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Background: Chronic hyperglycemia has deleterious effects on pancreatic -cell function and turnover. Recent studies support
the view that cyclin-dependent kinase 5 (CDK5) plays a role in p-cell failure under hyperglycemic conditions. However, little is
known about how CDK5 impair -cell function. Myricetin, a natural flavonoid, has therapeutic potential for the treatment of type
2 diabetes mellitus. In this study, we examined the effect of myricetin on high glucose (HG)-induced f-cell apoptosis and ex-
plored the relationship between myricetin and CDK5.

Methods: To address this question, we subjected INS-1 cells and isolated rat islets to HG conditions (30 mM) in the presence or
absence of myricetin. Docking studies were conducted to validate the interaction between myricetin and CDK5. Gene expression
and protein levels of endoplasmic reticulum (ER) stress markers were measured by real-time reverse transcription polymerase
chain reaction and Western blot analysis.

Results: Activation of CDKS5 in response to HG coupled with the induction of ER stress via the down regulation of sarcoendo-
plasmic reticulum calcium ATPase 2b (SERCA2b) gene expression and reduced the nuclear accumulation of pancreatic duodenal
homeobox 1 (PDX1) leads to p-cell apoptosis. Docking study predicts that myricetin inhibit CDKS5 activation by direct binding in
the ATP-binding pocket. Myricetin counteracted the decrease in the levels of PDX1 and SERCA2b by HG. Moreover, myricetin
attenuated HG-induced apoptosis in INS-1 cells and rat islets and reduce the mitochondrial dysfunction by decreasing reactive
oxygen species production and mitochondrial membrane potential (Aym) loss.

Conclusion: Myricetin protects the p-cells against HG-induced apoptosis by inhibiting ER stress, possibly through inactivation of
CDKS5 and consequent upregulation of PDX1 and SERCA2b.
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INTRODUCTION

Progressive 3-cell failure is one of the key pathogenic events in
the development and progression of type 2 diabetes mellitus

(T2DM) [1]. Although the molecular signals that trigger pro-
gressive deterioration of -cell function are poorly understood,
it is clear that chronic exposure to hyperglycemia can cause
B-cell failure [2], and endoplasmic reticulum (ER) stress is an
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Myricetin inhibits CDK5 activation

important contributor to hyperglycemia-induced B-cell failure
[3]. ER stress can cause B-cell apoptosis through the induction
of mitochondrial dysfunction and subsequent activation of the
mitochondria-dependent apoptotic pathway [4,5].

Cyclin-dependent kinase 5 (CDKS5) is a serine/threonine ki-
nase with predominantly neuronal expression, which forms
active complexes with its activators, such as p35 [6]. Previous
studies showed that CDKS5 activation promotes mitochondrial
dysfunction and apoptosis in neurons [7,8]. Recently, accumu-
lating evidence suggests that CDK5 and p35 are also present in
pancreatic -cells and play an important role in high glucose
(HG)-induced B-cell failure [9-12].

Myricetin (3,5,7,3",4",5 -hexahydroxyflavone) is a natural
flavonoid abundant in fruits, vegetables, tea, and berries and
exhibits a wide range of effects, including anti-inflammatory,
anti-oxidant, and anti-carcinogenic activities [13]. Recent stud-
ies show that myricetin ameliorates insulin resistance in ani-
mal models of T2DM [14-16] and protects 3-cells against cy-
tokine-induced apoptosis [17]. These results suggest that
myricetin might be a potential therapeutic agent for the treat-
ment of T2DM. However, the effect of myricetin on 3-cells un-
der HG conditions has not been investigated yet. In the present
study, we examined whether myricetin exhibits protective ef-
fects against HG-induced apoptosis in 3-cells and explored the
relationship between myricetin and CDKG5.

METHODS

Materials

Myricetin and roscovitine were purchased from Sigma-Al-
drich (St Louis, MO, USA). Antibodies against pancreatic duo-
denal homeobox 1 (PDX1), caspase-3, B-cell lymphoma 2
(Bcl-2), Bax, phosphorylated c-Jun N-terminal kinase (P-JNK),
phosphorylated eukaryotic initiation factor 2o (P-eIF2q),
phosphorylated protein kinase R-like endoplasmic reticulum
kinase (P-PERK), were from Cell Signaling Technology (Dan-
vers, MA, USA). The antibody against cytochrome ¢ was pur-
chased from BD Biosciences (San Jose, CA, USA), and the an-
tibody against B-actin was from Abcam (Cambridge, UK). An-
tibodies against phosphorylated CDK5 (tyrosine 15 [Tyr15]),
CDKS, p35, activating transcription factor 4 (ATF4), CCAAT-
enhancer-binding protein homologous protein (CHOP), glu-
cose regulated protein 78 (Grp78) and sarcoendoplasmic retic-
ulum calcium ATPase 2 (SERCA2) were from Santa Cruz (Dal-
las, TX, USA).
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Cell culture and primary islet isolation

The INS-1 rat insulinoma cell line was cultured at 5% CO./
95% air at 37°C in RPMI-1640 (Gibco BRL, Grand Island, NY,
USA) containing 11.2 mM glucose and 2 mM L-glutamine.
The medium was supplemented with 10% fetal bovine serum,
1 mM pyruvate, 10 mM HEPES, 50 uM 2-mercaptoethanol,
100 units/mL penicillin, and 100 ug/mL streptomycin. Pancre-
atic rat islets were isolated from male Sprague-Dawley rats (250
to 300 g) by collagenase digestion technique as previously de-
scribed [18]. All animal procedures were approved by the
Kyungpook National University Animal Care and Use Com-
mittee (KNU-2012-0001).

Real-time polymerase chain reaction

Total RNA was obtained from INS-1 cells using the TRIzol re-
agent (Invitrogen, Carlsbad, CA, USA) and reverse transcribed
using the First Strand cDNA synthesis kit (Fermentas, Vilnius,
Lithuania) according to manufacturer’s instructions. Real-time
polymerase chain reaction was performed using a Light Cycler
instrument (Roche, Mannheim, Germany) with the following
primers: 5'-ACC CAA GTC CCG TCG TGA AGT-3" (forward)
and 5'-CCA GTT GGT AGA GGG AGC AGA TG-3' (reverse)
for insulin; 5'-GGC TTA ACCTAA ACG CCA CA-3’ (forward) and
5'-GGG ACC GTC CAA GTT TGT AA-3’ (reverse) for PDX1;
5-GTG GAA CCTTTG CCA CTC AT-3’ (forward) and 5'-TGT
GCT GTA GAC CCA GAC CA-3’ (reverse) for SERCA2b; and
5’-TAC TGC CCT GGC TCC TAG CA-3’ (forward) and 5"-TGG
ACA GTG AGG CCA GGA TAG-3’ (reverse) for B-actin. The
expression level of B-actin was used as internal control.

Apoptosis and cell viability assays

Apoptosis was assessed by terminal deoxynucleotidyl transfer-
ase dUTP nick end labeling (TUNEL) assay using an in situ
cell death detection kit (Roche, Basel, Switzerland). INS-1 cells
and primary islets were incubated with 30 mM glucose for 24
or 48 hours, in the presence or absence of myricetin. After in-
cubation, cells were washed with 1X phosphate-buftered saline
(PBS) for three times, fixed with 2% paraformaldehyde for 15
minutes, and then permeabilized with 0.2% Triton X-100 for
10 minutes at room temperature. After permeabilization, cells
were washed again with PBS and processed further, according
to the manufacturer’s instructions. Images were captured using
a fluorescence microscope. Islet cells with TUNEL-positive
nuclei were considered apoptotic, and the percentage of TU-
NEL-positive cells relative to total cell number was deter-
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mined. Cell viability was measured using the Cell Counting
Kit-8 (Dojindo Laboratories, Kamimashiki, Japan) according
to the manufacturer’s instructions.

Measurement of Aym and reactive oxygen species

Aym was assessed using 3,3 -dihexyloxacarbocyanine iodide
(DiOC6; Sigma-Aldrich). Briefly, cells were washed once with
PBS and then labeled with 10 nM DiOC6 for 5 minutes at
37°C. The cells were washed once and the cell fluorescence was
analyzed using a flow cytometer (BD Biosciences). Intracellu-
lar reactive oxygen species (ROS) generation was measured
using 2, 7’-dichlorodihydrofluorescein diacetate (DCF-DA,
Molecular Probes; Invitrogen). Cells were incubated in the
dark for 15 minutes with 10 uM DCF-DA at 37°C and then vi-
sualized under a fluorescence microscope. The mean fluores-
cence intensity was used to quantify cellular ROS.

Western blot analysis

Cell lysates were prepared using a lysis buffer (20 mM Tris-
HCL pH 7.4, 10 mM Na,P,OH, 100 mM NaE 2 mM Na;VOs,
5 mM ethylenediaminetetraacetic acid [EDTA] pH 8.0, 0.1
mM phenylmethylsulfonyl fluoride [PMSF], 1% NP-40) con-
taining protease and phosphatase inhibitors. Proteins were re-
solved by 4% to 15% SDS-polyacrylamide gradient gel and
then transferred to polyvinylidene fluoride (PVDF) mem-
branes (Millipore, Billerica, MA, USA). After blocking, the
membranes were incubated with primary antibodies, washed,
and incubated with a horseradish peroxidase-conjugated sec-
ondary antibody. Immunoreactive proteins were detected us-
ing ECL reagents (ECL Plus; Amersham, GE Healthcare Life
Sciences, Little Chalfont, UK).

Immunofluorescence analysis

INS-1 cells were grown on glass coverslips for 2 days in culture
medium. After the appropriate treatment, cells were fixed in 2%
paraformaldehyde for 15 minutes and then permeabilized with
0.2% Triton X-100 for 15 minutes at room temperature. Cells
were incubated with a primary antibody against PDX1 over-
night and then with the secondary antibody Alexa-Fluor488
(Invitrogen) for 1 hour. The cells were visualized using a confo-
cal microscope (Fluoview FV1000; Olympus, Tokyo, Japan).

Binding model prediction of myricetin and CDK5
For the binding model prediction of myricetin and the CDK5

kinase domain, myricetin was built using the Maestro build
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panel and the energy minimization method of the MacroMod-
el in the Schrodinger software package. The crystal structure of
CDKS5 bound with roscovitine was used for the docking simu-
lation (pdb code: 1 UNL). The protein structure was mini-
mized using the Protein Preparation Wizard (Schrédinger,
New York, NY, USA) by applying an OPLS-2005 force field.
The prepared protein and the ligand were employed to build
energy grids using the default value of protein atom scaling
(1.0 A) within a cubic box, defined as the centroid of the rosco-
vitine-binding pocket of CDK5. After grid generation, the li-
gand was docked with the protein by using Glide module
(Glide version 6.9, 2015; Schrodinger) in extra precision mode
(XP). The best-docked poses were selected as the lowest Glide
score.

Insulin secretion assay

INS-1 cells were pre-incubated with myricetin (20 uM) for 1 hour
(5% CO,, 37°C) in RPMI medium and washed twice in Krebs-
Ringer bicarbonate buffer (114 mmol/L NaCl, 4.4 mmol/L KCl,
1.28 mmol/L CaCl,, 1 mmol/L MgSO,, 29.5 mmol/L NaHCOs,
10 mmol/L HEPES, 2.8 mmol/L glucose, and 0.1% bovine se-
rum albumin, pH 7.4). After that cells were incubated for 1
hour in krebs ringer bicarbonate buffer with the basal (2.8
mmol/L) or the stimulatory (16.6 mmol/L) glucose with or
without myricetin. The supernatant was carefully collected and
subjected to rat insulin radioimmunoassay (Linco Research, St.
Charles, MO, USA).

Statistical analysis

All data are expressed as mean +standard deviation of at least
three independent experiments. The differences between the
groups were assessed using one-way analysis of variance with
Bonferroni’s post hoc test. A P<0.05 was considered statistically
significant.

RESULTS

Myricetin exhibits protective effects against HG-induced
apoptosis

We first examined the effect of myricetin, whose chemical
structure is reported in Fig. 1A, on cell viability in INS-1 cells.
As shown in Fig. 1B, treatment with myricetin at concentra-
tions between 0.1 and 100 uM, for 24 hours, did not signifi-
cantly affect cell viability. In a previous study, cytokine-induced
apoptosis in -cells was strongly attenuated by myricetin at a
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Fig. 1. Myricetin protects INS-1 cells and isolated rat islets from high glucose (HG)-induced apoptosis. (A) Chemical structure of
myricetin: carbon numbering is indicated. (B) INS-1 cells were treated with the indicated concentrations of myricetin for 24
hours. Cell viability was measured using the Cell Counting Kit-8 (Dojindo Laboratories). (C, D) INS-1 cells (C) and isolated rat
islets (D) were incubated with 30 mM glucose (HG) in the presence or absence of the indicated concentrations of myricetin for 24
hours (C) or 48 hours (D), respectively. Cell apoptosis was assessed by terminal deoxynucleotidyl transferase dUTP nick end la-
beling (TUNEL) assay. All data are expressed as the mean+standard deviation of at least three independent experiments.

1P<0.001 vs. control, °P<0.005 vs. HG, °P<0.05 vs. HG.

concentration of 20 uM [17]. Accordingly, we decided to use a
myricetin concentration of 20 uM in all subsequent experi-
ments. We next evaluated whether myricetin protects INS-1
cells from HG-induced apoptosis. As determined by TUNEL
assays, myricetin treatment dose-dependently inhibited apop-
tosis in INS-1 cells incubated with 30 mM glucose for 24 hours
(Fig. 1C). Furthermore, myricetin significantly attenuated
apoptosis in isolated rat islets incubated with 30 mM glucose
for 48 hours (Fig. 1D).

Myricetin prevents HG-induced mitochondrial dysfunction
Increased ROS accumulation and increased mitochondrial
membrane potential (Aym) loss are characteristic of mito-
chondrial dysfunction [19]. Therefore, we next evaluated the
effects of myricetin on mitochondrial function in INS-1 cells
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exposed to HG by measuring ROS generation and Aym. As
shown in Fig. 2A, myricetin treatment reduced the generation
of ROS in INS-1 cells under HG conditions. In addition, the
enhanced effect of HG on mitochondrial potential (Aym) loss
was significantly counteracted by myricetin (Fig. 2B). Myrice-
tin also suppressed the increase in the expression of cytosolic
cytochrome ¢ and cleaved caspase-3 induced by HG (Fig. 2C).
Exposure to HG increased Bax expression and decreased Bcl-2
expression and these changes were reversed by myricetin treat-
ment (Fig. 2D).

Myricetin inhibits CDK5 under HG conditions

Previous studies showed that CDK5 activation contributes to
mitochondrial dysfunction and apoptosis in neuronal cells
[7,8] and pancreatic B-cells [9-12]. As expected, we observed
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Fig. 2. Myricetin attenuates mitochondrial dysfunction in INS-1 cells exposed to high glucose (HG). (A-D) INS-1 cells were incu-
bated with 30 mM glucose (HG) in the presence or absence of myricetin for 24 hours. (A) Intracellular reactive oxygen species
(ROS) production was measured using 2°, 7 -dichlorodihydrofluorescein diacetate (DCF-DA). Data are expressed as the
mean +standard deviation of at least three independent experiments. (B) Representative flow cytometry analysis images of the mi-
tochondrial membrane potential observed with the 3,3"-dihexyloxacarbocyanine iodide (DiOC6) dye. (C) Representative image
of Western blot analysis of cytochrome ¢ in cytosol and cleaved caspase-3 (C-caspase 3). (D) Representative images of Western
blot analysis of Bax/B-cell lymphoma 2 (Bcl-2). *P<0.01 vs. control, °P<0.05 vs. HG, “P<0.05 vs. control, P<0.001 vs. control,
°P<0.001 vs. HG.

that treatment with roscovitine, a potent CDK5 inhibitor, at-  these results, we hypothesized that myricetin protects 3-cells
tenuated the increase of both apoptosis and expression of  from HG-induced apoptosis, possibly through inactivation of

cleaved caspase-3 induced by HG (Fig. 3A and B). Based on  CDXKS5. To test our hypothesis, we evaluated the effect of myric-
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Fig. 3. Myricetin inhibits cyclin-dependent kinase 5 (CDKS5) in high glucose (HG)-exposed INS-1 cells. (A) INS-1 cells were in-
cubated with 30 mM glucose (HG) in the presence or absence of roscovitine for 24 hours. Cell apoptosis was assessed by terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay. Data are expressed as the mean+standard deviation of at
least three independent experiments. (B) INS-1 cells were incubated with 30 mM glucose (HG) with myricetin or roscovitine for
24 hours. Representative images of western blot analysis of cleaved caspase-3. (C) INS-1 cells were incubated with 30 mM glucose
with or without myricetin for different time periods. Representative images of Western blot analysis of CDK5 phosphorylated at
tyrosine 15 (Tyr15) and p35. (D) The proposed binding model of myricetin to CDK5 based on docking studies. The dotted lines

indicate hydrogen bonds interactions. *P<0.01 vs. control, *P<0.05 vs. HG, “P<0.001 vs. control, P<0.005 vs. HG, °P<0.001 vs.
HG, 'P<0.05 vs. control.
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Fig. 4. Myricetin counteracts the decrease in total and nuclear levels of pancreatic duodenal homeobox 1 (PDX1) in high glucose
(HG)-exposed INS-1 cells. (A, B) INS-1 cells were incubated with 30 mM glucose (HG) in the presence or absence of myricetin
for 24 hours. (A) PDX1 mRNA levels were determined by real-time polymerase chain reaction (PCR). Data are expressed as the
mean +standard deviation of at least three independent experiments. (B) Representative images of Western blot analysis of PDX1.
(C) INS-1 cells were incubated with 30 mM glucose (HG) in the presence or absence of roscovitine for 24 hours. Representative
images of western blot analysis of PDX1. (D) INS-1 cells were incubated with 30 mM glucose (HG) along with myricetin for 24
hours. Representative images of the subcellular localization of PDX1 by confocal microscope. 4°,6-Ddiamidino-2-phenylindole
(DAPI) was used to stain the nuclei. *P<0.05 vs. control, >P<0.001 vs. control, °P<0.05 vs. HG, ‘P<0.01 vs. HG, ¢P<0.01 vs. con-
trol.
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etin on CDKS5 in cells exposed to HG. As shown in Fig. 3C, the
phosphorylation of CDK5 on Tyr15 was increased from 2 to 24
hours of culture in HG conditions. Myricetin treatment signifi-
cantly inhibited the increase of phosphorylated CDKS5. Nota-
bly, total CDKS5 was not affected by HG and myricetin. More-
over, the expression of p35 was also increased in HG-exposed
cells and myricetin prevented this increase (Fig. 3C). Because
an in vitro kinase assay revealed the inhibitory effects of myric-
etin on the activity of CDKS5 [20], we conducted docking stud-
ies to validate the interaction between myricetin and CDKS5.
The proposed binding model of myricetin and CDKS5 is report-
ed in Fig. 3D. In this predicted model, myricetin binds to the
ATP-binding pocket in CDK5: the chromone ring of myricetin
forms an hydrogen bond with Cys83 in the hinge region of
CDKS5; the 37, 47, 5'-trihydroxyphenyl group of myricetin
forms a pair of hydrogen bonds with the side chain of Asp86
and the backbone of Asp84 in CDKS5; the 7-hydroxy group of
myricetin interacts with the side chain of Asp144 and Lys33.

Myricetin counteracts the decrease in PDX1 levels in HG
conditions

A decrease in total and nuclear levels of PDX1, a transcription
factor that plays an essential role in 3-cell survival, has been re-
ported under hyperglycemic conditions [21,22]. CDKS5 inhibi-
tion induces the restoration of the nuclear levels of PDX1 by
preventing its translocation from the nucleus to the cytosol
[10]. Thus, we evaluated the effects of myricetin on PDXI1 in
HG-exposed cells. HG exposure reduced both the mRNA and
protein expression of PDX1 and these changes were attenuated
by myricetin (Fig. 4A and B). Similarly, roscovitine treatment
reversed the downregulation of PDX1 induced by HG (Fig.
4C). In addition, immunofluorescence studies in INS-1 cells
showed that myricetin increase the nuclear accumulation of
PDXI1 in HG conditions (Fig. 4D).

Myricetin counterbalances the reduction in SERCA2b
expression and prevents ER stress in HG conditions

A recent study demonstrated that loss of PDX1 results in de-
creased expressions of SERCA2b, leading to a reduction in ER
Ca®* concentration and subsequent induction of ER stress [23].
Thus, we examined the effects of myricetin on the expression
of SERCA2b and ER stress in HG-exposed cells. HG exposure
reduced the mRNA and protein levels of SERCA2b and these
changes were significantly reversed by treatment with myrice-
tin (Fig. 5A and B). As shown in Fig. 5C, myricetin treatment
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significantly attenuated the HG-induced increase in the ex-
pressions of ER stress markers including P-PERK, P-elF2q,
ATF4, and CHOP and reversed the HG repressed GRP78. JNK
phosphorylation was also inhibited by myricetin (Fig. 5D).

Myricetin attenuates SERCA inhibition-induced ER stress
and apoptosis

Because myricetin increased SERCA2b expression, we next
evaluated whether myricetin can prevent ER stress and apop-
tosis, which are induced by SERCA inhibition. Treatment with
thapsigargin (TG), a potent inhibitor of SERCA, increased the
expression of ER stress markers (Supplementary Fig. 1A). This
TG-induced ER stress response was significantly reversed by
myricetin treatment. Moreover, treatment with TG increased
mitochondrial potential loss Aym and reduced Bcl-2 expres-
sion, increased the release of cytochrome c into cytosol, and
the expression of cleaved caspase-3, resulting in increased
apoptosis (Supplementary Fig. 1B-D). All these changes,
caused by TG, were significantly reversed by myricetin.

Myricetin potentiates glucose-stimulated insulin secretion
To confirm, in a more functional model, the potentiating effect
of myricetin on glucose-stimulated insulin secretion (GSIS)
was analyzed in INS-1 cells. First, to define the effects of myric-
etin on insulin expression in this model, INS-1 cells were ex-
posed to HG (30 mM) with and without myricetin (20 pM) for
24 hours. We found a decrease in insulin mRNA at 24 hours by
HG. Co-incubation with myricetin significantly increased in-
sulin mRNA (Fig. 6A). On the other hand, myricetin potenti-
ated HG (16.6 mM)-induced insulin secretion, but no effect on
low glucose (Fig. 6B).

DISCUSSION

Pancreatic B-cell apoptosis is a key event contributing to the
pathogenesis of T2DM, and hyperglycemia plays a pivotal role
in B-cell apoptosis [2,3]. Thus, the development of strategies
aimed at preventing [3-cell apoptosis is critical for the treat-
ment of T2DM. Myricetin is a natural flavonoid that exerts
therapeutic effects against T2DM [14-16]. Dietary interven-
tion studies have identified that flavonoids as dietary biomark-
ers in clinical trials [24]. On the other hand, myricetin could
also affect inflammatory signal pathways in lipopolysaccha-
ride-stimulated primary macrophages and RAW264.7 macro-
phages via the down-regulation of transcription factor nuclear
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Fig. 5. Myricetin conterbalances the decrease in sarcoendoplasmic reticulum calcium ATPase 2b (SERCA2b) expression and pre-
vents endoplasmic reticulum (ER) stress in INS-1 cells exposed to high glucose (HG). (A, B) INS-1 cells were incubated with 30
mM glucose (HG) in the presence or absence of myricetin for 24 hours. (A) SERCA2b mRNA levels were determined by real-
time polymerase chain reaction (PCR). Data are expressed as the mean +standard deviation of at least three independent experi-
ments. (B) INS-1 cells were incubated with 30 mM glucose (HG) with myricetin for 24 hours. Representative images of Western
blot analysis of SERCA2b. (C, D) INS-1 cells were incubated with 30 mM glucose (HG) in the presence or absence of myricetin
for 24 hours. Representative images of Western blot analysis of (C) ER stress markers: glucose regulated protein 78 (Grp78), phos-
phorylated protein kinase R-like endoplasmic reticulum kinase (P-PERK), phosphorylated eukaryotic initiation factor 2a
(P-elF2a), activating transcription factor 4 (ATF4), and CCAAT-enhancer-binding protein homologous protein (CHOP). (D)
Phosphorylated c-Jun N-terminal kinase (P-JNK). *P<0.05 vs. control, "P<0.05 vs. HG, “P<0.01 vs. control, P<0.005 vs. control,
¢P<0.005 vs. HG, 'P<0.01 vs. HG, ¢P<0.001 vs. control, "P<0.001 vs. HG.
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Fig. 6. Myricetin effect on insulin mRNA and glucose-stimulated insulin secretion (GSIS). (A) INS-1 cells were incubated with 30
mM glucose (high glucose [HG]) in the presence or absence of myricetin for 24 hours and insulin mRNA levels was determined
by real-time polymerase chain reaction (PCR). Data are expressed as the mean + standard deviation of at least three independent
experiments. (B) GSIS was measured by rat insulin radioimmunoassay as described in the methods section. *P<0.001 vs. control,
°P<0.05 vs. control, °P<0.05 vs. HG, “P<0.05 vs. 16.6 mM glucose control.

factor kB binding activity [25]. Myricetin was also reported to
inhibit interleukin-1B-induced inflammation in human syno-
vial sarcoma cells [26]. Moreover, several studies determined
the protective effect of myricetin against 1-methyl-4-phenyl-
pyridinium-induced cell death by increasing the Bcl-2/Bax ra-
tio, and inhibit the activation of caspase-3 [27]. However,
whether myricetin has protective effects against hyperglyce-
mia-induced B-cell apoptosis has yet to be evaluated. In the
present study, we demonstrated that treatment with myricetin
protects B-cells against HG-induced apoptosis by inhibiting
ER stress, possibly through the inactivation of CDKS5.
Mitochondrial dysfunction is a central contributor to -cell
apoptosis, and is characterized by elevated ROS levels and en-
hanced mitochondrial potential (Aym) loss [19]. In the pres-
ent study, we found that treatment with myricetin ameliorated
HG-induced mitochondrial dysfunction in INS-1 cells. Mito-
chondrial dysfunction induces the release of cytochrome ¢
from the mitochondria to the cytosol, where it promotes the
assembly of the apoptosome, which results in caspase-9 activa-
tion and subsequent activation of the executioner caspases, in-
cluding caspase-3 [28]. In addition, the Bcl-2 family of pro-
teins, including pro-apoptotic (such as Bax) and anti-apoptotic
(such as Bcl-2) proteins, represent a critical intracellular check-
point in mitochondria-dependent apoptosis. In the present
study, the treatment with myricetin attenuated release of cyto-
chrome c and activation of caspase-3 in HG-exposed cells.
Furthermore, myricetin treatment decreased Bax expression
and increased Bcl-2 expression. These results suggest that
myricetin prevents the B-cell apoptosis induced by HG, at least
in part, by inhibiting the mitochondria-dependent apoptotic
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pathway.

CDKS5 inhibition has been suggested as a potential therapeu-
tic strategy for the treatment of T2DM [6]. A previous study,
by performing in vitro kinase assays, showed the inhibitory ef-
fects of myricetin on the activity of CDK5 [20]. Therefore, we
speculated that CDK5 may be a molecular target for the pro-
tective effects of myricetin from HG-induced B-cell apoptosis.
We found that chronic exposure of INS-1 cells to HG increased
the phosphorylation of CDK5 on Tyr15, but did not affect total
CDKG5 expression. Because CDKS5 activity has been reported to
be stimulated by Tyr15 phosphorylation [29], these results in-
dicate that HG exposure activates CDKS5 in B-cells. Moreover,
P35, an activator of CDK5, was upregulated in HG conditions.
Consistent with our data, Ubeda et al. [10] previously showed
that HG exposure activates CDK5 by increasing the expression
of p35 without changing the levels of total CDK5 protein in
B-cells. Furthermore, the proposed binding model of myrice-
tin to CDKS5, based on docking studies, showed that myricetin
binds to the ATP-binding pocket of CDK5 in an ATP-compet-
itive manner, indicating that myricetin may inhibit the activity
of CDKS5 by interfering with the ATP binding site of CDKG5.
Taken together, these results suggest that myricetin could sup-
press CDKS5 activity in HG-exposed B-cells at several different
levels including the suppression of CDK5 phosphorylation,
downregulation of p35, and direct binding to CDK5. Although
more studies are required to clarify the molecular mechanisms
underlying the effect of myricetin, our findings suggest CDK5
as a potential molecular target of myricetin.

PDXI1 is a transcription factor with critical roles in [3-cell
survival [21]. Under hyperglycemic conditions, both the total
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levels and the nuclear levels of PDX1 decrease [10,22]. In addi-
tion, CDKS5 inhibition restores the reduced nuclear levels of
PDX1 by inhibiting the translocation of PDX1 from the nucle-
us to the cytosol [10]. Consistent with these previous studies,
we found that CDKS5 inhibition by roscovitine increased the
nuclear levels of PDX1 in HG-exposed INS-1 cells. In addition,
in cells exposed to HG, roscovitine restored total PDX1 levels.
Similar results were obtained upon treatment of HG-exposed
cells with myricetin. These results suggest that CDK5 inhibi-
tion by myricetin may be responsible for the increased total
PDX1 level and the enhanced nuclear localization of PDX1 in
B-cells. Recently, SERCA2b was identified as a novel transcrip-
tional target of PDX1 [23]. SERCA pumps cytosolic Ca** into
the ER lumen; hence, inhibition of SERCA leads to depletion
of ER Ca®". Johnson et al. [23] showed that loss of PDX1 result-
ed in decreased expression of SERCA2b, leading to the reduc-
tion in ER Ca’* concentration and the subsequent induction of
ER stress. In the present study, we showed that HG exposure
resulted in a reduction in SERCA2b expression, and an eleva-
tion in ER stress markers and JNK phosphorylation. Roscovi-
tine and myricetin counteracted the reduction of SERCA2b
level in HG conditions. Moreover, myricetin treatment attenu-
ated the increase in the expressions of ER stress markers and P-
JNK induced by HG. Thus, the CDK5-PDX1-SERCA2b axis
may be involved in the suppressive effects of myricetin against
HG-induced ER stress.

Accumulating evidence suggests that ER stress is an impor-
tant contributor to B-cell apoptosis [3]. It has been shown that
the interaction between ER and mitochondria regulates Ca*-
dependent cellular processes such as apoptosis. Chronic ER
stress causes the release of Ca® from the ER to the cytosol,
leading to increased Ca®* uptake into the mitochondrial ma-
trix. ER stress-induced accumulation of mitochondrial Ca*
triggers mitochondrial dysfunction and the subsequent activa-
tion of the mitochondria-dependent apoptotic pathway [30].
In the present study, we found that ER stress and apoptosis in-
duced by SERCA inhibition were significantly attenuated by
myricetin. These results suggest that the suppression of ER
stress by myricetin, possibly through the increase of SERCA2b
expression, contributes to its protective effects against mito-
chondria-dependent apoptosis. Moreover, in our studies,
myricetin treatment also attenuate the inhibitory effect of HG
on insulin mRNA through increasing PDX1 expression and
potentiates GSIS.

In conclusion, myricetin protects -cells against HG-in-
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duced apoptosis by attenuating ER stress, possibly through the
inactivation of CDK5 and consequent upregulation of PDX1
and SERCA2b. Our results provide new evidence for the
mechanism of action of myricetin and strengthen the concept
that myricetin is a potential therapeutic agent for the treatment
of T2DM.
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Supplementary Fig. 1. Myricetin attenuates endoplasmic reticulum (ER) stress induced by sarcoendoplasmic reticulum calcium
ATPase (SERCA) inhibition and apoptosis in INS-1 cells. (A-D) INS-1 cells were incubated with 0.5 uM thapsigargin (TG) in the
presence or absence of the indicated concentrations of myricetin for 24 hours. (A) Representative images of Western blot analysis
of ER stress markers: glucose regulated protein 78 (Grp78), phosphorylated protein kinase R-like endoplasmic reticulum kinase
(P-PERK), phosphorylated eukaryotic initiation factor 2a (P-eIF2a), activating transcription factor 4 (ATF4), and CCAAT-en-
hancer-binding protein homologous protein (CHOP). (Continued to the next page)
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Supplementary Fig. 1. Continued. (B) Representative flow cytometry analysis images of mitochondrial membrane potential ob-
served with 3,3"-dihexyloxacarbocyanine iodide (DiOC6) dye. (C) Representative images of Western blot analysis of cytochrome
¢ in the cytosol, cleaved caspase-3 (C-Capase 3), and B-cell lymphoma 2 (Bcl-2). (D) Cell apoptosis was assessed by terminal de-
oxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay. All data are expressed as the mean +standard deviation of at
least three independent experiments. *P<0.05 vs. control, >P<0.001 vs. control, ‘P<0.01 vs. TG, P<0.001 vs. TG, °P<0.01 vs. con-
trol, 'P<0.05 vs. TG, #P<0.005 vs. TG.
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