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Type-2 diabetes (T2D) is a global disease caused by the inabil-
ity of pancreatic b-cells to secrete adequate insulin. However,
the molecular mechanisms underlying the failure of b-cells to
respond to glucose in T2D remains unknown. Here, we investi-
gated the relative contribution of UDP-glucose (UDP-G), a
P2Y14-specific agonist, in the regulation of insulin release using
human isolated pancreatic islets and INS-1 cells. P2Y14 was
expressed in both human and rodent pancreatic b-cells. Dose-
dependent activation of P2Y14 by UDP-G suppressed glucose-
stimulated insulin secretion (GSIS) and knockdown of P2Y14
abolished the UDP-G effect. 12-h pretreatment of human islets
with pertussis-toxin (PTX) improved GSIS and prevented the
inhibitory effect of UDP-G on GSIS. UDP-G on GSIS suppres-
sion was associated with suppression of cAMP in INS-1 cells.
UDP-G decreased the reductive capacity of nondiabetic human
islets cultured at 5mM glucose for 72 h and exacerbated the neg-
ative effect of 20 mM glucose on the cell viability during culture
period. T2D donor islets displayed a lower reductive capacity
when cultured at 5 mM glucose for 72 h that was further
decreased in the presence of 20 mM glucose and UDP-G. Pres-
ence of a nonmetabolizable cAMP analog during culture period
counteracted the effect of glucose and UDP-G. Islet cultures at
20mM glucose increased apoptosis, which was further amplified
when UDP-G was present. UDP-G modulated glucose-induced
proliferation of INS-1 cells. The data provide intriguing evi-
dence for P2Y14 and UDP-G’s role in the regulation of pancre-
aticb-cell function.

Glucose-stimulated insulin secretion (GSIS) can be modu-
lated by different metabolic, nervous, or hormonal factors (1).
Although endogenously produced nucleotides such as ATP
and UTP affect insulin secretion in a positive manner, when ex-
ogenously applied, these nucleotides might also impact GSIS
differently, depending on the target receptors that they are acti-
vating (2).
The exogenous effects of ATP and UTP, as well as their

metabolites, are mediated through interactions with two major
subfamilies of plasma membrane receptors i.e. P2X (seven sub-
types) and P2Y (eight subtypes) (3). P2X receptors are ligand-
gated ion channels with a very rapid and transient mode of
action, whereas P2Y receptors are metabotropic G protein–
coupled receptors with a sustained duration of action. As men-

tioned, at least eight human P2Y receptors are known (P2Y1,
P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, and P2Y14) (3). Some of
these receptors reportedly have a regulatory impact on the
b-cell function in rodents (2, 4–7). P2Y1, P2Y11, P2Y12, and
P2Y13 receptors selectively interact with ATP and/or ADP (8),
whereas P2Y2, P2Y4, P2Y6 and P2Y14 receptors are activated by
UTP, UDP, or its sugar metabolites (9, 10). The P2Y14 receptor
specifically responds to UDP-glucose (UDP-G) stimulation
and, to a lesser extent, also to other related sugar-nucleotides,
but is unresponsive to ATP, ADP, UTP, and UDP (10, 11).
UDP-G is a component of glycosylation reactions that take
place intracellularly in many cell types especially in hepato-
cytes, in the process of glycogen metabolism (12, 13). UDP-G is
also released during physiological and pathophysiological con-
ditions where it functions as an important extracellular signal-
ingmolecule acting as potent agonists of the P2Y14 (13, 14).
The present study was carried out to investigate the biologi-

cal effects of UDP-G on human pancreatic b-cells. Our data
revealed that UDP-G negatively modulates GSIS by suppress-
ing cAMP content via a pertussis toxin–sensitive mechanism.

Results

P2Y14 expression in human and mouse pancreatic islets

The expression pattern of P2Y14 in human and mouse pan-
creatic islets was investigated by immunofluorescence assay
and confocal microscopy in combination with qPCR. Double
labeling for P2Y14 and insulin revealed that P2Y14 is expressed
in both human andmouse b-cells (Fig. 1,A–D). A linear and se-
quential analysis (300 nm for each point measurement) of con-
focal images revealed a higher P2Y14 intensity at the surface of
b-cells (Fig. 1, A, B, D, E). The expression of P2Y14 mRNA in
human andmouse islets were confirmed by qPCR (Fig. 1C).

The effect of the P2Y14 agonist UDP-glucose on insulin
secretion

Expression and cellular localization of P2Y14 was also studied
in rat insulinoma INS-1 832/13 cells which was in line with our
observation of b-cells in human and mouse islets (Fig. 2). Fig.
2A (vehicle control) and 2B (scrambled control) showed a nor-
mal expression pattern of P2Y14 in INS-1 832/13 cells. Down-
regulation of P2Y14 by siRNA (100 nM) (Fig. 2C) markedly atte-
nuated the expression of P2Y14 at protein level as shown by
confocal image. This was further confirmed by qPCR (mRNA)
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revealed that indeed 100 nM of siRNA is needed to completely
down-regulate P2Y14 expression. We next tested the effect of a
selective P2Y14 agonist e.g.UDP-G on GSIS upon P2Y14 knock-
down (P2Y14-KD) in INS-1 832/13 cells. Whereas the UDP-G
did not affect basal (1 mM glucose) insulin release, it dose-
dependently inhibited glucose-stimulated (16.7mM glucose) in-
sulin secretion in scrambled control INS-1 832/13 cells (with
normal P2Y14 expression), incubated for 60 min (Fig. 2F).
Knockdown of P2Y14 by siRNA (100 nM) prevented the inhibi-
tory effect of UDP-G onGSIS (Fig. 2G).
Next, we found that in the presence of 16.7 mM glucose,

UDP-G dose-dependently exerted a similar inhibitory action
on GSIS from isolated human islets incubated for 60 min (Fig.
3A). In contrast, UDP-G did not affect basal insulin secretion at

1 mM glucose, demonstrating that UDP-G requires a stimula-
tory level of glucose for inhibiting insulin secretion (Fig. 3A).
Because UDP-G is a selective P2Y14 agonist, and because P2Y14

is a Gi-coupled receptor, pertussis toxin (PTX) was used to
evaluate the role of P2Y14 andUDP-G on the regulation of insu-
lin secretion. As shown in Fig. 3, B and C, overnight pretreat-
ment of islets with PTX (200 ng/ml) not only improved GSIS
but also completely reversed the inhibitory action of UDP-G on

Figure 1. P2Y14 surface expression in human andmouseb-cells. A, repre-
sentative confocal images demonstrating that P2Y14 protein is expressed
predominantly on the surface of b-cells in human islets (scale bar: 20 mM). B,
calculation of the mean intensity (surface and cytosolic) of P2Y14 protein
expression in human islet b-cells using Zen 2009 (Carl Zeiss, Oberkochen,
Germany) software. Results calculated from 19 b-cells, taken from randomly
chosen islets isolated, from six mice are shown. Data are mean6 S.E. C, rela-
tive P2Y14 mRNA expression measured by qPCR in human and mouse islets.
Mean6 S.E. from n = 3 (human) and 4 (mouse) islet preparations are shown.
*** ,0.001 (Student’s t test). D, a representative confocal images of P2Y14
expression predominantly on the surface of b-cells in mouse islets (scale bar:
20 mM). E, a representative linear measurement of the mean P2Y14 expression
intensity (surface to cytosol) in mouse islet b-cells using Zen 2009 (Carl Zeiss,
Oberkochen, Germany) software.

Figure 2. P2Y14-Konckdown (P2Y14-KD) and b-cell function. A–C, repre-
sentative confocal images demonstrating P2Y14 protein expression in
untransfected (A), scrambled (B), or P2Y14-KD (C) INS-1 cells (scale bar: 10 mM).
B, insert (Merged) shows an increased magnification of the P2Y14 expression
in the designated INS-1 cell. D, P2Y14 mRNA expression relative to b-actin
measured by qPCR in untransfected control, scrambled control, and P2Y14-KD
INS-1 832/13 cells. E, a representative Western blot image of P2Y14 protein
expression relative to tubulin in scrambled control and P2Y14-KD (50 or 100
nM) INS-1 832/13 cell homogenates. The band intensity was quantified using
Image Laboratory software (Bio-Rad). Mean 6 S.E. for three independent
experiments, n = 3 replicates in each experiment is shown. *, p, 0.05; **, p,
0.01 (t test). F and G, concentration-dependent effect of UDP-G on basal (1
mM) or glucose-stimulated (16.7 mM) insulin secretion in scramble control
and P2Y14-KD INS-1 832/13 cells. Mean6 S.E. for three different experiments
performed at three different occasions is shown. *, p, 0.05; **, p, 0.01; ***,
p, 0.001 compared with 0 UDP-G (t test).
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GSIS. We also studied the effect of UDP-G on glucose-stimu-
lated cAMP production in glucose-responsive INS-1 832/13
cells. GSIS (16.7 mM) in INS-1 832/13 cells were associated
with an increased cAMP generation and the cAMP genera-
tion concomitant with the GSIS was markedly suppressed
when UDP-G was present during the incubation period
(Fig. 4, A and B).

The effect of UDP-glucose on pancreatic islet cell viability

Next, we investigated the impact of glucotoxicity on pancre-
atic islet cell viability by measuring the reductive capacity
(reflecting b-cell mitochondrial metabolism) and apoptosis
(reflecting b-cell dysfunction). The reductive capacity of iso-
lated human pancreatic islets from nondiabetic (ND) donors
cultured at 5 mM glucose for 72 h, was markedly decreased
when UDP-G (10 mM) was present during the culture period
(Fig. 5A). High glucose (20 mM) by itself, during the culture pe-
riod, decreased the reductive capacity of pancreatic islets and
the presence of UDP-G further intensifies this effect (Fig. 5A).
The negative effects of high glucose alone or in combination
with UDP-G was completely prevented by the nonmetaboliz-
able cAMP analog dibutyryl cAMP (Bt2-cAMP) (100 mM) (Fig.
5A). This was also observed when islets from T2D donors were
studied, i.e. UDP-G reduced further the already depressed
reductive capacity of T2D islets and exacerbated the negative
effect of high glucose on the reductive capacity of diabetic islet
cells (Fig. 5B). The negative effect of high glucose alone or in
combination with UDP-G during the culture period was pre-
vented when Bt2-cAMPwas present (Fig. 5B).
We also investigated the effect of UDP-G on glucose-induced

apoptosis (measurement of cytoplasmic nucleosome) in the
islets from ND donors. As illustrated in Fig. 5C, culture of iso-
lated islets at high glucose (20 mM) for 72 h markedly increased
apoptosis, which was further amplified when UDP-G (10 mM)
was present. The basal rate of islet cell apoptosis at 5 mM glu-
cose culture was not appreciably affected by UDP-G (Fig. 5C).
We next evaluated the specific role of P2Y14 in UDP-G–medi-
ated apoptosis by measuring cytosolic nucleosomes in INS-1
832/13 cells. As shown in Fig. 6, whereas UDP-G exerted a sim-
ilar apoptotic effect in 20 mM glucose cultured scrambled con-

trol cells, knockdown of P2Y14 markedly prevented the UDP-G
mediated apoptosis.

Effect of UDP-glucose on cell proliferation

The impact of UDP-G on the INS-1 832/13 cell proliferation
was also investigated by counting the actual cell number, which
is a reliable assay method that has been shown recently (15) af-
ter a culture period of 24 h at 5 or 20 mM glucose in the

Figure 3. Inhibitory action of UDP-glucose (UDP-G) on insulin secretion.
A, dose-response curve corresponding to the inhibitory effect of UDP-G on
glucose-stimulated insulin release from isolated human islets incubated for 1
h. Insulin responses were calculated as percentage of total insulin content.
Mean6 S.E. performed on islets from four donors are shown. B and C, effect
of pertussis toxin (200 ng/ml) treatment (12 h) on insulin secretion from iso-
lated islets incubated at 1 mM or 16.7 mM glucose in the presence or absence
of UDP-G (10 mM). Mean 6 S.E. from n = 3 different experiments are shown.
*,0.05, ***,0.001 (Tukey-Kramer’s multiple comparisons test).

Figure 4. The inhibitory action of UDP-G on GSIS is associated with
reduced cAMP generation. A and B, basal (1 mM) and glucose-stimulated
(16.7 mM) insulin secretion (A) and cAMP content (B) in INS-1 cells incubated
for 1 h in the presence or absence of UDP-G (10 mM). Results are mean6 S.E.
from four independent experiments. ***,0.001 (Tukey-Kramer’s multiple
comparisons test).

Figure 5. Cell viability and apoptosis after 72-h culture. A and B, effects
of UDP-G (10 mM) on islet cell reductive capacity (viability) when isolated
human islets from nondiabetic (A) or T2D donors (B) were cultured at 5 or 20
mM glucose for 72 h. Effect of Bt2-cAMP (100 mM) on islets cultured at 20 mM

glucose are included. Mean6 S.E. for three donors in each group (three repli-
cates from each donor) are shown. C, glucose-induced apoptosis measured
as increased cytosolic nucleosome in isolated human islets cultured at 5 or
20 mM glucose for 72 h in the presence or absence of UDP-glucose (10 mM).
Apoptosis is expressed as percentage of the control values measured at 5
mM glucose as denoted by dotted line. Results are mean6 S.E. from six inde-
pendent experiments performed on islets from six donors. *, p, 0.05; **, p,
0.01; ***, p, 0.001 (Tukey-Kramer’s multiple comparisons test).
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presence or absence of different concentration of UDP-G (0.1,
1, 10 mM). As shown in Fig. 7, at 5 mM glucose, none of the
UDP-G concentrations appreciably affected cell division/prolif-
eration whereas at 20 mM glucose, which by itself increased cell
proliferation compared with 5 mM glucose (Fig. 7), UDP-G at
10 mM suppressed the proliferative effect of high glucose (20
mM) on the INS-1 832/13 cells (Fig. 7).

Discussion

The findings reported here provide intriguing evidence of a
role for the P2Y14 receptor in pancreatic b-cell function. Analy-
sis of confocal microscopic images (roughly estimated surface/
cytosolic expressional pattern) were indicative of cell surface
expression of the P2Y14 in both human and mouse islets.
Because pancreatic islet is a complex structure containing at
least four different cell types, we also performed immunohisto-
chemical analysis of P2Y14 expression in the commonly used
b-cell line e.g. INS-1E cells, which indeed showed surface
expression of P2Y14, confirming the observed confocal results
in isolated human and mouse islets. Our functional data
showed that the inhibitory effect of UDP-G, a selective agonist
of P2Y14 (16), on GSIS is exerted via suppression of cellular

cAMP generation. This effect of UDP-G seems to be in con-
junction with a Gi protein because the blockade of Gi by PTX
reversed the inhibitory impact of UDP-G on GSIS. Our results
are thus in good agreement with a recent report showing that
P2Y14 receptors signal through a Gi-coupled protein, thereby
inhibiting adenylate cyclase activity resulting in a reduced
cAMP generation (17), which is an important signaling mole-
cule for GSIS (18, 19). Concerning pancreatic b-cells, it is well
known that activation of GPCRs that signal through Gi proteins
is associated with a reduced insulin secretory capacity (8, 20–
22). In the current study, we show that activation of P2Y14 re-
ceptor by the specific agonist UDP-G is associated with a
reduced b-cell functionality through the involvement of a
PTX-sensitive Gi protein. This is in line with other studies dem-
onstrating that GSIS can be negatively modulated by agents sig-
naling through Gi protein, resulting in a reduced cAMP genera-
tion (16, 17, 20, 21). As a consequence, decreased cAMP levels
negatively affect upstream signaling cascades such as PKA,
which is of importance for a normal b-cell function (15, 18, 23,
24). A previous study showed very low (below detection) level
of P2Y14 in pancreatic islets of ND and T2D by RNA-Seq (25).
However, the detection level also depends on the abundance of
protein and the robustness of methods as we could detect
P2Y14 mRNA by qPCR, which is more sensitive compared with
large-scale analytical methods such as RNA-Seq.
Our results also demonstrate that in isolated human islets,

UDP-G dose-dependently inhibits GSIS. We have found that
UDP-G did not significantly modify basal insulin release but
completely inhibited insulin release at high glucose. Stimula-
tory levels of glucose regulate several elements of the b-cell se-
cretory process including generation of cAMP, which is an im-
portant regulatory signaling molecule (18). Because P2Y14 is a
PTX-sensitive Gi protein–coupled receptor, and because UDP-
G does not activate any other P2Y-receptor subtypes (10, 11),
the observed inhibitory action of UDP-G is most likely medi-
ated via an inhibitory effect on cAMP generation via P2Y14 acti-
vation. The P2Y14-specific agonist UDP-G inhibited glucose-
stimulated cAMP production and the effect on cAMP levels
indicate that P2Y14 has a functional role in insulin-secreting
b-cells. Therefore, our data strongly suggest that the observed
UDP-G effect involves P2Y14 because specific knockdown of
P2Y14 prevents the inhibitory impact of UDP-G on GSIS. In
addition, the suppressive effect of UDP-G on GSIS seems to be
mediated by involving the activation of Gi proteins, whose acti-
vation is known to be associated with b-cell repolarization fol-
lowed by reduced exocytosis of insulin (21). Moreover, we
found that PTX pretreatment also improved GSIS, indicating a
tonic negative effect of Gi-coupled proteins on the GSIS under
physiological conditions. Interestingly, in a previous study by
Meister et al. (26), it was reported that P2Y14 ablation inmice is
associated with a reduced insulin secretory response to an in-
traperitoneal glucose challenge where the authors concluded
that P2Y14 activation positively modulates glucose-stimulated
insulin releasing capacity of pancreatic b-cells. This is in con-
trast to our data where GSIS were markedly attenuated by
P2Y14 activation and where P2Y14-KD was associated with
diminished inhibitory effect of UDP-G on insulin secretion.
The study performed by Meister et al. (26) was conducted with

Figure 6. Glucose-induced apoptosis measured as increased cytosolic
nucleosome in INS-1 832/13 cells cultured at 5 or 20mM glucose for 72 h
in the presence or absence of UDP-G (10 mM). Apoptosis is expressed as
-fold increase of the control values measured at 5 mM glucose as denoted by
dotted line. Results are mean 6 S.E. from six independent experiments per-
formed on six different cell passages. *, p, 0.05; **, p, 0.01; ***, p, 0.001
(Tukey-Kramer’s multiple comparisons test).

Figure 7. The effect of UDP-G on INS-1 832/13 cell proliferation. Data are
shown as relative cell number counted after 24 h exposure to 5 or 20 mM glu-
cose in the presence or absence of UDP-G (0.1, 1, 10 mM). Mean6 S.E. for n =
4 different experiments are shown. **, p, 0.005 (Student’s t test).
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a P2Y14 gene-deficient mouse model, and caution should be
taken when analyzing metabolic (in vivo) consequences of
P2Y14 deletion in a whole animal, as epigenetic changes may
contribute to a phenotype not necessarily associated with
P2Y14 ablation in pancreatic b-cells.
Long-term culture experiments both at normal and at high

glucose in the presence of UDP-G suggest a deteriorative action
of UDP-G on b-cell function, as GSIS and b-cell viability were
both reduced. The effects of UDP-G/P2Y14 were quantitatively
similar in both ND and T2D islets, although diabetic islets dis-
played a decreased viability already at basal and physiological
glucose levels. The cellular cAMP levels seem to be of great im-
portance because addition of nonmetabolizable cAMP analog
improves the cell viability during long-term culture of islets at
high glucose.
Based on our data, we can conclude that the islet Gi-protein

pathway is an important regulator of the insulin secretory
mechanisms than previously anticipated. Imposed and persist-
ing stimulation of a G protein–coupled receptors interacting
with the inhibitory G protein i.e.Gi pathway results in an exces-
sive reduction of b-cell cAMP generation, with subsequent in-
hibition of the insulin secretory signaling pathway and reduced
b-cell viability (4–6, 22, 32) as it was also the case for P2Y14
activation in present study. Although the physiological roles of
UDP-G in energy homeostasis, inflammation, and glucose me-
tabolism are poorly understood, our experiments clearly dem-
onstrate that UDP-G/P2Y14 has a detrimental effect on b-cell
function, which may be important for the development of
b-cell failure in T2D.

Experimental procedures

Animals

Female mice of the c57Bl/6j strain (Janvier Laboratory,
Paris), weighing 25–30 g, kept at a standard pellet diet with tap
water ad libitum, were used in our study. The experimental
protocols were approved by the local human and animal wel-
fare committee, at Uppsala and Lund, Sweden.

Chemicals

Collagenase (IV) was bought from Sigma-Aldrich, and fatty
acid free BSA from Roche Applied Science. UDP-glucose (U-
4625) was from Sigma-Aldrich. Polyclonal rabbit anti-P2Y14

(anti-GPR105) antibodies were purchased from Abcam
(ab140896) and guinea pig–raised anti-insulin antibody (cat.
no. 16049) was from Progen. Cy2-conjugated anti-mouse IgG
(715-165-151) and Cy5-conjugated anti-guinea pig (cat. no.
706-225-148) were bought from Jackson ImmunoResearch
Laboratories (West Grove, PA, USA). qPCR primers were
bought from Applied Biosystems (see below for ID numbers).
The insulin ELISA kit was from Mercodia (Sweden) and all
other chemicals were from Merck AG, (Darmstadt, Germany)
or Sigma-Aldrich.

Experimental buffer

The content of Krebs-Ringer bicarbonate buffer used for
incubation of islets was (in mM): NaCl (120), KCl (4.7), CaCl2

(2.5), KH2PO4 (1.2), MgSO4 (1.2), HEPES (10), NaHCO3 (25),
and 0.1% fatty acid–free BSA, with pH adjusted to 7.40. For the
experiments with INS-1 cells, we used a HBSS buffer contain-
ing (in mM): NaCl (114), KCl (4.7), KH2PO4 (1.2), MgSO4

(1.16), HEPES (20), CaCl2 (2.5), NaHCO3 (25.5). The buffer pH
was adjusted to 7.2 and thereafter supplemented with 0.2% fatty
acid–free BSA.

Human pancreatic islets

Isolated human pancreatic islets from ND or type-2 diabetic
(T2D) cadaveric donors were from both Prodo or some donors
was obtained through a collaboration between Lund University
Diabetes Centre (LUDC) and the Nordic Network for Clinical
Islet Transplantation (Prof. Olle Korsgren, Uppsala University,
Sweden). Donors were grouped as ND or T2D according to
HbA1c levels (ND ,6.2%, T2D .6.5% or a history of T2D).
The ethical committees at Uppsala and Lund Universities, Swe-
den, approved the experimental procedures for human islets.

Isolation of mouse pancreatic islets

Mice were sacrificed by cervical dislocation. Preparation of
pancreatic islets was then carried out by retrograde injection of
1.5 ml of a collagenase solution (1 mg/ml) via the bile-pancre-
atic duct as described previously (27). The islets were then
handpicked (using a laboratory pipette) under stereomicro-
scope at room temperature.

INS-1 cell culture

Rat glucose-responding insulinoma cell line INS-1 832/13
was kindly provided by Dr. Chrisopher B. Newgard; Duke
University, School of Medicine (28). The cells were seeded
(350,000 cells/well) in a 24-well plate with 1ml/well complete
RPMI 1640medium supplemented with 11.1mM D-glucose and
10% FBS, 2% INS-1 supplement (18), 5ml penicillin/streptomy-
cin (10,000 units/10mg/ml), and 10mM Hepes (HyClone,
Logan, UT, USA) (18). The cells were cultured in a humidified
atmosphere with 5% CO2 at 37°C for 24 h (27). When the cells
reached 90–95% confluence, they were washed with PBS and
subjected to the various experimental procedures (see below).

P2Y14 knockdown by siRNA transfection

24 h prior to transfection, INS-1 (832/13) cells were seeded
in a 24-well plate at 300,000 cells/ml/well in complete RPMI
1640 media without antibiotics. At 60% confluency, cells were
transfected with 50 or 100 nM siRNA against P2Y14 (ID:
MBS8228576-A, MBS8228576-B, andMBS8228576-C) (MyBio
Source, San Diego, CA, USA) along with 1 ml of Lipofectamine
RNAi Max transfection reagent in Opti-MEM media (Thermo
Fisher Scientific) for control purposes, as described previously
(27). After transfection, the media was replaced with complete
RPMI 1640 media with antibiotics and the INS-1 832/13 cells
were subjected to different experimental protocol.

cAMP measurements

INS-1 832/13 cells were incubated at 1 or 16.7 mM glucose in
the presence or absence of UDP-G (1 mM). The incubation

Purinoceptor and insulin release

J. Biol. Chem. (2020) 295(45) 15245–15252 15249



buffer also contained 3-isobutyl-1-methylxanthine (IBMX)
(100 mM) to prevent the hydrolysis of cAMP by cellular phos-
phodiesterase (15, 18, 29). After incubation, the cells were
washed with PBS and stored in RIPA buffer containing, HCl
(100 mM) and IBMX (100 mM) for subsequent analysis of
cAMP, which was measured using a direct cAMP ELISA kit
(AD-900-066) (Enzo Life Sciences) according to the manufac-
turer’s instructions. The protein concentrations in the cell
lysates were measured by a BCA kit (Nr 23225; Thermo Fisher
Scientific).

Measurement of insulin secretion

For functional studies, human islets or INS-1 832/13 cells (at
90% confluence in a 24-well plate) were pre-incubated for 30
min at 37°C in Krebs-Ringer bicarbonate buffer with 1 mM glu-
cose (islets) or 120 min at 37°C in HBSS containing 2.8 mM glu-
cose (INS-1 832/13 cells). After pre-incubation, the buffer was
changed and the islets or INS-1 832/13 cells were incubated at
the indicated test conditions for 60 min at 37° C. For islet
experiments, incubation vials containing 12 islets in 1.0 ml of
buffer solution were gassedwith 95%O2/5% CO2 to obtain con-
stant pH and oxygenation. All islet incubations were performed
in an incubation box shaken at 30 cycles/min. The incubation
volume for INS-1 832/13 cells (24-well plate) was 500 ml. Im-
mediately after incubation, an aliquot of the medium was
removed and frozen for subsequent assay of the released and
cellular content of insulin. The insulin was measured using a
Rat Insulin ELISA kit (cat. no. 10-1145; Mercodia, Uppsala,
Sweden). The data were presented as the percentage of released
insulin per total insulin per mg protein. The protein concentra-
tions of the samples were measured by a BCA kit (Nr 23225;
Thermo Fisher Scientific).

Confocal microscopy

P2Y14 protein expression in insulin-positive cells in human
and mouse islets as well as INS-1 cells was determined by con-
focal microscopy using the Zen 2009 (Carl Zeiss, Oberkochen,
Germany) software and rabbit polyclonal anti-GPR105 (P2Y14)
antibodies at a 1:200 dilution. Handpicked islets were washed
twice and fixed with 3% paraformaldehyde for 10 min, followed
by permeabilization with 0.1% Triton X-100 for 15 min. The
blocking solution contained 5% normal donkey serum in PBS
and was used for 15 min. Primary antibodies against P2Y14

(1:100) and insulin (1:300) were diluted in blocking buffer and
incubated overnight at 4°C. Immunoreactivity was quantified
using fluorescently labeled secondary antibodies (1:100) and
visualized by confocal microscopy (Carl Zeiss, Germany) by
sequentially scanning at (excitation/emission) 488/505–530
nm (Cy2) and 633/.650 nm (Cy5) with the objective320, NA
(0.6) (27).
Insulin staining was carried out using a primary guinea pig

anti-insulin antibody (1:300) followed by incubation with fluo-
rescent-conjugated secondary antibodies (1:100). Fluorescence
was visualized with a Zeiss LSM510 confocal microscope by
sequentially scanning at (excitation/emission) 488/505–530
nm (Cy2) and 633/.650 nm (Cy5) with the objective320, NA
(0.6) (27). The normally low pinhole was adjusted to the signal

intensity of the samples on the day of analysis and was kept
constant during imaging for all the investigated islets. Colocali-
zation analysis of islet P2Y14 with insulin (indicator of b-cells)
in islets was performed using the ZEN2009 software based on
Pearson’s coefficient analysis, which recognizes the colocalized
pair by comparison pixel by pixel intensity (19, 27, 30). The
plasma membrane/cytosol ratio was calculated by mean inten-
sity of plasma membrane to mean intensity in cytosol, as
described previously (19, 27, 30).

Extraction of mRNA and quantitative RT-PCR

mRNA from human or mouse isolated islets was extracted
using the RNeasy® Plus Mini Kit (Qiagen) following the manu-
facturer’s instructions. The quantity of mRNA was measured
by NanoDrop 1000 (NanoDrop Technologies). Thereafter,
mRNA was reverse transcribed to cDNA using the RevertAid
cDNA synthesis kit (Thermo Scientific). mRNA expression of
genes of interest was assessed by quantitative RT-PCR per-
formed on a ViiA System 7 (Applied Biosystems), using Taq-
Man® Reagents and comparative Ct (DDCt) on a 384-well plate.
The expression of human or mouse P2YR14 gene expression was
then normalized to the reference gene GAPDH. Primer efficiency
values (31) for the investigated genes were in the range of 1.85–
2.15, and the template cDNAs were diluted in such a way that the
quantified genes returned Ct values ,30. The primer-ID num-
bers were human P2YR14 (Hn02101008_s1), mouse P2yr14
(Mn00690933_m1), rat P2yr14 (Rn02532502_s1), human
GAPDH (Hn00591943_m1), mouse Gapdh (Mn01775763_g1),
and rat b-actin (Rn00667869_m1).

Measurement of cellular reductive capacity and apoptosis

Cellular reductive capacity of ND or T2D islets was meas-
ured when the islets were subjected to 5 or 20 mM glucose for
72 h in the absence or presence of test agents. Thereafter the
islets were dispersed into single cells and the measurement of
reductive capacity was performed using the MTS reagent kit
(cat. no. G3580) according to the manufacturer’s instructions
(Promega). Apoptosis was measured with the Cell Death Kit
(Roche Diagnostics), which quantifies the appearance of cyto-
solic nucleosomes in both cultured human islet homogenates
and cultured INS-1 832/13 homogenates as reported previously
(19).

Cell proliferation by counting

INS-1 832/13 cells were seeded at 20,000 cells/well into 48-
well plates in RPMI 1640 medium (Life Technologies) with
GlutaMaxTM (Gibco) containing 11.1 mmol/liter glucose and
supplemented with 15% fetal calf serum, 50 mg/liter streptomy-
cin (Gibco), 75 mg/liter penicillin sulfate (Gibco), and 5 ml/ml
b-mercaptoethanol (Sigma) and cultured at 37°C with 5% am-
bient CO2 for 18 h. Then the medium was changed to the same
culture mediumwith 5 or 20 mM glucose in the presence or ab-
sence of UDP-G and the cells were cultured for additional 24 h.
Thereafter the cells (in individual wells) were harvested by tryp-
sination and counted using a Bürcker chamber as described
previously (32).
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Statistics

Results are expressed as mean 6 S.E., and probability levels
of random differences were determined by Student’s t test
(comparisons between two groups) or where applicable (com-
parisons between three or more groups) by analysis of variance
followed by Tukey-Kramer’s multiple comparisons test.

Data availability

All data are contained within themanuscript.
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