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Diacylglycerol kinase (DGK) catalyzes the conversion of diacylglycerol (DAG) to phosphatidic acid.
This study investigated the expression and function of DGK in pancreatic �-cells. mRNA expression
of type I DGK isoforms (�, �, �) was detected in mouse pancreatic islets and the �-cell line MIN6.
Protein expression of DGK� and DGK� was also detected in mouse �-cells and MIN6 cells. The type
I DGK inhibitor R59949 inhibited high K�- and glucose-induced insulin secretion in MIN6 cells.
Moreover, single knockdown of DGK� or DGK� by small interfering RNA slightly but significantly
decreased glucose- and high K�-induced insulin secretions, and the double knockdown further
decreased them to the levels comparable with those induced by R59949. R59949 and DiC8, a
membrane permeable DAG analog, decreased intracellular Ca2� concentration elevated by glu-
cose and high K� in MIN6 cells. Real-time imaging in MIN6 cells expressing green fluorescent
protein-tagged DGK� or DGK� showed that the DGK activator phorbol 12-myristate 13-acetate
rapidly induced translocation of DGK� to the plasma membrane, whereas high K� slowly trans-
located DGK� and DGK� to the plasma membrane. R59949 increased the DAG content in MIN6 cells
when stimulated with high KCl, whereas it did not increase the DAG content but decreased the
phosphatidic acid content when stimulated with high glucose. Finally, R59949 was confirmed to
inhibit high K�-induced insulin secretion from mouse islets and glucose-induced insulin secretion
from rat islets. These results suggest that DGK� and DGK� are present in �-cells and that the
depression of these DGKs causes a decrease in intracellular Ca2� concentration, thereby reducing
insulin secretion. (Endocrinology 154: 4089–4098, 2013)

Type 2 diabetes is a chronic metabolic disorder that
involves disruption of glucose and lipid metabolism.

The disruption of diacylglycerol (DAG) metabolism is sug-
gested to result in the progression of insulin resistance; the
DAG metabolism induced by diacylglycerol kinase
(DGK), which phosphorylates DAG to phosphatidic acid
(PA), is deficient in skeletal muscle in type 2 diabetes (1).
Defective glucose homeostasis also increased de novo
DAG synthesis in pancreatic �-cells (2). Increased DAG

production induces triacylglycerol production by DAG
acyltransferase in �-cells, leading to �-cell dysfunction in
type 2 diabetes (3).

DAG is also required for the normal functioning of
�-cells. DAG concentrations increase in response to acti-
vation of glucose or muscarinic receptors in �-cells (4, 5).
The primary role of DAG is to activate protein kinase C
(PKC), which regulates insulin secretion (6) and �-cell ap-
optosis (7–9). In addition to the PKC-mediated pathway,
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DAG stimulates Ras guanyl nucleotide-releasing protein
(10), protein kinase D (11), and transient receptor poten-
tial channels (12). In addition, DAG regulates insulin se-
cretion in �-cells by regulating Munc13 independent of
PKC activation (13).

PA is a bioactive lipid regulating cell growth and pro-
liferation, membrane trafficking, and cytoskeletal reorga-
nization (14). PA is generated in �-cells by glucose and
muscarinic receptor activation and stimulates insulin se-
cretion by increasing insulin granule traffic (15, 16). Thus,
DAG and PA are both probably involved in the physio-
logical regulation of insulin secretion from �-cells. The
intracellular levels of these lipid messengers are strictly
regulated by DGK, which terminates DAG signaling and
initiates PA signaling.

To date, 10 mammalian DGK isoforms have been iden-
tified and divided into five groups based on their structure.
Type I DGK isoforms, ie, DGK�, DGK�, and DGK�, have
a pair of Ca2�-binding EF-hand motifs, making these iso-
forms more active in the presence of Ca2� (17). Recent
studies have revealed that DGK� is highly expressed in T
cells and acts during T cell activation and proliferation
(18) and that DGK� and DGK� are abundantly expressed
in rat brains and have functional roles in development of
neurons (19). However, the role of DGK in �-cells has not
been studied so far. Thus, the present study investigated
the expression of type I DGK isoforms in �-cells and their
effects on insulin secretion.

Materials and Methods

Animals
Male ddY mice weighing 35–45 g and male Wistar rats

weighing 190–250 g (SLC) were used. The animals were housed
in a 12-hour light, 12-hour dark cycle with food and water ad
libitum. All experiments using laboratory animals in this study
were performed with protocols approved by the Institutional
Animal Care and Use Committee of the University of Shizuoka
and according to the Guidelines for Animal Experiments estab-
lished by the Japanese Pharmacological Society.

Isolation of mouse pancreatic islets
Pancreatic islets were isolated from male ddY mice and male

Wistar rats using a collagenase digestion method. The solution
used for the isolation was HEPES-buffered Krebs-Ringer bicar-
bonate buffer (HK buffer) containing 119 mM NaCl, 4.75 mM
KCl, 5 mM NaHCO3, 2.54 mM CaCl2, 1.2 mM MgSO4, 1.2
mM KH2PO4, and 10 mM HEPES (pH 7.4 adjusted with
NaOH), supplemented with 2.8 mM glucose.

Cell culture and transfection
MIN6 cells (donated by Professor J.-I. Miyazaki, Osaka Uni-

versity, Osaka, Japan) were cultured in DMEM (Wako) supple-
mented with 100 U/mL penicillin, 100 �g/mL streptomycin, and

15% fetal bovine serum at 37°C in a humidified atmosphere of
95% air-5% CO2. For the living cell imaging experiments, Li-
pofectamine 2000 (Invitrogen) reagents were used for transfec-
tion according to the manufacturer’s instruction. In knockdown
experiments, MIN6 cells were transfected with small interfering
RNA (siRNA) by electroporation using a CLB-Transfection de-
vice (Lonza).

Reverse transcription-polymerase chain reaction
Freshly isolated mouse pancreatic islets and MIN6 cells were

stored in RNA Later (QIAGEN) at �20°C. Total RNA was
extracted from the islets and MIN6 cells using an RNeasy Total
RNA kit (QIAGEN). Reverse transcription and PCR were per-
formed using a One-Step RT-PCR kit (QIAGEN) with the gene-
specific primers (vide infra). PCR fragments were separated by
2.0% agarose gel electrophoresis followed by staining with
ethidium bromide.

The primers included the following: DGK�, forward, 5�-
CTGGGCACTGGAAATGATCT-�, reverse, 5�-TCATGAGAT-
GGAATCGGTGA-�; DGK�, forward, 5�-CACACCCAACGA-
CAAAGATG-�, reverse, 5�-CAGGTCGCTGAGAAGGTTTC-�;
and DGK�, forward, 5�-GAGCTGAAATGCTGTGTCCA-�, re-
verse, 5�-GGTGCCTGGTTTTTGTGAGT-�.

Immunoblotting
Freshly isolated mouse pancreatic islets or MIN6 cells were

sonicated in ice-cold homogenization buffer consisting of 20 mM
Tris-HCl (pH 7.4), 2 mM EDTA, 50 �g/mL phenylmethylsul-
fonylfluoride, 10 �g/mL aprotinin, 10 �g/mL leupeptin, and 250
mM sucrose. Protein samples were boiled in a buffer containing
62.5 mM Tris-HCl (pH 6.8), 2% sodium dodecyl sulfate, 10%
glycerol, 5% 2-mercaptoethanol, and 0.0005% bromophenol
blue. The samples were then separated on 10% or 14% poly-
acrylamide gel and transferred to a polyvinylidene difluoride
membrane. The membrane was blocked with 5% skim milk in a
buffer containing 10 mM Tris, 137 mM NaCl, and 0.1% Tween
20 and incubated overnight at 4°C with rabbit anti-DGK� (20),
DGK� (Abcam), or DGK� antibody (21). After washing in the
buffer containing 10 mM Tris, 137 mM NaCl, and 0.1% Tween
20, the membrane was further incubated with a horseradish per-
oxidase-conjugated donkey antirabbit IgG antibody (Cell Sig-
naling Technology), and immunopositive bands were visualized
with a commercialized kit (ECL plus Western blotting reagent
pack; GE Healthcare; or Immunostar LD; WAKO Pure Chemical
Industries).

Immunohistochemistry
Pancreata from male ddY mice were fixed with 3% parafor-

maldehyde and cryosectioned at 5 �m. The cryosections were
blocked with 3% BSA (fraction V; Sigma-Aldrich) in PBS. They
were incubated with guinea pig antiinsulin antibody (Dako) and
rabbit anti-DGK� or DGK� antibody (20, 21), followed by in-
cubation with Alexa 488- or Alexa 546-conjugated secondary
antibodies (Invitrogen). These samples were observed under flu-
orescence microscopy (BX51; Olympus).

Measurement of insulin secretion
MIN6 cells were preincubated in HK buffer with 0.1% BSA

and 2.8 mM glucose for 1 hour at 37°C and then incubated for
1 hour with 2.8 or 22.2 mM glucose in the presence or absence
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of drugs as indicated. Groups of five size-matched islets were
preincubated in 1 mL of HK buffer with 0.1% BSA and 2.8
mmol/L glucose for 1 hour at 37°C. These islets were then in-
cubated for 1 hour in various conditions. The incubation media
were collected and stored at �20°C for later assay. The amount
of insulin in the media was measured using an RIA kit (Eiken
Chemical) or a rat insulin RIA kit (Millipore).

RNA interference experiments
siRNA against DGK� and DGK� were purchased from

QIAGEN.
DGK� siRNA sequences included the following: sense, 5�-

GACAGAACAAAUAAACGAATT-3�, antisense, 5�-UUCG-
UUUAUUUGUUCUGUCTG-3�; and DGK� siRNA sequence,
sense, 5�-GGAUGACGUUUCACCGCAATT-3�, antisense,
5�-UUGCGGUGAAACGUCAUCCGG-3�.

An unrelated control siRNA was also purchased from QIA-
GEN (AllStars Negative control siRNA). MIN6 cells were seeded
3 days before transfection and transfected with siRNA by elec-
troporation using CLB-Transfection devices (Lonza), according
to the manufacturer’s protocol. The knockdown was confirmed
by Western blotting and its efficiency was estimated by measur-
ing the density of bands.

Measurement of intracellular Ca2� concentration
([Ca2�]i)

MIN6 cells were plated onto coverslips and loaded with 4 �M
fura PE3-AM for 2 hours at 37°C. The cells were then mounted
on the stage of an inverted microscope in a chamber and con-
tinuously superfused with HK buffer containing 2.8 mM glucose
and 0.1% BSA for 30 minutes at 37°C using a peristaltic pump
at a flow rate of 1 mL/min. [Ca2�]i was monitored at 510 nm
emission wavelength with alternating excitation at 340 and 380
nm using the AQUACOSMOS/RATIO system (Hamamatsu
Photonics). Fluorescence images obtained at 340 and 380 nm
were captured in pairs at intervals of 10 seconds and converted
to 340:380 ratio images after subtracting background
fluorescence.

Live cell imaging
MIN6 cells were plated onto a glass-bottom dish and cultured

for 48 hours. The cells were transfected with pEGFP-C3-DGK�
or pEGFP-C3-DGK� plasmid DNA using Lipofectamine 2000
reagent (Invitrogen). Forty-eight hours after transfection, the
cells were analyzed by confocal microscopy (LSM510; Carl
Zeiss).

The translocation index of DGK was quantified as described
previously (22). Briefly, the averaged fluorescence intensity in an
area including the plasma membrane [within 0.75 �m from the
cell edge (Fp)] and whole cell (Fw) was measured by ImageJ
software (National Institutes of Health). The relative transloca-
tion index was calculated by dividing Fp by Fw.

Measurement of PA and DAG
After 1 � 107 cells were treated with 22.2 mM glucose or 30

mM KCl in the absence and presence of 10 �M R59949 for 1
hour, the cells were harvested by centrifugation. The cell pellet
was resuspended in 100 �L of 1 M NaCl and 20 �L of 1%
perchloric acid, and lipids were extracted by 450 �L of chloro-
form-ethanol (1:2). After the addition of 150 �L of 1% perchlo-

ric acid and 150 �L of chloroform, the solvent phase was dried
up. The total lipids including PA was resolved in 70 �L of 1%
Triton X-100, and then the PA content was measured according
to the method of Morita et al (23). The PA contents were nor-
malized with protein concentration.

The amount of DAG was determined by its conversion into
PA by Escherichia coli DGK by octyl glucoside mixed-micelle
assay (24). Briefly, one third of the solvent phase described above
was dried up with 200 �g of phosphsyifylserine (Sigma) and used
as a substrate for the DGK assay. The reaction was performed for
10 minutes in the presence of [�-32P] ATP. The produced PA was
separated on a 20-cm silica gel 60 TLC plate (Merck) using a
chloroform-methanol-acetic acid (65:15:5) solution, and the ra-
dioactivity of PA was detected by BAS2500 (Fujix). The DAG
contents were normalized with protein concentration.

Statistics
Results were expressed as mean � SEM. Comparisons were

made using a paired or unpaired t test or a Dunnett’s multiple
comparison test. P � .05 was considered significant.

Results

Expression of type I DGKs in mouse pancreatic
islets and MIN6 cells

RT-PCR analysis showed that mRNAs of DGK� and
DGK� were highly expressed in mouse pancreatic islets
and MIN6 cells. The mRNA expression of DGK� was
remarkably lower than that of other type I DGK isoforms.
In addition, the protein expression of DGK� and DGK�,
but not DGK�, was confirmed by Western blotting in
mouse pancreatic islets and MIN6 cells (Figure 1). More-
over, immunostaining on mouse pancreatic sections
showed that DGK� and DGK� proteins were mainly ex-
pressed in the cytoplasm of pancreatic �-cells and exocrine
cells (Figure 2).

Involvement of type I DGKs in insulin secretion in
MIN6 cells

R59949, a specific inhibitor of type I DGKs (25, 26),
inhibited glucose-induced insulin secretion from MIN6
cells in a concentration-dependent manner (Figure 3A).
R59949 (10 �M) also inhibited insulin secretion induced
by 30 mM K� at 2.8 mM glucose (Figure 3B). These results
suggest that type I DGKs, ie, DGK� and DGK�, are in-
volved in insulin secretion.

The involvement of DGK� and DGK� in insulin secre-
tion was further investigated using siRNA. Suppression of
DGK� and DGK� expression was confirmed by Western
blotting (Figure 4A). The knockdown efficiency of siR-
NAs for DGK� and DGK� was 63% and 73%, respec-
tively. Single knockdown of DGK� or DGK� by siRNA
slightly but significantly decreased insulin secretion in-
duced by 22.2 mM glucose or 30 mM K� (Figure 4B).
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Double knockdown of DGK� and DGK� by siRNA led to
profound and significant decreases in insulin secretion in-
duced by 22.2 mM glucose or 30 mM K� to the level
comparable with those induced by R59949 (Figure 4B).
The knockdown effects of DGK� and DGK� on insulin
secretion are likely to be additive. DGK� siRNA and
DGK� siRNA had no influence on the protein expression
of DGK� and DGK�, respectively (data not shown).

Involvement of type I DGKs in [Ca2�]i responses of
MIN6 cells

An intimate correlation is observed between [Ca2�]i

and insulin secretion in �-cells. We thus investigated the
effect of R59949 on [Ca2�]i elevation induced by 22.2
mM glucose. [Ca2�]i of MIN6 cells was low and stable at

2.8 mM glucose. When the extracellular glucose concen-
tration was increased to 22.2 mM, most MIN6 cells
showed a transient [Ca2�]i increase (first phase), followed
by sustained [Ca2�]i oscillations (second phase). R59949
induced an initial transient [Ca2�]i elevation, followed by
a significant decrease in [Ca2�]i, when applied at the sec-
ond phase (Figure 5A). R59949 also largely suppressed the
[Ca2�]i elevation induced by high K� (30 mM) without
any transient [Ca2�]i increase (Figure 5B).

The inhibition of DGK is expected to lead to intracel-
lular DAG accumulation. We thus investigated the effects
of 1,2-dioctanoyl-sn-glycerol (DiC8), a membrane perme-
able DAG analog, on [Ca2�]i elevation induced by 22.2
mM glucose or 30 mM K�. As shown in Figure 5, C and
D, DiC8 induced [Ca2�]i responses comparable with those
induced by R59949, suggesting that the [Ca2�]i responses

Figure 1. Identification of type I DGK isoforms in isolated mouse pancreatic islets and MIN6 cells. A, mRNA expression of DGK�, DGK�, and
DGK� in mouse pancreatic islets and MIN6 cells was assessed by RT-PCR. B, Protein expression of DGK�, DGK�, and DGK� in mouse pancreatic
islets and MIN6 cells was detected by Western blotting. A mouse brain homogenate was used as a positive control for DGK�.

Figure 2. Distribution of DGK� and DGK� in mouse pancreas. Frozen
sections of mouse pancreas were immunostained with anti-DGK� (A,
green) or DGK� (B, green) and antiinsulin (red) antibodies. The right
panels show the merged image. Bar, 50 �m.

Figure 3. Effects of R59949, a type I DGK inhibitor, on glucose- and
high K�-induced insulin secretion in MIN6 cells. MIN6 cells were
preincubated with or without R59949 for 30 minutes at 2.8 mM
glucose and then incubated with or without 22.2 mM glucose (A) or
30 mM KCl (B) for 60 minutes. Each column represents the mean �
SEM of five to six experiments. **, P � .01.
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to the type I DGK inhibitor are mediated by DAG accu-
mulation in �-cells.

Because DAG acts as a PKC activator, the possible in-
volvement of PKC in the R59949- and DiC8-induced
[Ca2�]i responses was investigated. Ro31–8220 (1 �M),
a PKC inhibitor, prevented only the initial [Ca2�]i increase
and had no effect on the sustained [Ca2�]i decrease (Figure
5, E and F), suggesting that the initial [Ca2�]i elevation is
mediated by PKC activation, whereas the sustained
[Ca2�]i decrease is independent of PKC activation.

DGK activation in MIN6 cells
We investigated DGK activation in the MIN6 cells ex-

pressing green fluorescent protein (GFP)-tagged DGK� or
DGK�. The translocation of GFP-DGKs to the plasma
membrane was used as an index of DGK activation (27).
Phorbol 12-myristate 13-acetate (PMA), which is known
to activate DGK as well as conventional and novel PKC,
induced translocation of GFP-DGK� to the plasma mem-
brane within 15 seconds, which was sustained even after
15 minutes (Figure 6B, upper lane). In contrast, PMA had
no effect on the intracellular distribution of GFP-DGK�

(data not shown). When the cells were stimulated with
high K� (30 mM), both DGK� and DGK� were slowly
translocated to the plasma membrane (Figure 6, A and B),
which were restored to the cytosol after washout. How-
ever, the translocation of DGK� or DGK� was not ob-
served when the cells were stimulated with 22.2 mM glu-
cose (data not shown). The translocation index of DGK�

and DGK� is shown in Figure 6C.
DGK� and DGK� were significantly
translocated from cytosol to plasma
membrane in the presence of high
K�.

Changes in DAG and PA
contents by type I DGK
inhibition

Table 1 shows the results of mea-
suring DAG and PA contents in
MIN6 cells. The stimulation with
22.2 mM glucose per se did not
change the amounts of DAG and PA.
The type I DGK inhibitor, R59949
(10 �M), did not change the DAG
content but decreased the PA content
when stimulated with 22.2 mM glu-
cose. In contrast, the stimulation
with 30 mM KCl per se lead to a
small increase in DAG content and a
small decrease in PA content;
thereby the DAG to PA ratio was ap-
parently increased. R59949 (10 �M)

further increased DAG content in MIN6 cells stimulated
with 30 mM KCl. Thus, R59949 was confirmed to induce
the accumulation of DAG or the reduction of PA in MIN6
cells, which was, however, dependent on stimulators.

Involvement of type I DGKs in insulin secretion in
mouse and rat islets

Finally, to confirm the results in MIN6 cells, we inves-
tigated the effect of the type I DGK inhibitor R59949 on
insulin secretion. In isolated mouse islets, R59949 (30
�M) significantly inhibited 30 mM K�-induced insulin
secretion; however, the DGK inhibitor did not inhibit in-
sulin secretion induced by 11.1 or 16.7 mM glucose (Fig-
ure 7A), which is not consistent with the results in MIN6
cells. We thus performed further experiments in isolated
rat islets. Unlike in mouse islets, R59949 (10 �M) signif-
icantly inhibited insulin secretion induced by 11.1 mM
glucose in rat islets (Figure 7B).

Discussion

This is the first report to demonstrate that DGK� and
DGK� are highly expressed and activated by [Ca2�]i ele-
vation in pancreatic �-cells. The results also suggest that
DGK� and DGK� act as a positive regulator of insulin
secretion, which are probably mediated through prevent-
ing an excess accumulation of DAG in �-cells. We suggest

Figure 4. Effects of knockdown of DGK� and DGK� on glucose- and high K�-induced insulin
secretion in MIN6 cells. A, Knockdown of DGK� and DGK� by siRNA was confirmed by Western
blotting. B, The effects of single knockdown of DGK� (left panel) or DGK� (center panel) and
double knockdown of DGK� and DGK� (right panel) on insulin secretion induced by 22.2 mM
glucose or 30 mM KCl. White columns, Control siRNA-transfected cells; black columns, DGK�
and/or DGK� siRNA-transfected cells. Each column represents the mean � SEM of 4–14
experiments. *, P � .05, **, P � .01 vs corresponding control.
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here that DGK� and DGK� are activated in response to
elevated [Ca2�]i in �-cells and that hypoactivity of the
DGKs leads to a pronounced suppression of [Ca2�]i ele-
vation, thereby leading to impaired insulin secretion.

The expression of DGK� and
DGK� was confirmed in the cyto-
plasm of mouse �-cells. The differ-
ential roles of DGK� and DGK�

have been proposed in other types of
cells; DGK� acts as an antiapoptotic
mediator and emerges as a multifac-
eted enzyme in T lymphocytes,
whereas DGK� acts as a negative
regulator of Rac1 and as a positive
regulator of cell cycle progression
(28). In pancreatic �-cells, however,
type I DGKs seem to play a similar
role as a positive regulator of insulin
secretion, which was supported by
the present findings with the type I
DGK inhibitor R59949 and the
siRNA of DGK� and DGK�. The in-
volvement of type I DGKs in high
K�- and glucose-induced insulin se-
cretion is also suggested by the ex-
periments with R59949 in isolated
mouse and rat islets, respectively, al-
though R59949 showed no inhibi-
tory effect on glucose-induced insu-
lin secretion in mouse islets. This
discrepancy in mouse islets may be
explained by low expression of phos-
pholipase C�, an isoform activated
by Ca2�, in mouse �-cells (vide
infra).

DGK, which converts DAG to PA,
acts as a terminator of DAG-medi-
ated signals. The present results with
the type I DGK inhibitor R59949
could therefore be interpreted that
DAG accumulation is responsible
for the inhibitory effects of R59949
on insulin secretion and [Ca2�]i re-
sponse. This notion is supported by
the finding that the DAG analog
DiC8 also inhibited high K�-in-
duced [Ca2�]i elevation. These re-
sults are consistent with those of an
early study by Thomas and Pek (29)
in HIT-T15 �-cell lines, in which
DiC8 and the DGK inhibitor
R59022 inhibited high K�-induced

[Ca2�]i elevation and insulin secretion. The present study
further demonstrated that the inhibitory effects of R59949
and DiC8 were also caused when stimulated with glucose
in MIN6 cells.

Figure 5. Effects of R59949 and DiC8, a membrane-permeable DAG analog, on glucose- and
high K�-induced elevation of [Ca2�]i in MIN6 cells. MIN6 cells were perfused with HK buffer
containing 2.8 mM glucose for more than 15 minutes before measuring [Ca2�]i. MIN6 cells were
then perfused with HK buffer containing 22.2 mM glucose (A, C, E, and F) or 30 mM KCl (B and
D). R59949 (10 �M; A, B, and E) or DiC8 (100 �M; C, D, and F) was applied to the perfusion
solution in the absence and presence of the PKC inhibitor Ro31–8220 (1 �M; E and F), as
indicated. The [Ca2�]i responses to 22.2 mM glucose and 30 mM KCl without the drugs are
shown in the top box. Tracings are representative results in 141 (A), 117 (B), 358 (C), 135 (D), 86
(E), and 55 cells (F) from two to six experiments.
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R59949 declined [Ca2�]i raised by glucose or high K�.
Thus, an accumulation of DAG resulting from type I DGK
inhibition is suggested to inhibit Ca2� influx through volt-
age-dependent Ca2� channels (VDCC) because the
[Ca2�]i elevation induced by high K� and glucose was
both totally abolished by nicardipine, a blocker of VDCC
(data not shown). The mechanism for this is unclear at this
time. Because VDCC is voltage-dependently activated, the
inhibitory effects of DAG may be mediated by membrane
hyperpolarization. However, it is less possible that DAG
induces membrane hyperpolarization via activating some
K� channels because R59949 or DiC8 markedly inhibited
the [Ca2�]i elevation induced by high K�, in which the K�

channel opening would have a little effect on membrane
potential due to less K� gradient between the outside and

the inside of the cell. Possible involvement of other mech-
anisms inducing membrane hyperpolarization may also be
excluded because the inhibition of [Ca2�]i by R59949 and
DiC8 was remarkable. It is more likely, therefore, that
DAG directly modulates channel activity of VDCC. A
large amount of DAG is expected to alter the property of
VDCC such as voltage dependency or conductivity be-
cause DAG could be incorporated into the cell membrane.

The accumulation of DAG was clearly confirmed when
the cells were stimulated with 30 mM K� in the presence
of R59949. DAG is thus suggested to be produced in re-
sponse to the elevation of [Ca2�]i. The activation of phos-
pholipase C (PLC) by glucose in islets has been shown to
be regulated by Ca2� (30, 31). Because the PLC�1 isoform
is more sensitive to Ca2� compared with the other iso-

Figure 6. Translocation of DGK� and DGK� in MIN6 cells. MIN6 cells were transfected with a plasmid encoding DGK� or DGK� tagged with GFP.
Bar, 10 �m. A, Application of 30 mM KCl induced GFP-DGK� translocation within 5 minutes. B, Upper lane, Application of 1 �M PMA quickly
induced translocation of GFP-DGK� within 15 seconds. Lower lane, Application of 30 mM KCl induced GFP-DGK� translocation within 5 minutes.
C, Statistical analysis was performed for the translocation of DGK� or DGK� from the cytosol to the plasma membrane. The translocation was
evaluated as described in Material and Methods. Each column represents the mean � SEM of six to nine experiments. , *P � .05; **, P � .01.

Table 1. Effects of the Type 1 DGK Inhibitor R59949 on the Amounts of DAG and PA in MIN6 Cells Stimulated by
22.2 mM Glucose or 30 mM K�

DAG PA DAG to PA Ratio

22.2 mM glucose 0.99 � 0.10 (n � 7) 1.07 � 0.03 (n � 7) 0.93
22.2 mM glucose � 10 �M R59949 1.03 � 0.10 (n � 7) 0.78 � 0.12 (n � 7) 1.32
30 mM KCl 1.12 � 0.10 (n � 5) 0.87 � 0.05 (n � 7) 1.29
30 mM KCl � 10 �M R59949 1.73 � 0.09 (n � 5)a 0.93 � 0.04 (n � 7) 1.87

Each value is expressed as a relative value to the basal value at glucose 2.8 mM. The ratio values of DAG to PA are also shown in the far right
column.
a P � .01 vs corresponding control without R59949.
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forms and stimulated by an increase in [Ca2�]i alone in the
absence of any other activators (32), PLC�1 is inferred to
mediate the DAG production stimulated by high K� or
glucose. Unexpectedly, however, the accumulation of
DAG was not observed when MIN6 cells were stimulated
with glucose. Several earlier studies have also failed to
detect a glucose-induced increase in DAG in islets and
�-cells (33, 34), which might be due to the transient nature
of the increase in DAG induced by glucose stimulation
(35). Even in the presence of R59949, DAG produced by
glucose stimulation could be metabolized by DAG lipase.
DAG is hydrolyzed by DAG lipase, giving rise to 2-arachi-
donylglycerol, which is, in turn, hydrolyzed to arachi-
donic acid by monoacylglycerol lipase (36). In fact, glu-
cose has been shown to increase the level of arachidonic
acid in islets (37). DAG produced by glucose stimulation
of PLC may be rapidly metabolized to unesterized fatty
acids. Although we failed to detect the accumulation of
DAG in the response to glucose, the hypothesis that the
DAG accumulation is responsible for the impaired insulin
secretion induced by the inhibition of type I DGKs is still
supported by other findings. A transient excess increase in
DAG may be fully effective as a triggering signal for the
impairment.

Insulin secretion induced by 30 mM K� was signifi-
cantly suppressed by R59949 in mouse islets, which is
consistent with the results in MIN6 cells, supporting the
involvement of DGK in insulin secretion. Unfortunately,
however, the notion was obscured by the unexpected find-
ing that insulin secretion induced by glucose was insensi-
tive to R59949. The results in mouse islets were further
madecomplicatedby the results in rat islets,which showed
the inhibition by R59949 of insulin secretion induced by
glucose. The difference between mouse and rat islets might

be explained by the difference in the expression of PLC in
�-cells. A study by Zawalich et al (38) has clearly dem-
onstrated that the expression of PLC�1, an isoform acti-
vated by Ca2�, is much higher in rat islets than in mouse
islets and that increases in PLC activity by glucose and high
K� are larger in rat islets than in mouse islets. Thus, the
DAG production by glucose could be estimated to be
higher in the rat islets than in mouse islets; therefore, the
inhibition by R59949 of glucose-induced insulin secretion
might be observed only in rat islets.

The activation of DGK� and � could be induced by an
elevation of [Ca2�]i because the translocation of these
DGKs to the plasma membrane was observed when MIN6
cells were stimulated with high K�. However, the trans-
location of DGK� or DGK� was not detected when the
cells were stimulated with 22.2 mM glucose. Because the
insulin secretion induced by 22.2 mM glucose was reduced
by the knockdown of DGK� and DGK� by siRNA, DGK�

and DGK� are expected to be activated during glucose
stimulation. High K� induced a sustained increase in
[Ca2�]i, whereas 22.2 mM glucose induced a large [Ca2�]i

transient followed by a small oscillatory [Ca2�]i elevation
in MIN6 cells. Because DGK� and DGK� seem to be ac-
tivated by [Ca2�]i elevation, the small [Ca2�]i elevation
during the sustained phase may have been insufficient to
induce persistent DGK� and DGK� translocation in
MIN6 cells. Alternatively, repetitive translocation may
not be easily detected by living cell imaging analysis in cells
overexpressing GFP-fusion proteins.

The reduction of high K�- and glucose-induced insulin
secretions in the MIN6 cells with the single knockdown of
DGK� or DGK� by siRNA was relatively small compared
with that with the type I DGK inhibitor R59949. The
double knockdown of DGK� and DGK� was required to
reduce the insulin secretions to the level comparable with
those induced by R59949. These results suggest that both
DGK� and DGK� participate in DAG metabolism during
glucose stimulation and regulate insulin secretion. Hypo-
function of either type I DGK may be compensated by the
other.

Because DGK also acts as an activator of PA-mediated
signals, part of the inhibition by R59949 may also result
from a decrease in the intracellular PA level. The decrease
in PA content was actually detected when MIN6 cells were
stimulated with glucose in the presence of R59949. PA is
produced through two major pathways: hydrolysis of
phosphatidylcholine by phospholipase D (PLD) and phos-
phorylation of DAG by DGK. PLD and phospholipase C
activities increase in response to glucose and other stim-
ulants in pancreatic �-cells (38, 39). Moreover, PLD in-
hibition by butan-1-ol decreases glucose-induced insulin
secretion, suggesting that PA is involved in glucose-in-

Figure 7. Effects of R59949 on glucose- and high K�-induced insulin
secretion in islets isolated from mice (A) and rats (B). Islets were
preincubated with or without R59949 for 30 minutes at 2.8 mM
glucose and then incubated with or without 11.1 mM glucose or 30
mM KCl for 60 minutes. Each column represents the mean � SEM of
five experiments. *, P � .05; **, P � .01.

4096 Kurohane Kaneko et al Type I DGK in Pancreatic �-Cells Endocrinology, November 2013, 154(11):4089–4098

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/154/11/4089/2422765 by guest on 25 April 2024



duced insulin secretion (39). Thus, PA is probably formed
through the collaboration of DGK and PLD in �-cells. PA
may promote the fusion of secretory vesicles by altering
membrane curvature, as demonstrated in chromaffin cells
(40). Moreover, upon stimulation of hepatocyte growth
factor in epithelial cells, DGK� recruits and activates atyp-
ical PKC�/� at ruffling sitesbyproducingPA,mediating the
activation of Rac, a small G protein, and leading to the
formation of membrane ruffles (41). PA has been shown
to promote the trafficking and membrane association of
Rac in �-cells (15). Collectively, PA produced by type I
DGK possibly facilitates insulin secretion by accelerating
exocytosis of insulin secretory granules in �-cells.

All mammalian DGKs have at least two cysteine-rich
sequences homologous to the C1 domain of PKCs, in
which the binding site for DAG and phorbol esters is lo-
cated (18). In the present study, PMA induced transloca-
tion of DGK� to the plasma membrane in �-cells but had
no effect on intracellular distribution of DGK�. Similar
results have been shown in CHO-K1 cells, in which an-
other phorbol ester tetradecanoylphorbol 13-acetate in-
duced translocation of DGK�, but not DGK�, to the
plasma membrane (27). These results are well correlated
with sequence alignments performed by Hurley et al (42),
who have divided C1 domain-containing proteins into
two groups, typical and atypical, on the basis of fitting the
consensus profile; C1 domains in the typical group fit the
profile for phorbol ester binding, whereas those in the
atypical do not. According to their classification, the C1
domains of DGK� are atypical, whereas one of the C1
domains, C1A domain, of DGK� is typical. Thus, differ-
ential sensitivity to PMA between DGK� and DGK�

would be attributed to differences in the sequence of C1
domains.

DGK is functionally correlated with PKC. In skeletal
muscle, glucose has been shown to activate DGK, thereby
reducing conventional PKC activity (43). Although glu-
cose activates the PLC/PKC pathway in pancreatic �-cells,
the role of PKC in glucose-induced insulin secretion re-
mains controversial. Several studies have shown that con-
ventional PKC potentiates glucose-induced insulin secre-
tion (44, 45), whereas others have suggested that
conventional PKC is not involved (46, 47). Similarly, the
effect of novel PKC on insulin secretion is also controver-
sial (44, 46). In the present study, the type I DGK inhibitor
R59949, which was expected to activate PKC through
DAG accumulation, inhibited glucose- and high K�-in-
duced insulin secretion. However, PKC is unlikely to be
involved in the inhibitory effect because the sustained in-
hibition of [Ca2�]i elevation by R59949 or DiC8 was not
affected by the PKC inhibitor Ro31–8220, although more
detailed experiments would be required to conclude the

involvement of PKC in the response to the inhibition of
type I DGKs.

In summary, DGK� and DGK� were shown to be pres-
ent in pancreatic �-cells, be activated by [Ca2�]i elevation,
and participate in facilitation of insulin secretion. An ex-
cess accumulation of DAG, which occurs when DGK� and
DGK� are impaired, would cause a severe failure in insulin
secretion. Targeting DAG or PA metabolism through the
regulation of DGK� or DGK� in �-cells may provide a
novel therapeutic strategy to control impaired insulin se-
cretion in type 2 diabetes.
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