capacity of urolithin
C was further characterized in a dynamic model, the isolated perfused
rat pancreas (Figure 5). In a first set of experiments, insulin secretion of
isolated pancreas was stabilized by infusing 8.3 mmol-L™! glucose
before urolithin C (20 umol-L™%) was infused under the same glucose
concentration. Urolithin C enhanced glucose-induced insulin secretion
(Figure 5a); its stimulatory effect occurred rapidly as insulin secretion
peaked within minutes. This enhancement was sustained throughout
the 30-min urolithin C infusion (from 17 to 47 min). The corresponding
AUCs determined in the absence and presence of urolithin C were sig-
nificantly different (see insert Figure 5a). In contrast, when 20 pmol-L™*
urolithin C was infused under a non-stimulating concentration of glu-

cose (5 mmol-L™Y), it did not induce any insulin secretion (Figure 5b).
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FIGURE 4 Effect of urolithin C on basal and glucose-induced insulin
secretion in rat pancreatic islets. Rat pancreatic islets were incubated
in the absence (Vehicle) or in the presence of 20 umoI-L_1 urolithin C
(URO-C) under basal non-stimulating (2.8 mmol-L™* glucose) or

8.3 mmol-L™! glucose-stimulated conditions. There was an effect of
the glucose and urolithin C as well as an interaction between both
factors. *P < .05, significantly different as indicated, ns, non-significant;
two-way ANOVA with Holm-Sidak test,n = 6

In order to further explore the glucose dependency of the effect of
urolithin C, the pancreas was infused with 20 pmol-L™* of urolithin C
in the presence of 8.3 mmol-L™? of glucose for 30 min, before reducing
the glucose concentration to 5 mmol-L™%, while maintaining urolithin C
at 20 umol-L™%. As shown in Figure 5¢,d, reduction of the glucose con-
centration overlapped with a concomitant decrease in insulin secre-
tion, further illustrating the glucose dependency of the insulin
secreting activity of urolithin C. In summary, these findings further
suggest that urolithin C is a glucose-dependent regulator of insulin

secretion.

3.5 | Role of L-type Ca?* channels in the mechanism
of action of urolithin C

Calcium influx through L-type Ca?* channels is crucial for glucose-
induced insulin secretion (Rorsman & Ashcroft, 2018). Therefore, we
sought to examine their involvement in the mechanism of action of
urolithin C.

Firstly, the possible interaction of urolithin C with the rat Ca,1.2
channel protein was evaluated by molecular in silico docking simula-
tion. To this end, the homology model of the central pore of the rat
alc subunit was reconstructed using the central pore of the rabbit
als, sharing 77% of sequence identity. To validate the model, we
made docking simulations with three L-type Ca?* channel reference
molecules: verapamil and nimodipine (two Ca?" channel inhibitors;
Figure S4A,B) and (-)-(S)-Bay K8644 (a Ca?* channel agonist, Figure
S4C). As previously described (Fusi, Spiga, Trezza, Sgaragli, &
Saponara, 2017), we observed that verapamil and Bay K8644 bind into
two pocket regions within close proximity. In addition, the simulation
of verapamil and nimodipine dockings were compatible with the X-

ray structures of Br-verapamil and nimodipine bound to the bacterial
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FIGURE 5 Effects of urolithin C on insulin release in rat isolated perfused pancreas. (a) A whole pancreas was isolated prior to perfusion with
8.3 mmol-L™* glucose throughout the experiment. After the addition of urolithin C or vehicle (from 17 to 47 min) there was an effect of the

treatment and an interaction between time and treatment. *P < .05 significantly different from vehicle; two-way ANOVA with repeated measures
and Holm-Sidak test. Insert depicts the mean AUC of insulin release before (0-15 min) and after (17-47 min) addition of urolithin C or vehicle.
*P < .05, significantly different as indicated, ns, non-significant; t-test; n = 5. (b) A pancreas was perfused with 5 mmol-L™* of glucose throughout
the experiment and with urolithin C for 10 min, n = 5. (c) A pancreas was perfused with 8.3 mmol-L™* glucose before addition of urolithin C and
then glucose concentration was reduced to 5 mmol-L™2. (d) Histogram depicts the AUC of insulin release (from panel C) at different time ranges.
There was a significant effect of the treatment. *P < .05, significantly different as indicated; one-way ANOVA with Holm-Sidak test, n = 5. The

arrows indicate the time point of urolithin C addition (20 pmol-L™%)

model Ca, channel Ca,Ab (Tang et al.,, 2016). Figure 6a shows the
docked pose of urolithin C within the channel, and Figure éb highlights
the side chain of residues involved in the ligand-protein recognition.
The analysis of the complex suggested that urolithin C forms three
hydrogen bonds (for a schematic representation, see Figure 6c), one
between Tyr1489 and the carbonyl group, one between Glu1144
and a hydroxyl group, and one between Glu393 and a hydroxyl group.
Finally, a m-stacking interaction is expected between Phel143 side
chain ring and the mono-hydroxylated ring of urolithin C.

Secondly, the possible urolithin C-induced changes in intracellular
Ca?* ([Ca?"];) in pancreatic beta cell was investigated (Figures 7 and
S5). In INS-1 cells, the depolarizing agent KCI (15 mmol-L™?) induced
a fast [Ca®*]; rise, as illustrated by the increase in F340/F380 Fura-
2AM fluorescence ratio (Figure 7a). Urolithin C (20 umol-L™%)
enhanced the KCl-induced [Ca®*]; rise (Figure 7b,d); displaying no

effect on [Ca®*]; under basal condition (Figure 7c,d). Importantly, these
observations were confirmed in dispersed cells isolated from rat islets
in which 20 umol-L™* of urolithin C enhanced KCl-induced [Ca®*];
increase (Figure S5A,B,D) and had no effect on [Ca?*]; under basal con-
dition (Figures S5C,D). Furthermore, in the presence of nimodipine, an
L-type Ca?" channel inhibitor (Alexander et al., 2017), the KCl-induced
rise in [Ca®*]; was reduced, validating Ca®* channel blockade. Impor-
tantly, the enhancing effect of urolithin C on KCl-induced response
was completely abolished in the presence of nimodipine (Figure 7d).
Finally, the ability of urolithin C to modulate the L-type Ca®* cur-
rent in INS-1 cells was investigated. In the whole-cell configuration
of patch-clamp technique, with Ba2* as the charge carrier, 20 pmol-L™*
of urolithin C increased the L-type Ba2* current (Figure 8a,b). After the
enhancement of the current by urolithin C, nimodipine treatment

reduced it by 84.8 + 2.6% (n = 5; Figure 8a). Moreover, currents



FIGURE 6 Docking of urolithin C at the

Ca, 1.2 channel a1C subunit model. The Ca,1.2
channel alc subunit model and urolithin C are
shown in green and cyan respectively. (a) Large
view of urolithin C docked inside the Ca,1.2
channel. (b) Zoom view of urolithin C docked
inside the Ca,1.2 channel showing the
hydrogen bonding in black dash. (c) Schematic
representation of the hydrogen bonding
between urolithin C and the Ca,1.2 channel

beforehand inhibited by nimodipine were weakly modulated by
urolithin C (+ 4.0 £ 1.3%, n = 5, Figure Sé). The effect of urolithin C
on L-type current was concentration dependent and observed within
the micromolar range (Figure 8c); it developed rapidly, reaching its
maximum within 30 s after urolithin C perfusion and remaining stable
thereafter (Figure 8d). This effect could be reversed after the removal
of urolithin C (Figure S7). The enhancement of the L-type current by
urolithin C was not the same for all voltage stimulation. Indeed,
urolithin C-enhanced L-type Ba%* current was greater for depolariza-
tion around -20 mV compared to lower and larger depolarizations,
as illustrated by current-voltage relationship normalized to 1 for the
maximum current (-10 mV; Figure 8e). Consequently, urolithin C
induced a decrease of the potential at half-maximal activation (Vo)
of the L-type current (from -17.9 + 1.0 mV to -22.3 + 1.0 mV, for con-
trol vs. urolithin C respectively; n = 5, P < .05; t-test). By contrast,
20 pumol-L™* of urolithin C did not affect the rapidly inactivating T-type
Ca?* currents in INS-1 cells (Figure 8f). In summary, the mechanistic
studies suggest that urolithin C modulates L-type Ca?* channels, facil-

itating their opening, which in turn enhances Ca?* influx.

4 | DISCUSSION

In the present study, we tested a set of several polyphenol metabolites
for their activity on beta cell function with the aim of identifying com-

pounds capable of enhancing glucose-stimulated insulin secretion. On
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this basis, urolithins A, B, C, and D were selected among 30 polyphenol
metabolites and were further studied.

Urolithins are circulating polyphenol metabolites that originate
from ellagitannins present in foods such as pomegranates, nuts, and
berries. In a series of gut microbiota-mediated reactions, ellagitannins
are hydrolysed yielding ellagic acid, which is converted to urolithins
through the loss of one of its two lactones and by successive removal
of hydroxyl groups (Espin et al., 2013). This process leads to the pro-
duction of urolithin A, urolithin B, urolithin C, and urolithin D.
Urolithins have been shown to regulate cellular processes involved in
normal and pathological conditions (Espin et al., 2013; Kang, Kim,
Tomas-Barberan, Espin, & Chung, 2016; Tang et al., 2017). A few
recent studies have also reported that administration and consumption
of these colonic metabolites, in particular urolithin A, promote positive
health outcomes in animal models (Ryu et al., 2016; Savi et al., 2017;
Tang et al., 2017). However and until now, the pharmacological effect
of urolithins on endocrine pancreatic function has not been
determined.

Most studies on the biological activities on urolithins have focused
on urolithins A and B since these compounds and their derivatives
were shown to be the main ellagitannin metabolites detected in
humans with high variability across individuals (Espin et al., 2013;
Tomas-Barberan, Garcia-Villalba, Gonzélez-Sarrias, Selma, & Espin,
2014). In the present work, we have not adopted a nutritionally based
approach; instead, we concentrated on the spectrum of pharmacolog-

ical properties of urolithins on beta cell function. This framework led
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FIGURE 7 Effects of urolithin C on depolarisation-induced rise in intracellular calcium in INS-1 cells. [Ca

fluorescent Ca?* indicator Fura-2AM. INS-1 cells were incubated with

nimodipine. Typical recordings illustrate variations of fluorescence ratio (F340/F380) and rise in [Ca
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KCI

2*]; was monitored using the ratiometric
20 umol-L™* urolithin C in the absence or presence of 20 pmol-L™* of

2*); in response to 15 mmol-L™* KCl in the

absence (a) or presence of urolithin C (b) and in response to urolithin C under basal condition (c). (d) The histogram depicts the mean of the maximal
variation in the fluorescence ratio. There was an effect of KCl and the treatment as well as an interaction between both factors. *P < .05,
significantly different as indicated; ns, non-significant; two-way ANOVA with Holm-Sidak test; n = 6

us to focus on the less characterized urolithin C that we found to be
particularly active to enhance insulin secretion induced by glucose
both in normal and dysfunctional cells. The distinct pharmacological
capacities of urolithins revealed here are in line with previous studies
showing that urolithins C and D bind to the ephrin type-A receptor 2
whereas urolithins A and B do not (Giorgio et al., 2015). Similarly,
50 umol-L™* of urolithins A and B are approximately twice more effec-
tive to extend the lifespan of Caenorhabditis elegans as compared to
urolithin D (Ryu et al., 2016). Here, we report that micromolar concen-
trations of urolithin C were sufficient to enhance insulin secretion in dif-
ferent models. Such pharmacological concentrations (Wright, 2013) can
be reached in rat plasma following i.p. administration of urolithin C
(Bayle et al., 2016).

We found that, within the same range of concentration, urolithin C
enhanced (a) glucose-induced insulin secretion in INS-1 cells, rat iso-
lated islets, and isolated perfused pancreas, (b) depolarization-evoked
rise in [Ca®*]; both in INS-1 cells and in dispersed cells isolated from
rat islets, and (c) L-type Ca®* currents in INS-1 cells. The use of the
L-type Ca?* channel inhibitor nimodipine (Alexander et al., 2017)
allowed us to identify Ca,1.x channels as key mediators of the pharma-
cological effect of urolithin C. This latter finding is particularly relevant
as these channels, which mediate L-type currents, are thought to play
a predominant role over the other types of Ca%* channels to initiate
insulin exocytosis from beta cells (Yang & Berggren, 2006). The effect
on L-type Ca?* current occurred within a few seconds, raising the pos-
sibility that urolithin C directly targeted Ca,1.x channels, notably the
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FIGURE 8 Effects of urolithin C on L- and T-type Ca?* channel currents carried by Ba?* in INS-1 cells. (a) Typical traces of slow inactivated L-type
Ca?* current in the absence (Veh), presence of 20 pmol-L™? urolithin C (URO-C) or urolithin C + nimodipine (20 umol-L™%). (b) Typical traces of L-
type Ca®* current stimulated by a ramp depolarization in the absence (Veh) or presence of 20 pmol-L™* urolithin C. (c) Concentration-response of
urolithin C on the L-type current recorded at —10 mV. The histogram depicts the mean of current expressed as the percentage of current obtained
in the presence of vehicle, n = 5. (d) Time course of the effect of 20 pmol-L™? of urolithin C on L-type Ca?* current (frequency of stimulation of
0.1 Hz, urolithin C was perfused at t = 20 s). The data represent the mean of current expressed as the percentage of current obtained in the
presence of vehicle, n = 5. () Effect of 20 umol-L™* of urolithin C on the current-to-voltage (I/V) relationship of L-type current. Both curves were
normalized to 1 (maximum current; holding potential -80 mV, depolarization steps of 10-mV increments at 0.1 Hz from -80 to 40 mV). For the
negative potentials there was an effect of the treatment and an interaction between treatment and depolarization. *P < .05 significantly different
from Veh at -20 mV, two-way ANOVA with Holm-Sidak test, n = 5. (f) Effect of 20 pmol-L™* of urolithin C on typical T-type Ca®* current

pore-forming subunit al (Catterall, 2011). Our docking simulation that
predicts intermolecular interactions between urolithin C and several
amino acids of the alc subunit also supports this hypothesis. Of note,
our data suggest that urolithin C forms hydrogen bound with Tyr1489,
a residue whose mutation affects the voltage-dependent actions of
dihydropyridine modulators (Bodi et al., 1997). Furthermore, the

observation that urolithin C did not modulate T-type Ca%* currents
suggests a relative selectivity towards Ca,1.x channels.

Patch-clamp recordings also showed that urolithin C stimulated L-
type current in a concentration- and voltage-dependent manner. Stim-
ulation occurred at membrane potentials above depolarization thresh-
old, with a higher effect between -40 and O mV, which resulted in a



decrease of the Vg 5. This is expected to enhance glucose-induced Ca%*
influx and thus insulin secretion in the presence of urolithin C. By
contrast, urolithin C did not change the activation threshold of the cal-
cium current and had no effect at resting membrane potential. This
feature is in agreement with the finding that urolithin C was unable

2*]; in the absence of depolarization, notably

to trigger a rise in [Ca
under a non-stimulating glucose concentration (low resting membrane
potential). It could also explain the effect of urolithin C on insulin
secretion induced by a stimulating concentration of glucose or by
glibenclamide, a drug known to induce membrane depolarization
through closure of Katp channels (Tahrani, Barnett, & Bailey, 2016).
This is also in agreement with the reversible action of urolithin C in
isolated perfused pancreas since insulin release returned to baseline
levels when glucose was reduced to a non-stimulating concentration
even though urolithin C was still present. Taken as a whole, our
mechanistic studies are compatible with a glucose-dependent regula-
tion of insulin secretion by urolithin C.

Health benefits of polyphenols or their derivatives have been tradi-
tionally attributed to their antioxidant properties (Del Rio et al., 2013;
Espin et al., 2013; Martel et al., 2017). Our studies suggest that urolithin
C is not merely an antioxidant molecule but can possibly function as a
pharmacological agent in pancreatic beta cells by regulating cell surface
proteins and intracellular signalling pathways, as shown previously with
a number of products generated by gut microbiota (Husted, Trauelsen,
Rudenko, Hjorth, & Schwartz, 2017). This possibility could also apply
to urolithin A, as it also exhibited some activity in INS-1 cells but further
work is necessary to detail how this compound regulates beta cell func-
tion. Owing to the ubiquitous nature of Ca* which is a second messen-
ger mediating a myriad of cellular processes, L-type Ca* channels serve
a variety of vital functions including muscle contraction or neurotrans-
mission (Catterall, 2011). Therefore, our findings are of potential interest
for explaining other biological activities that have been attributed to
urolithins in vitro and in vivo (Espin et al., 2013).

The pharmacological properties of urolithin C revealed here make it
a potentially valuable compound to ameliorate beta cell function, espe-
cially to sustain insulin secretion when glucose concentration exceeds
threshold. Such compounds are currently used to treat Type 2 diabe-
tes in which beta cell dysfunction is a core feature of the disease
(Vetere et al., 2014). We therefore ensured that urolithin C retains
some efficiency in enhancing glucose-induced insulin secretion in
INS-1 cells exposed to high glucose concentration, a cellular model
used to mirror the deterioration of beta cell function due to
glucotoxicity (Quinault et al., 2016). For the same purpose, the antiox-
idant activity of urolithin C may constitute an additional asset since
beta cells and other cell types implicated in diabetes-related complica-
tions are particularly vulnerable to oxidative stress, stemming from
metabolic dysregulation (Schwartz et al, 2017). The multi-target
nature of urolithins as well as their effect on Ca®* signalling, at least
for urolithin C, may possibly raise some concerns regarding their low
selectivity and potential toxicity and thus constitute a drawback for
their use in vivo. Nevertheless, until now, in vivo administration of
urolithins failed to demonstrate any safety concerns (Heilman,
Andreux, Tran, Rinsch, & Blanco-Bose, 2017) but was rather found

to exert a protective role and to ameliorate age-related conditions
(Ryu et al., 2016; Savi et al., 2017; Tang et al., 2017).

In conclusion, our findings revealed that the microbiota ellagitannin
metabolites urolithins A, B, C, and D differently modulate glucose- and
glibenclamide-induced insulin secretion. Our data support the conclu-
sion that one promising compound, urolithin C, exerts a rapid,
sustained, reversible, and glucose-dependent effect on insulin secre-
tion. Through the implementation of complementary approaches, we
also provide a mechanistic understanding involving L-type Ca?* chan-
nels in urolithin C bioactivity. Our work sheds light on a mechanism
by which polyphenol metabolites exert pharmacological activities and
constitutes a preliminary step towards the design of polyphenol
metabolite-based or metabolite -inspired compounds to ameliorate

beta cell function.
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