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ABSTRACT

Dedifferentiation has been identified as one of the causes of (3-cell failure resulting in type 2 diabetes
(T2D). This study tested whether increasing vitamin D receptor (VDR) expression prevents
dedifferentiation of  cells in a high-glucose state in vitro. Culturing a mouse insulinoma cell line
(MING6) in a high-glucose environment decreased VDR expression. However, increased VDR following
vitamin D3 (VD3) treatment improved insulin release of early-passage MIN6 and insulin index of db/-
(heterozygous) islets to levels seen in normal functional islets. Treatment with VD3, its analogues and
derivatives also increased the expression of essential transcription factors, such as Pdx1, MafA and VDR
itself, ultimately increasing expression of Ins1 and Ins2, which might protect (3 cells against
dedifferentiation. VD3 agonist lithocholic acid (LCA) propionate was the most potent candidate molecule
for protecting against dedifferentiation, and an e-pharmacophore mapping model confirmed that LCA
propionate exhibits a stabilizing conformation within the VDR binding site. This study concluded that
treating db/+ islets with a VD3 analogue and/or derivatives can increase VDR activity, preventing the

pathological dedifferentiation of B cells and the onset of T2D.

© 2017 Elsevier Masson SAS. All rights reserved.

Introduction

Vitamin D (cholecalciferol) plays an essential role in human
health and well-being. Cholecalciferol is the inactive form of vitamin
D, generated in response to the absorption of light energy, that
provides an important source for synthesis of 1a,25-dihydroxyvi-

Abbreviations: MIN6, mouse insulinoma 6; VDR, vitamin D receptor; 1,25(0H)2D3,
1a25-dihydroxyvitamin D3; VDRE, vitamin D response element; CYP24A1, 1a25-
dihydroxyvitamin D3 24-hydroxylase; DRIP, vitamin D receptor interacting
protein; Ins1, insulin 1; Ins2, insulin 2; Glut2, glucose transporter 2; Pdx1,
pancreas/duodenum homeobox protein 1; Oct-4, octamer-binding transcription
factor 4; Pax-6, paired box 6; Gcg, glucagon; Gck, glucokinase; UCP2, uncoupling
protein 2; MafA, v-maf avian musculoaponeurotic fibrosarcoma oncogene
homologue F; LCA, lithocholic acid; p34/68/82, passage 34/68/82cultured under
high glucose concentrations for 34/68/82 generations; BCD, B-cell dedifferenti-
ation; PBS, phosphate buffered saline; T2D, type 2 diabetes; —/— mice, wild-type
mice; db/— mice, heterozygous mice; db/db mice, homozygous mice.

* Corresponding author. Harry-Perkins Institute of Medical Research, Centre for
Medical Research, University of Western Australia, Nedlands, Verdun St, Perth,
6009 Western Australia, Australia.

E-mail address: fang-xu.jiang@perkins.uwa.edu.au (F.-X. Jiang).

http://dx.doi.org/10.1016/j.diabet.2017.07.006
1262-3636/© 2017 Elsevier Masson SAS. All rights reserved.

tamin D3 (1,25[OH]2D3) [1]. Humans can also access vitamin D
through intakes of cholecalciferol, ergocalciferol (vitamin D2) and
25-hydroxycholecalciferol (25-hydroxyvitamin). Regardless of its
source, once introduced into the body, vitamin D is transported to
the liver where it is converted into 25-hydroxyvitamin D [2]. The
amount of 25-hydroxyvitamin D in serum or plasma is indicative of
the level of vitamin D in the body. Vitamin D that has been
hydroxylated in the liver is transported in the bloodstream [3] and
hydroxylated to 1,25[0H]2D3, the active form of vitamin D, in the
kidney [4,5]. This active form plays an important role in calcium
homoeostasis, and has an impact on functioning of the kidneys,
intestines and bones [6]. It also has a known association with many
non-calcaemic functions and some severe pathologies, such as
cancer, obesity, autoimmune disorders and metabolic disorders,
including type 1 (T1D) and type 2 diabetes (T2D).

Many of the effects of 1,25[OH]2D3 are mediated after it
interacts with the vitamin D receptor (VDR) [7], proven to exhibit
non-classic actions that have three predominantly regulatory
effects: secretion of hormones, immune function, and cell
proliferation and differentiation [8]. VDR is a member of the
nuclear hormone receptor superfamily, all of which have a
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conserved DNA-binding domain and a variable ligand-binding
domain. Like other transcription factors, VDRs can only bind to six
nucleotides residing within the major groove of DNA; these
nucleotides form the consensus sequence of RGKTSA (R =A/G,
K=G|T, S=C/G) [9]. They can also be activated by a low
nanomolar concentration of small lipophilic molecules
[10]. Depending mainly on cell type, these nuclear receptors
form either a heterodimer or homodimer. VDR achieves its
nuclear function by binding with 1,25(0H)2D3 to form a
transcription factor complex that later binds to vitamin D
response elements (VDREs) within the promoter region of the
target gene, thereby altering expression of the target gene within
the cell [11].

Activation of VDREs within the promoter region results
from heterodiamerization of VDR with different types of
retinoic acid receptors [12]. Activation of a gene by nuclear
receptor is favoured by the interaction of the steroid receptor
activation complex (SRC) [12] with the vitamin D receptor
interacting protein (DRIP) complex [13], whereas repression is
mediated by nuclear co-repressor (NCOR) dimerization with
retinoic acid and thyroid receptors [14]. VDR binds to the
co-repressor in the absence of 1,25(0OH)2D3 and plays an
important role in altering the expression of target genes.
Any VD3 entering cells is metabolized by activity of the
cytochrome p450 superfamily of enzymes, including the
important enzyme 1«,25-dihydroxyvitamin D3 24-hydroxylase
(CYP24A1) [15].

Vitamin D plays a fundamental role in the release of insulin
from pancreatic 3 cells, and an allelic variation in VDR can result in
glucose intolerance and insulin sensitivity [16]. Previous studies
have found that hypovitaminosis may be commonly observed in
people with T2D. The role played by VDR in insulin release is
governed by its presence in combination with vitamin D-
dependent calcium-binding proteins in pancreatic tissue
[17]. However, there remains a lack of understanding of the role
VDR plays in the process of dedifferentiation.

[3-cell dedifferentiation (BCD) results in a loss of function in
pancreatic [3 cells [18]. Studies have assessed dedifferentiation in
the mouse insulinoma cell line MIN6 exposed to high glucose
concentrations for prolonged periods [19]. MIN6 responds to
glucose challenges in a way similar to 3 cells [20]. Glucose is
transported to pancreatic 3 cells by glucose transporter 2 (Glut2)
protein [21], and pancreatic 3 cells release insulin in response to
glucose levels. Insulin exocytosis from insulin granules is
indicated by alterations in the ATP-to-ADP ratio within 3 cells.
Synthesis of insulin in mouse islets derives from both insulin 1
(Ins1) and insulin 2 (Ins2) genes under the control of two major
transcription factors: v-maf avian musculoaponeurotic fibrosar-
coma oncogene homologue F (MafA) and pancreas/duodenum
homeobox protein 1 (Pdx1) [22]. These have direct control over
the expression of insulin genes by binding to promoters of these
genes.

Dedifferentiation is also linked to increased expression of
glucagon (Gcg) [18,19], and the expression of Gcg promoter
increases when it binds to paired box 6 (Pax-6) protein [23]. Talchai
et al. [24] concluded that dedifferentiation of [3 cells is a potential
underlying cause of failure of pancreatic 3 cells in db/db mice. The
leptin receptor modified db/db mouse model used in the study
exhibited many classic characteristics of T2D, including hyper-
glycaemia, polyuria and glycosuria [25,26].

The objectives of the present study were to determine the
effects of a high-glucose environment mimicking hyperglycae-
mia on VDRs and to monitor the effects of VD3 treatment on
B-cell function. The study also aimed to identify a compound
that might potentially prevent (3 cells from undergoing
dedifferentiation.

Materials and Methods
MING6 culture

MING cells were cultured in high-glucose (22.5 mM) Dulbecco’s
Modified Eagle Medium (DMEM) with 100 U/mL of penicillin,
100 pg/mL of streptomycin, 10% fetal calf serum (FCS) and 1.5%
HEPES in an incubator containing 10% CO2 at 37°C. MING6 cells
passaged 32 times (p32) were cultured and then subcultured after
4 days until they reached p82. Cells from different passages were
randomly selected and frozen in liquid nitrogen. Early and late
passages were thawed and cultured for 48 h before each
experimental procedure to acclimatize the cells to the optimal
conditions.

RNA isolation and quantitative real-time polymerase chain reaction
(RT-qPCR)

The TRIzol (Invitrogen Corporation, Carlsbad, CA, USA) method
was used to extract total RNA. Cells were lysed by TRIzol reagent
and the RNA-containing upper aqueous phase was separated from
the lower organic phase. RNA in the upper aqueous phase was
precipitated and washed with a 75% alcohol solution. Air-dried
RNA pellets were dissolved in RNAse/DNAse-free water (Invi-
trogen) and the dissolved RNA concentration then quantified,
using a NanoDrop ND-1000 spectrophotometer (Biolab Australia
Pty Ltd, Melbourne, Victoria, Australia); 2000 ng of RNA (100 ng/
L) was then reverse-transcribed to generate cDNA in a reaction
with a total volume of 20 pL. The working standard for RT-qPCR
was prepared by diluting 2 pwL of ¢cDNA in 1000 wL of RNAse/
DNAse-free water. Paired primers were used to detect the genes for
Ins1, Ins2, Glut2, Cyp24A1, Pdx1, Gck, UCP2, MafA and Gcg. RT-
qPCR (Rotor-Gene Q, Qiagen, Hilden, Germany) was used to
quantify the mRNA transcript using a KAPA SYBR Fast qPCR Master
Mix (2x). The reaction process involved initial denaturation at
94°C for 5 min, 50 cycles of amplification with 30 s denaturation at
94°C, followed by 30s annealing at 60°C and a final 30s of
extension at 72°C. Target transcripts were normalized to house-
keeping gene Rps18 levels using A cycle threshold (Ct). Data were
analyzed using the 2AACt method [27] (Table S1; see supplemen-
tary materials associated with this article online).

Flow cytometry

This was used to analyze protein expression in insulin. MIN6
cells were cultured until 90% confluence, then trypsinized and
fixed with 4% paraformaldehyde (PFA). The fixed cells were
permeabilized using BD Perm/Wash buffer (BD Biosciences, San
Jose, CA, USA) to maximize permeabilization [28] before the
addition of either APC-conjugated anti-mouse insulin (1:200, cat.
no: 1C1417A; R&D Systems, Inc., Minneapolis, MN, USA) or VDR
primary (1:100; cat. ab3508, Abcam, Inc., Cambridge, MA, USA).
After 30 min of incubation, cells were washed, incubated for
30 min in secondary antibody for VDR (donkey anti-rabbit PE
1:800; cat. No. 12-4739, Affymetrix, Inc., Santa Clara, CA, USA) and
counterstained with 4,6-diamidino-2-phenylindole (DAPI). The
counterstained cells were then analyzed using a fluorescence-
activated cell sorter (BD FACSAria II, BD Biosciences). Flow
cytometry was optimalized before performing the experiment.
Levels of insulin expression were determined by identifying shifts
in the peaks. The control for each experiment was done by
exposure to only secondary antibody, thereby nullifying the effect
of background staining. A significant change in the protein level
under study was determined by monitoring shifts towards or away
from the control. A shift of peak towards control indicated a
reduction in protein level, whereas a shift of peak away from
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control suggested an increase in protein. Analyses were performed
in triplicate using 100,000 cells each.

Immunofluorescence analysis

MING cells were cultured in sterile cover glass in high-glucose
DMEM, containing 10% FCS, 2% penicillin/streptomycin and 1.5%
HEPES, before being stored in an incubator containing 5% CO2 at
37°C overnight. Then, the MING cells adherent to the sterile cover
glass were washed with phosphate-buffered saline (PBS), fixed in
4% PFA and permeabilized with 0.1% Triton X-100. The permea-
bilized cells were blocked with 10% donkey serum and exposed to
primary antibody insulin or VDR antibody. Guinea-pig anti-mouse
insulin antibody (1:200; ab7842, Abcam) and rat anti-mouse VDR
(1:100; ab8756, Abcam) were used as primary antibodies, while
Alexa Fluor 568 goat anti-guinea-pig antibodies (1:800; ab175714,
Abcam) and goat anti-rat fluorescein isothiocyanate (FITC) anti-
bodies (1:400; ab6840, Abcam) were used as secondary antibodies.
The control for immunofluorescence analysis was performed using
secondary antibody alone, and was carefully verified for back-
ground staining to avoid false-positive results. MIN6 cells were
counterstained with DAPI, and images were captured under a
Nikon microscope before being analyzed by specific software (Nis-
Elements AR, 4.20.00 64 bit).

Transfection

VDR luciferase plasmids were obtained (from a colleague) with
the luciferase gene under the control of VDR promoter [29]. The
control plasmid used in the assay was Renilla luciferase. Both
Renilla and VDR plasmids were separately transfected into NEB 5-
alpha competent E. coli. The E. coli containing plasmids were
cultured in LB agar containing 100 ug/mL ampicillin, and one of the
E. coli colonies was transferred to LB media (broth) and cultured
overnight. Following overnight growth, the cultured plasmids
were purified using a Plasmid Mini Kit (Qiagen). Both VDR
luciferase and Renilla plasmids were then transfected into MING
cells using Lipofectamine LTX and PLUS reagents (Invitrogen),
where they exhibited high transfection efficiency (80-90%).

MING6 and VD3 treatment

Following dual transfection of MIN6 cells with VDR luciferase
and Renilla plasmids, each passage was independently cultured
under high- and low-glucose conditions. Some of the transfected
cells were treated with chemicals, and a luciferase assay was then
performed.

Luciferase assay

This assay was performed in accordance with the manufactu-
rer's (Promega Corporation, Madison, WI, USA) protocol. The
cultured MING6 cells were washed with PBS, and the cells lysed
using a lysis reagent (Dual-Luciferase Reporter Assay System,
Promega). The 20 L cell lysate was mixed with 100 L of LAR II
reagent, and luciferase activity was subsequently measured. To
measure Renilla luciferase activity, 100 L of Stop & Glo Reagent
(Promega) were added to the plate. The relative luciferase
expression was calculated using Renilla.

Islet isolation

The use of mice (wild-type, db/+, db/db) was approved by the
Animal Resources Centre Ethics Committee of Murdoch University
(WIP 50). Islets were extracted from the pancreata of mice
sacrificed by CO2 asphyxiation at 12 weeks of age. Random blood

glucose levels in the wild-type mice were in the range of 8-
8.5 mM, and 10-10.5 mM in the db/+ and 23-28 mM in the db/db
mice. To isolate islets of Langerhans, the pancreas was perfused
with a 3 mL collagenase P (1 IU/mL) solution dissolved in a Roswell
Park Memorial Institute (RPMI) medium. The pancreata were
digested and separated by density-gradient centrifugation.

Islet culture and treatment

Islets free of acinar cells after overnight incubation with 5% CO2
were washed twice in RPMI-1066 and handpicked for treatment.
Pure islets were incubated in RPMI-1066 with 100 U/mL of
penicillin and 100 pg/mL of streptomycin, 2 mM of glutamine
and 10% FCS, along with VD3 analogues or derivatives. 1a,25-
dihydroxyvitamin D3, 22-oxacalcitriol (1 wM), tacalcitol (1 wM),
lithocholic acid (LCA) acetate (6 wM) and LCA propionate (6 M)
were used as treatments, and each treatment was accompanied by
control islets in RPMI medium containing penicillin/streptomycin,
10% FCS and 2 mM of glutamine. Controls and chemically treated
islets were incubated at 37°C at a CO2 concentration of 5% for 48 h.

Glucose-stimulated insulin secretion (GSIS) of treated MIN6

The MING6 cell passages cultured and treated with different
chemicals were washed with PBS and incubated with Krebs-Ringer
buffer (KRB) (129 mM NacCl, 2.5 mM CaCl2, 4.8 mM KCIl, 5 mM
NaHCO3, 1.2 mM MgS04, 1.2 mM KH2PO4, 10 mM HEPES, 1 mg
BSA/mL) for 1 h. Preincubated MING cells as well as islets were
incubated for 1 h at 37°C with a 5% CO2 concentration in 200 L of
KRB containing 2.75 mM (low-glucose challenge) or 22.5 mM
(high-glucose challenge) of d-glucose. After 1 h of incubation, both
the MING cells and islets were centrifuged, and the supernatant
removed and centrifuged again to remove any debris. The collected
supernatant was used to perform an enzyme-linked immunosor-
bent assay (ELISA) to determine insulin levels (EMD Millipore,
Billerica, MA, USA).

GSIS of islets

Five islets of uniform size from the control and each treatment
were washed with PBS twice to remove any excess media before
being used in the GSIS studies described above.

Acid-alcohol extraction of insulin from MIN6

After undergoing treatment with 1«,25-dihydroxyvitamin D3,
MING cells were added to 500 p.L of acid-ethanol (1.5% HCL in 70%
EtOH) and incubated overnight at —20°C. Supernatant was then
removed and the procedure repeated, using 400 L of acid-ethanol
to collect the total insulin contents. The supernatant pH was
neutralized using Tris buffer (pH 7.5). The collected supernatants
were diluted, and ELISA was performed. The total insulin contents
were recorded in ng/mL with an appropriate dilution factor.

Statistical analyses

These were performed using one-way analysis of variance
(ANOVA). A P-value < 0.05 was considered significant. One-way
ANOVA with comparisons of selected pairs by Bonferroni post-hoc
test was also performed.

Results

MING cells were cultured in high-glucose DMEM (22.5 mM) for
4 days and then subcultured again, and samples from each passage
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(p34, p48, p68 and p82) were frozen and stored. The stored frozen
cells were later thawed for treatment with VD3 analogues and
various derivatives. Each experiment was performed in triplicate
using MING6 cells that differed in terms of freeze/thaw cycles;
statistical analyses were performed to nullify the effects of these
cycles. The VD3, analogues and derivatives used to assess VDR-
targeted therapy were tacalcitol (TC), oxacalcitriol (OC), LCA
acetate and LCA propionate (Fig. 1). Optimal concentrations of each
compound were predetermined using dose-response studies of
MING. The basic structure of these VD3 derivatives and ligand
molecules is formed by two core structures: carbon chains (C5-C6)
linked by a cyclopentane ring; and a naphthalene-fused or alkenyl
chain linked to a cyclohexane ring with an indane nucleus (Fig. 1).
The structures of VD3, its analogues and derivatives were drawn
using ChemDraw Ultra 8.0.3 software.

Reduced VDR expression may lead to dedifferentiation

In terms of morphological appearance, late-passage MING cells
display more projections, whereas early-passage MING6 cells look
spherical (Fig. 2A). Their VDR expression of RNA and protein levels
is also different: RNA expression increased statistically signifi-
cantly from early to later passages (P=0.02; Fig. 2B). Levels of
expression of the two insulin genes’ (Ins1 and Ins2) mRNA levels
were studied using qPCR, and comparative analyses revealed that
these genes exhibited the same pattern of reduced insulin
expression from early- to late-passage MING cells with a significant
value of P < 1e-6 (Fig. 2C). RNA expression of glucokinase (Gck)
and uncoupling protein 2 (UCP2) decreased from p34 to p82 with
P-values of 0.02 and 0.03, respectively (Fig. 2C). Immunofluores-
cence data reconfirmed that the level of insulin fell (Fig. 2D) from
early to late passages and that the difference in insulin level was
statistically significant (P < 0.05). Insulin protein expression in
different passages was studied using immunofluorescence and
fluorescence-activated cell-sorting (FACS; Fig. 2E), and the findings
supported qPCR data.

Immunofluorescence studies of VDR protein (Fig. 2F) revealed a
significant reduction in its expression between early and late

passages (P=0.005). Different primer sequences were used to
validate this RNA increase via qPCR. All primer pairs revealed that
the increase in expression was statistically significant. FACS was
later performed again to confirm the observation of immunofluo-
rescence, and these data reconfirmed a reduction in VDR level from
early to late passages (Fig. 2G), as indicated by a shift of peak away
from control in p34 and a shift of peak towards control in the later
passage.

1a,25-dihydroxyvitamin D3-induced increase in insulin expression

The comparative analysis of VDR activity using luciferase assay
between early and later passages showed a significant loss of VDR
(P=0.00009) on exposing MIN6 to high glucose levels for
prolonged periods of time (Fig. 3A). The differential VDR activity
of p34 MING cells after treatment with 2.75 mM and 22.5 mM of
glucose also showed a significant increase in VDR activity
(P=0.0001), whereas no differences in VDR activity were detected
in later passages using different concentrations of glucose. VDR
luciferase assay also revealed that VDR activity decreased from
early to later passages when grown in high-glucose (22.5 mM)
DMEM (P=0.00009); however, no significant difference was
observed between p34 and p82 when cells were cultured in
low-glucose (2.75 mM) DMEM (Fig. 3B).

Luciferase assay was performed to study the effects of 1a,25-
dihydroxyvitamin D3 (1,25[0H]2D3) on VDR activity.
1,25[0OH]2D3 was optimalized at 10 mM (Fig. 3C), and the assay
confirmed that TC, OC, LCA acetate and LCA propionate influenced
VDR activity. Treating early-passage MING cells with TC resulted in
a statistically significant increase in VDR activity vs. 1,25[0H]2D3
(P=0.02). Treatment of MIN6 with the other molecules also had
significant effects on induction of VDR activity with OC
(P=0.00005), LCA acetate (P=0.00001) and LCA propionate
(P =0.00007). In addition, combination therapy had a statistically
significant effect on VDR induction: for 1,25[0H]2D3 with LCA
acetate, the P-value was 0.00001, and P=0.00005 with LCA
propionate; P =0.0006 for LCA propionate with TC; and P < 1e-6
for LCA propionate with OC (Fig. 3D). Further studies were

OH

A Oy,

Tacalcitol

Oxacalcitriol

Fig. 1. Chemical structures of lithocholic acid (LCA) propionate, LCA acetate, 1,25-dihydroxyvitamin D3, tacalcitol and oxacalcitriol. Blue indicates a hydrogen bond acceptor,
pink indicates the lipophilic portion of the molecule and orange indicates a hydrogen bond donor.
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Fig. 2. (A) Vitamin D receptor (Vdr) analysis by quantitative polymerase chain reaction (qQPCR) of different cell passages of MIN6 cultured in high-glucose media reveals
significant differences between p34, p68 and p82. Gene expression of (B) Vdr and (C) insulin 1 (Ins1) and 2 (Ins2), glucokinase (Gck) and uncoupling protein 2 (Ucp2) by qPCR.
(D) Insulin immunofluorescence shows insulin expression (red) and 4’,6-diamidino-2-phenylindole (DAPI)-staining nuclei (blue). (E) Flow cytometry analysis for insulin
(control has only secondary antibody). (F) Vdr immunofluorescence shows a decrease in protein expression from early to later passages: (left column) Vdr localization in
MING cell nuclei (green); (middle column) nuclease DAPI staining (blue); (right column) Vdr green overlapping DAPI staining, confirming Vdr localization in the nucleus. (G)
Vdr flow cytometry shows a p34 shift away from control and a p82 shift towards control, indicating low Vdr protein expression in later passages.
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Fig. 3. Luciferase assay. A. Vitamin D receptor (Vdr) activity shows a significant reduction in the late passage. B. A significant increase in the early passage with differential
glucose treatment. C. Effects with 1,25[0H]2D3 (1c,25-VD3) identifies 10 nM as optimal. D. Significant increases in Vdr expression following treatment with VD3, its
derivatives and analogues. E. Immunohistochemistry analysis shows insulin levels (red) and DAPI-stained nuclei (blue). F. GSIS of the early passage before and after VD3
treatment shows a significant increase, while the late passage shows the same pattern. G. There is a significant difference between control and treatment only in the early
passage (n=3; "P<0.05;  P<0.0001; "~ P<1e-6).
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performed after confirming these molecules had the potential to
induce VDR activity.

Immunofluorescence of insulin revealed that the differences
between the p34 control and treatment with 1,25[0H]2D3 were
statistically significant (P < 0.01; Fig. 3E). Early and late passages
of MING cells before and after treatment with 1,25[OH]2D3 were
used for GSIS. The high-glucose challenge after treatment with
an active form of VD3 indicated that the differences in insulin
release in untreated controls and treated samples were
significant (P=0.0001). Insulin release was reduced after
treatment with 1,25[0OH]2D3 in p34 in the low-glucose
challenge, whereas the increase in insulin release in later
passages after the high-glucose challenge was not statistically
significant between the untreated controls and VD3-treated
samples (Fig. 3F). The total quantity of insulin extracted from the
MIN6 cells, using an acid-alcohol method, confirmed the
significant difference in insulin contents with control vs
1,25[0OH]2D3 treatment (P=0.02). Late-passage MING cells
exhibited no differences between control and treated samples
following acid-alcohol extraction, although there was a signifi-
cant difference in insulin synthesis (P < 0.0001) between early
and later passages (Fig. 3G).

VDR-mediated gene expression prevents dedifferentiation of (3 cells

qPCR was used to analyze gene expression in the various
passages and to compare control with treatment samples. The
insulin mRNA profile was determined according to Ins1 and Ins2
expression. Increases in Ins1 expression in p34 after treatment
with 1,25[0H]2D3 and with LCA propionate were significant
(P=0.0001 and P =0.00005, respectively), whereas there was no
detectable difference before and after treatment with either
1,25[0H]2D3 or LCA propionate in p68 and p82 cells (Fig. 4A). Ins1
and Ins2 expression profiles were similar, while qPCR data
indicated that treatment with 1,25[0H]|2D3 and with LCA
propionate had significant impacts on Ins2 expression
(P=0.0007 and P=0.00009, respectively; Fig. 4B). However, no
marked differences in Ins2 expression were observed in the latter
two passages following treatment with either 1,25[OH]2D3 or LCA
propionate vs untreated controls.

MafA mRNA was compared before and after treatment, and a
significant difference was observed, and increases in MafA
between controls and 1,25[OH]2D3 treatment were also statisti-
cally significant (P = 0.05), although increases with LCA propionate
were considerably higher (P=0.03; Fig. 4C). However, MafA
expression differences between p68 and p82 or between control
and treated samples were not statistically significant. Neverthe-
less, Pdx1 qPCR again detected a substantial increase with LCA
propionate treatment (P = 0.00006) and an increase in expression
with 1,25[OH]2D3 treatment (P=0.0001). A broad pattern of
increase in Pdx1 expression was also observed in the later p68 and
p82 passages, although this was not statistically significant
(Fig. 4D).

VDR mRNA expression increased following treatment with
1,25[0H]2D3 and LCA propionate; however, these differences were
only significant in p34 cells. LCA propionate (P=2e-8) and
1,25[0H]2D3 (P=0.001) treatment significantly increased in
comparison to untreated controls. VDR expression in later
passages exhibited no statistically relevant differences following
the various treatments (Fig. 4E).

The level of Gcg mRNA expression increased from early to later
passages. After cells were treated with 1,25[0OH]2D3 and LCA
propionate, Gcg levels decreased in all passages, and a statistically
significant decrease was observed in p82 (P=3e-9 and
P=0.001 with 1,25[OH]2D3 and LCA propionate, respectively).
Gcg expression was also significantly decreased in the p34

(P=0.02) and p82 (P=0.01) passages after treatment with LCA
propionate (Fig. 4F).

Effects of VDR-targeted treatments on wild-type heterozygous and db/
db islets

GSIS was performed after treating islets isolated from wild-type
mice with 1,25[0H]2D3, TC, OC, LCA acetate and LCA propionate.
Glucose concentrations of 2.75 mM and 22.5 mM were used for the
glucose challenge following the chemical treatments. The high-
glucose challenge after any of the treated wild-type mouse islets vs
untreated control islets showed no changes in insulin release
(Fig. 5A). When the low- and high-glucose challenges were used to
calculate the insulin index, they again showed no statistically
significant differences between untreated controls and all five
chemically treated islets (Fig. 5B).

However, there was a difference between treated and control
prediabetic db/+ mouse islets in insulin release. Comparative
analyses following the high-glucose challenge in db/+ control islets
vs. active forms of VD3, analogues and derivatives exhibited a
statistically significant difference across all treatments
(P < 0.0001; Fig. 5C). Yet, even though the high-glucose challenge
showed greater insulin release in treated vs untreated islets, most
of the treatments were unable to convert this into an increase in
insulin index. However, LCA acetate and LCA propionate both led to
significant differences in insulin indices for control vs treated islets
(P =0.00008 and P=0.00001, respectively; Fig. 5D). In fact, LCA
propionate showed the highest insulin indices for db/+ islets with a
range similar to those of the wild-type controls.

After purification by perfusion, diabetic homozygous db/db
mouse islets were treated with active VD3 analogues and
derivatives for 2 days before the GSIS challenges with low and
high glucose levels. Compared with control islets, no significant
differences were observed with high-glucose GSIS (Fig. 5E).
However, insulin release after treating db/db islets with LCA
acetate and LCA propionate revealed significant differences
between low- and high-glucose states (P < 0.01), and the insulin
increase (with high-glucose GSIS) after treatment with LCA acetate
and LCA propionate was statistically significant vs. control
(P < 0.01; Fig. 5F).

A comparative analysis of wild-type vs untreated db/+ control
islets revealed that insulin release was significantly reduced in
response to a high-glucose challenge (P=0.00004), whereas a
significant increase was observed after treating db/+ islets with
LCA propionate (P < 0.0001). However, no significant differences in
insulin release were observed between wild-type and db/+ mouse
islets on glucose challenge (Fig. 5C), although significant increases
were observed in the insulin index of untreated vs LCA propionate-
treated islets (P = 0.00008; Fig. 5D).

Discussion

The present study aimed to assess whether chemical treat-
ments can prevent the loss of (3-cell function due to dedifferen-
tiation. Culturing a MING cell line model in high glucose for longer
periods of time reduced VDR expression, whereas the increase in
VDR observed on luciferase assay for each passage with low- and
high-glucose levels suggests that cells have a VDR-controlled
inbuilt mechanism that stabilizes (3 cells. The decrease in VDR
expression from early to later passages could be due to a shortage
of the VDR ligand VD3. In the absence of VD3, VDR remains inactive
and fails to induce transcription of the VDR gene [30]. This might
also explain the decrease of VDR in MING6 cells during hyper-
glycaemia. Later passages of MING presented with long cell-surface
protrusions compared with early-passage cells. Indeed, previous
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Fig. 4. Treatment with VD3 and LCA propionate shows (A) significant increases in Ins1 expression, but only the early passage, while (B) Ins2 gene expression, (C) MafA and (D)
Pdx1 display similar patterns. (E) Vdr increases following LCA propionate treatment were highly significant in the early passage and also showed a pattern of increase across
the later passages, whereas (F) the a-cell marker glucagon (Gcg) decreased in all passages, but the increases in p82 were particularly significant (n1=3; ~ P < 0.05; ~
P <0.0001; ™" P < 1e-6).
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studies confirmed the presence of the neurological precursor gene
in later passages, which may have caused the change in
morphology of these cells [19].

In addition to such morphological differences, late-passage
MING cells have also shown a significant reduction in levels of the
rate-limiting glycolytic enzyme Gck, thereby reducing levels of
ATP, and it has been proven that a decreased ATP-to-ADP ratio in 3
cells reduces insulin secretion [31]. Another metabolic pathway
implicated in 3-cell dedifferentiation is mitochondrial dysfunction
due to reduced expression of mitochondrial uncoupling protein 2
(UCP2). Pancreatic 3 cells express high levels of UCP2 which, in
recent studies, have been found to be downregulated when levels
of ATP are low [32]. The reduction in UCP2 impairs [3-cell function
due to oxidative stress [33]. UCP2 is upregulated by peroxisome
proliferator-activated receptor (PPAR)-a [34] and repressed by
forkhead box A1 (FOXA1) protein [35], which thus suggests
possible roles for PPAR-ac and FOXAT1 in dedifferentiation. FOXO1
ablation is another mechanism recognized to cause dedifferenti-
ation [24]. Cheng et al. [36] previously demonstrated that MIN6
loses glucose responsiveness, and is defective in glucose as well as
lipid metabolism after prolonged culture in a high-glucose
environment. A reduction in MING6 insulin levels in a later passage
may be due to dedifferentiation [19]. This reduction of VDR could
be the potential cause of the low level of insulin expression and
might play a vital role in dedifferentiation. Nevertheless, the role of
VDR in pancreatic B-cell function is still currently not well
understood. Zeitz et al. [37] postulated that a reduction in
expression of vitamin D signalling might reduce the capacity of
pancreatic [ cells to respond to glucose challenges.

In contrast, the pattern of VDR interaction with 1,25[0OH]2D3
(active VD3) has been well characterized [38,39]: it induces VDR in
MING cells and, thus, improves (3-cell function while increasing the
release of insulin in early vs late passages. Also, 1,25[0H]2D3 plays
a modulatory role in the amount of insulin the islets release
through the cyclic AMP pathway [40]. The improvement in
function observed in later passages after treatment with VD3
was not as strong as that observed in earlier passages. A
comparison of untreated and VD3-treated MING6 revealed that
cellular insulin levels were higher in treated vs untreated MIN6
cells, thereby suggesting that a VDR-VD3 complex plays an
essential role in improving (3-cell function as opposed to having a
merely modulatory role in insulin release. Only a negligible
increase in insulin was observed in later passages of MIN6 and was
attributed to a significant reduction in VDR protein. The function of
early-passage MING cell function was similar to that of prediabetic
[ cells, whereas later passages exhibited characteristics similar to
diabetic 3 cells [19]. VD3 treatment activates VDR into a
functionally active transcription factor, which may have played
an essential role in improving 3-cell function in earlier passages.
However, the dedifferentiated passage, which showed no similari-
ties with dysfunctional islets isolated from diabetic mice, does not
regain function with VD3 treatment. Further studies including
chromatin immunoprecipitation sequencing (ChIP-seq) should
now be performed to elucidate the precise mechanism through
which VDR controls [3-cell dedifferentiation.

VDR luciferase assay was used to analyze the potency of VD3
analogues and derivatives, and identified four different such
compounds. The 1,25[0OH]2D3 treatment of early MING cell
passages led to greater amounts of insulin than in untreated early
passages. The newly identified VDR analogues and derivatives that
can retain the maturity of pancreatic 3 cells are 22-0C, TC, LCA
acetate and LCA propionate.

The mRNA expression of Pdx1 and MafA increased following
LCA propionate treatment. These nuclear transcription factors are
expressed in the early stage of development before being restricted
later specifically to B cells [41]. Many previous studies of T2D

animal models have observed a reduction in levels of expression of
Pdx1 following hyperglycaemia [42], and more recent studies have
demonstrated that increased expression of Pdx1 and MafA can
restore functionality in T2D patients [43]. Indeed, such increases
after treatment may raise insulin synthesis, as increases in these
two 3-cell-specific transcription factors in early passages of MIN6
cells, representing the prediabetic condition, suggest that chemical
treatments may play some sort of protective role. Analyses of
markers of glucose metabolism (such as Gck) and of mitochondrial
dysfunction may further reveal the potential role of LCA propionate
in both processes. Both early and late passages exhibited decreases
in progenitor marker genes and alpha-cell markers, which was also
indicative of the role VDR plays in regaining the characteristics of 8
cells. Reduced levels of progenitor and alpha-cell markers, along
with an increase in insulin following the induction of VDR as a
nuclear transcription factor, present a plausible explanation of the
role of VDR in maintaining pancreatic [3-cell maturity.

The db/+ islets treated with VD3 analogues and derivatives
increased expression of insulin, which supports the findings
observed following treatment of MIN6 cells. These islets also
showed diminished glucose responsiveness compared with wild-
type islets, suggesting that those mice were in a prediabetic stage.
Treating db/+ islets with VD3 analogues and derivatives, especially
LCA acetate and LCA propionate, improved islet function. As
patients with vitamin D deficiency (hypovitaminosis) have a
greater propensity for T2D [44], such a susceptibility may be
reduced by treatments with VD3 derivatives such as LCA acetate
and LCA propionate. However, such derivatives and analogues,
used to redifferentiate dedifferentiated db/db islets, had no effect
on GSIS. As such, the present study indicates that loss of function
cannot be restored by either VD3 or its analogues and derivatives.
Nevertheless, the extent to which LCA acetate and LCA propionate
were effective in preventing loss of (-cell function due to
dedifferentiation indicates that these treatments may have some
efficacy as a prediabetic drug therapy. The present study also found
that LCA propionate was the most effective compound for
protecting against dedifferentiation. Thus, these chemicals may
yet play an important role in molecular medicine through their
predictable pharmacokinetic and pharmacodynamic properties.

This study also evaluated the potential of vitamin D3 and its
analogues as VDR agonists (VDRAs), as these molecules bind to
VDR and activate it to recruit cofactors to form transcriptional
complexes that bind to VDREs in the promoter region of target
genes [45]. This VDR ligand-binding plays a protective role in
preventing loss of (3-cell function following dedifferentiation. Our
study has also established a pharmacophore model (modified from
Nagamani et al. [46]) of a VDRA that can be exploited to increase its
expression. Through the use of an e-pharmacophore mapping
model, it may be postulated that pharmacophoric features should
be present in chemical molecules to ensure their binding to VDR
(Fig. 61). To be a complete agonist of VDR, molecules must contain
at least two hydrogen-bonding domains (a hydrogen bond donor
and a hydrogen bond acceptor) and one hydrophobic domain
(Fig. 61). VDRA therapy seems more effective than native 1,25-
dihydroxyvitamin D3 (calcitriol) derived from vitamin D supple-
mentation as a mechanism for modulating 3-cell differentiation.
The relatively low potency of calcitriol, TC and OC to inhibit [3-cell
dedifferentiation may be attributed to only partial fulfilment of the
proposed VDRA model. The flexibility and remote disposition of
the alkenyl chain attached to the cyclohexane ring with an indane
nucleus in relation to the carbon chains (C5-C6) are also of
significance. In contrast, the enhanced VDR-protective capacity of
LCA propionate by hampering dedifferentiation is due to complete
fulfilment of the required VDRA model. In addition, LCA propionate
and LCA acetate both carry the extra bulk of a decahydronaph-
thalene ring system, responsible for enhancing interaction with
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Site (A)

Site (H)

I

Fig. 6. (I) A proposed pharmacophore model for a vitamin D receptor agonist,
modified from Nagamani et al. [46], depicts a hydrogen bond donor (HBD) and a
hydrogen bond acceptor (HBA), separated by a hydrophobic domain (HD), all
thought to interact with site (A). (II) The pharmacophore model for LCA propionate.

site H of the VDR (Fig. 61I), although LCA propionate demonstrates
more promising agonist activity than LCA acetate, which might be
attributed to the less-flexible ester linkage of the former vs the
more flexible ester linkage of the latter.

Significant data from the literature therefore suggest that VDR
is an essential transcription factor to prevent pancreatic 3 cells
from undergoing dedifferentiation. One possible mechanism by
which 3 cells are protectrd against dysfunction when under high-
glucose stress is the increased activity of nuclear transcription
factor VDR which, in turn, results in increased insulin synthesis and
controlled insulin release. This increased activity of VDR can be
positively regulated by a small new compound, designed and
chemically synthesized as a complete VDRA with features
identified by e-mapping. To develop further insight into the
molecular mechanism(s) controlling dedifferentiation, ChIP-seq
should also be performed. In the meantime, LCA propionate has
been identified as an effective compound to protect pancreatic 3
cells from dedifferentiation under hyperglycaemic stress. An e-
pharmacophore mapping model has also confirmed the potential
of LCA propionate as a stabilizer in the VDR binding site. However,
VD3 and its analogues and derivatives were found not to represent
good therapeutic molecules for reversing T2D; instead, they could
be used in prediabetes conditions to prevent loss of function and
delay the onset of T2D.
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