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Vesicular monoamine transporter 2 (VMAT2) uptakes cy-
toplasmic monoamines into vesicles for storage. VMAT2
plays a role in modulating insulin release by regulating
dopamine levels in the pancreas, although the exact
mechanism remains elusive. We found that VMAT2 ex-
pression in b-cells specifically increases under high
blood glucose conditions. The islets isolated from b-cell–
specific Vmat2 knockout (bVmat2KO) mice show elevated
insulin secretion levels in response to glucose stimulation.
Under prolonged high-fat diet feedings, the bVmat2KO
mice exhibit impaired glucose and insulin tolerance and
progressive b-cell dysfunction. Here we demonstrate
VMAT2 uptake of dopamine to protect dopamine from
degradation by monoamine oxidase, thereby safe-
guarding b-cells from excess reactive oxygen species
(ROS) exposure. In the context of high demand for insulin
secretion, the absence of VMAT2 leads to elevated ROS
in b-cells, which accelerates b-cell dedifferentiation and
b-cell loss. Therefore, VMAT2 controls the amount of
dopamine in b-cells, thereby protecting pancreatic
b-cells from excessive oxidative stress.

Endocrine pancreatic b-cells are highly specialized for
making insulin for the maintenance of glucose homeosta-
sis in our bodies. Diabetes is a disease caused by the lack of
(type 1) or dysfunction of (type 2) b-cells. Oversupply of
nutrients and the subsequent overstimulation of b-cells
contribute to insulin secretory failure in type 2 diabetes.
Reactive oxygen species (ROS) are produced from mito-
chondrial respiration with stimulation with glucose and

other fuels. In the pancreatic b-cells, glucose metabolism
via the tricarboxylic acid cycle is central for triggering
insulin secretion. Higher glucose-stimulated insulin secre-
tion (GSIS) activity triggers more elevated levels of ROS
production (1,2). In a healthy state, b-cells possess elab-
orate antioxidant mechanisms to adapt to the cytotoxicity
of ROS. However, chronic overnutrition leads to progres-
sive mitochondrial metabolic dysfunction and oxidative
stress. Numerous studies have investigated the mecha-
nisms involved in the progression of b-cell failure, in which
ROS play an important role.

There is uptake of monoamines by vesicular monoamine
transporter 2 (VMAT2), a protein encoded by the Slc18a2
gene, from the cytoplasm into the vesicles. Cytoplasmic
monoamines, namely, dopamine, serotonin, noradrenaline,
adrenaline, and histamine, are transported by VMAT2 into
cytosolic vesicles, where they are protected from degrada-
tion by monoamine oxidase (MAO) and stored for sub-
sequent release (3–5). Adult b-cells possess the enzymes
required to synthesize, interconvert, and catabolize mono-
amines and to store them in the vesicular granules. Of the
two VMAT isoforms that transport monoamines, VMAT2 is
the isomer expressed in the pancreas (6–9). Among the
monoamines, dopamine is the most abundant monoamine
in b-cells (10,11).

During GSIS from pancreatic b-cells, dopaminemodulates
insulin release. Exogeneous dopamine inhibits GSIS in iso-
lated islets through the Drd2 receptor, which is expressed on
b-cells (12). Treatment of rat islets with the VMAT2-specific
antagonist tetrabenazine (TBZ) significantly enhanced their
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insulin secretion (13). Dopamine and its precursor L-dopa
inhibit GSIS (14). However, disruption of the dopamine D2
receptor results in impairment of insulin secretion and
causes glucose intolerance (15). Furthermore, inhibition of
MAO activity reduces insulin secretion in response to met-
abolic stimuli (16), which raises the possibility that dopa-
mine is important for b-cell function. However, it remains
unknown how dopamine affects the function of b-cells.

Previously, we identified TBZ in a screening, searching for
small molecular compounds that potentiate the differenti-
ation of embryonic stem (ES) cells into insulin-expressing
b-cells (11). We found that treatment with TBZ decreased
dopamine content, thereby identifying VMAT2-dopamine
signaling as a negative regulator for pancreatic b-cell differ-
entiation. We also identified domperidone, an antagonist for
dopamine D2 receptor (Drd2), in another screen as a com-
pound that increases b-cell mass in adult islets (17). We
found that the dopamine-Drd2 signal functions as a negative
regulator for the maintenance of b-cell mass.

In the current study, to understand the role of VMAT2 and
dopamine signaling in the regulation of b-cell and glucose
homeostasis, we generated a pancreatic b-cell–specific Vmat2
mutant mouse line using a rat insulin 2 promotor driving Cre
recombinase (RIP-CreER) crossing with a conditional Vmat2
allele, Slc18a2tm1c. We found that VMAT2 plays an important
role in protecting b-cells from cytotoxicity of ROS.

RESEARCH DESIGN AND METHODS

Ethics Approval
All studies involving animals were performed following local
guidelines and regulations and were approved by the In-
stitutional Committee for Animal Research in Tokyo In-
stitute of Technology and Kumamoto University.

Monoamine Content Assay
The monoamine content assay was performed as previ-
ously described (11). Isolated islet cells were lysed with
lysis buffer containing 1.0% Triton X-100 (Nacalai Tesque,
Kyoto, Japan) in 0.1 mol/L PBS (pH 7.2) (Sigma-Aldrich)
with protease inhibitor cocktail. Lysates were assayed for
dopamine with a dopamine-specific ELISA kit (Labor Diag-
nostika Nord GmbH & Co. KG, Nordhorn, Germany).

Generation of Slc18a2tm1a, Slc18a2tm1c, and
Slc18a2tm1d Mouse Lines and a Conditional b-Cell–
Specific Slc18a2 (Vmat2) Knockout Mouse Line,
bVmat2KO
An ES cell line bearing a targeted mutation at Slc18a2
(encoding VMAT2 protein) (Slc18a2tm1a(EUCOMM)Wtsi; num-
ber EPD0242_2_F06) (C57BL/6) was produced for the
EUCOMM and EUCOMMTools projects by the Wellcome
Trust Sanger Institute. Themutation details (Mouse Genome
Informatics [MGI] identifier 4432865) are as follows: The
L1L2_Pgk_P cassette was inserted at position 59262507 of
chromosome 19 upstream of exon 3 (Build GRCm38). The
cassette is composed of an FLP recombinase target (FRT) site
followed by En2 SA, IRES and LacZ, SV40 polyA sequences,

and a loxP site. This first loxP site is followed by a neomycin
resistance (neo) gene under the control of the PGK pro-
moter, SV40 polyA, a second FRT site, and a second loxP site.
A third loxP site is inserted downstream of the targeted exon
3 at position 59263523. The exon 3 is thus flanked by
loxP sites (Fig. 1). The tm1a allele was initially a Vmat2-
nonexpressing form. Slc18a2tm1a/1 mice were gener-
ated by injection of the Slc18a2tm1a(EUCOMM)Wtsi ES cells
into the perivitelline space of one-cell stage C57BL/6 mouse
embryos. We have successfully produced mouse chimeras,
36 males and 15 females, in 200 injections. We then crossed
the chimera mice to produce homozygous Slc18a2tm1a/tm1a,
but all embryos died at embryonic day 11.5. Heterozygous
Slc18a2tm1a/1 mice were alive and fertile. We then created
a “conditional ready” Slc18a2tm1c mouse line (floxed) allele by
crossing the Slc18a2tm1a/1 mice with a global Flp transgenic
mouse strain [Gt(ROSA)26Sortm1(FLP1)Dym/J, stock no.
003946; The Jackson Laboratory, Bar Harbor, ME], so that
subsequent cre expression results in a knockout mouse.
b-cell–specific Vmat2 mutant mice were produced by crossing
the homozygous Slc18a2tm1c/tm1c with RIP-Cre transgenic mice
[B6.Cg-Tg(Ins2-cre)25Mgn/J, stock no. 003573; The Jackson
Laboratory]. All mice used were maintained on a C57BL/6
background. PCR primers used for genotyping are listed in
Supplementary Table 1.

SPiDER-bGal Staining of Slc18a2tm1a/1 Mouse Islets
Slc18a2tm1a mouse genome bearing the LacZ gene was used
to report Vmat2 gene expression (Supplementary Fig. 1).
LacZ activity in the Slc18a2tm1a/1 pancreas sections was
visualized by SPiDER-bGal staining solution (Dojindo Mo-
lecular Technologies, Inc., Rockville, MD) (18).

Measurement of Glucose-Stimulated C-Peptide
(Insulin) Secretion by ELISA
For GSIS assays, mouse islets were preincubated for 30 min
in low glucose (5.5 mmol/L) in Krebs-Ringer buffer (133.4
mmol/L NaCl, 4.7 mmol/L KCl, 1.2 mmol/L KH2PO4, 1.2
mmol/L MgSO4, 2.5 mmol/L CaCl2, 5.0 mmol/L NaHCO3,
2.8 mmol/L glucose, 10 mmol/L HEPES [pH 7.4], and
0.2% BSA). Islets were washed twice with PBS and then
incubated for 1 h in low glucose (5.5 mmol/L) or high glucose
(25.0 mmol/L). Insulin secretion into the buffer and insulin
content of the cell lysates were measured using a mouse
C-peptide ELISA kit (Shibayagi Co., Ltd., Gunma, Japan) and
then normalized with the protein content of the cell lysates.

High-Fat Diet Feeding
Malemicewere housed in a 12-h light-dark cycle. Feedingswere
switched from normal diet (ND) (AIN-93M; Oriental Yeast
Co., Tokyo, Japan) to high-fat diet (HFD) (60% kcal from fat)
(HFD-60; Oriental Yeast Co., Tokyo, Japan) at 6 weeks of age.

Intraperitoneal Glucose Tolerance Test
Mice that had been fasted for 16 h were used. Blood glucose
levels were measured before (0 min) and at 15, 30, 60, 90,
and 120 min after intraperitoneal administration of 25%
glucose solution (Wako, Osaka, Japan) at 1.5 g/kg body wt.
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Intraperitoneal Insulin Tolerance Test
Mice fasted for 6 h were administered with an intraper-
itoneal injection of insulin solution (0.4 units insulin/
kg body wt HUMULIN R [regular human insulin injec-
tion]; Eli Lilly, Indianapolis, IN). Glucose levels were
monitored.

Blood Glucose Measurement
Blood glucose levels were measured with OneTouch Ultra
equipped with Life Check Sensor (Gunze, Kyoto, Japan)
or blood glucose meter ANTSENSE III (Horiba, Kyoto,
Japan).

Insulin Measurements
Blood samples were sampled 30 min after glucose intra-
peritoneal injection (2 mg/kg) and centrifuged to obtain
plasma. Plasma insulin was measured using a Mouse In-
sulin ELISA Kit (Shibayagi Co., Ltd.).

F-actin Staining and Immunohistochemistry Analysis
Tissue samples were fixed with 4% formaldehyde, cryo-
protected with 30% sucrose, and cut into 10-mm-thick
sections. For F-actin staining, Alexa Fluor 555 Phalloidin
(cat. no. 8953S, 1:20; Cell Signaling Technology, Tokyo,
Japan) was used. For immunohistochemistry, the follow-
ing antibodies were used: rabbit anti–chromogranin A
(ab15160, 1:400; Abcam), mouse anti-glucagon (G2654,
1/1,000; Sigma-Aldrich), guinea pig anti-insulin (A0564,
1/500; Dako), and rabbit anti-VMAT2 (ab81855, 1:500;
Abcam). Alexa Fluor 488 donkey anti-guinea pig IgG
(706-546-148, 1:1,000; Jackson ImmunoResearch Labora-
tories, Inc., West Grove, PA), Alexa Fluor 568 donkey anti-
rabbit IgG (A10037, 1:1,000; Invitrogen), and Alexa Fluor
647 donkey anti-mouse IgG (Jackson ImmunoResearch
Laboratories, Inc.) were used. Tissue sections were counter-
stained with DAPI (Roche Diagnostics, Basel, Switzerland).

TUNEL Assay
The TUNEL assay was performed using the In Situ Cell
Death Detection Kit, Fluorescein (cat. no. 11684795910;
Roche Applied Science, Mannheim, Germany).

Caspase-3/7 Detection
Caspase-3/7–positive cells were stained with use of the
CellEvent Caspase-3/7 Green Detection Reagent (Invitro-
gen Life Technologies Co., Carlsbad, CA).

RNA Isolation, cDNA Synthesis, and Real-time PCR
RNA was extracted using the RNeasy Mini Kit (QIAGEN,
Hilden, Germany) and then treated with DNase I (QIA-
GEN). First-strand cDNA was synthesized using a Super-
Script VILO cDNA Synthesis Kit (Invitrogen). Real-time
PCR analysis was done using THUNDERBIRD SYBR
qPCR Mix (Toyobo) with specific primers. All reactions
were run on the StepOnePlus Real-Time PCR System
(Applied Biosystems). b-Actin was used as an internal
control. All primer sequences are listed in Supplemen-
tary Table 2.

Islet Dissociation Culture or Whole Islet Culture
Mouse islets from 13-week-old mutant or control
(Slc18a2tm1c/tm1c) mice were isolated and handpicked as
previously described (19). For dissociation culture, islets
were incubated with 0.05% trypsin-EDTA (Invitrogen) for
5min at 37°C, 5%CO2, and pipetted to dissociate into single
cells. The dissociated cells were plated in DMEM (glucose
concentration: 25 mmol/L) supplemented with 10% FBS,
100mmol/L nonessential amid acids, 2 mmol/L L-glutamine,
50 units/mL penicillin, 50 mg/mL streptomycin, and
100 mmol/L 2-mercaptoethanol (Sumitomo Bakelite Co.
Ltd., Tokyo, Japan). For whole islet culture, isolated islets
were used directly for the culture without dissociation.

ROS Exposure of the Whole Islets
For testing of the vulnerability of whole islets to ROS,
H2O2 was added to the medium and cultured for 6 h and
then used for cell count or real-time PCR.

ROS Staining
Islet cells were plated at a density of 5,000 cells per well in
384-well polystyrene-coated plates. After 24 h, CellROX
Green Reagent (Invitrogen) was added to each well at
a concentration of 10 mmol/L and mixed vigorously. The
fluorescence of CellROX was measured with a plate reader.

H2O2 Content Assay
Isolated islet cells were treated with chemical compounds
for 1, 6, or 24 h and lysed with lysis buffer containing 3.0%
Triton X-100 (Nacalai Tesque) in 0.1 mol/L PBS (pH 7.2)
(Sigma-Aldrich) with protease inhibitor cocktail. Lysates
were assayed for H2O2 contents in islet using Amplite
Fluorimetric Hydrogen Peroxide Assay Kit (11502; AAT
Bioquest, Sunnyvale, CA).

Chemical Treatments
The dissociated islet cells were seeded on 384-well plates
(Sumitomo Bakelite Co. Ltd.) at a concentration at 2,000
cells/well. Next, 0.1mmol/L TBZ (T284000; Toronto Research
Chemicals) and 0.1 mmol/L pargyline (10007852; Cayman
Chemical) were added into the medium on day 3. Both com-
pounds were dissolved in DMSO. Therefore, all tests were
performed under 0.1% DMSO (v/v) containing condition.

Statistical Analyses
Data were analyzed by one-way ANOVA and Dunnett
multiple comparisons test, except the data for Fig. 5E,
in which case unpaired Student t tests was used. All data
are presented as mean 6 SD.

Data and Resource Availability
All data generated or analyzed during this study are in-
cluded here and in Supplementary Material.

The mutant mouse generated during the current study is
deposited in the Mouse Genome Database at the MGI web-
site, The Jackson Laboratory, as Slc18a2,tm1c(EUCOMM)
Wtsi. MGI:6386316. The resource will be available from
the corresponding author upon reasonable request.
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Figure 1—VMAT2 expression in the pancreatic islets and the generation of bVmat2KOmouse. A: Time-dependent VMAT2 expression in the
pancreatic islets in response to glucose administration. Immunostaining of the pancreatic islets (left panel) showed the presence of VMAT2
(magenta) expression in insulin-expressing b-cells under high blood glucose (30 min) but not under low glucose (0 or 120 min) conditions,
whereas localization of VMAT2 in glucagon-expressing a-cells was constantly observed. Blood glucose (BG) values of mice at 0, 30, and
120 min are shown above. The average intensity of the VMAT2 protein in b-cells or a-cells was plotted (right panel). B: Generation of the
Slc18a2-deletion mutant mice. The Slc18a2 locus was inserted with a LacZ gene cassette to make the tm1a allele (Slc18a2tm1a). The tm1c
allele (Slc18a2tm1c) was obtained by excising the sequence flanked by two FRT sites. bVmat2KO mice were then obtained by crossing
homozygous Slc18a2tm1c with Ins-Cre transgenic mice. Yellow boxes: exons. Lower panel shows genomic PCR results for genotyping of
Slc18a2tm1c. Genomic PCR products of the tm1c or WT Slc18a2. C: Immunostaining of control and bVmat2KO mouse islets at 10 weeks of
age. VMAT2 expression was observed in control (Slc18a2tm1c) but not the bVmat2KO b-cells, whereas its expression in the a-cells was not
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RESULTS

b-Cell–Specific Vmat2 Deletion Results in Decreased
Dopamine Content and Increased GSIS
Of the two VMAT isoforms that transport monoamines,
VMAT1 and VMAT2, VMAT2 is the isoform that is
expressed in the b-cells in healthy adult pancreatic islets
(6,9). There is debate regarding the cell types that express
VMAT2 in rodents (7,8,20). We hypothesized that VMAT2
expression is regulated in a glucose-dependent manner.
Therefore, we examined its expression in the mouse
pancreatic islets in response to glucose administration.
We administered glucose after fasting; then, we monitored
blood glucose levels and harvested the pancreas at 0, 30,
60, 90, and 120 min after glucose administration. Immu-
nohistochemistry revealed that VMAT2 expression in the
b-cells was regulated in a glucose-dependent manner:
VMAT2 expression was downregulated at low blood glu-
cose levels (107 mg/dL) at 0 min, upregulated when blood
glucose reached its highest level (348 mg/dL) at 30 min,
and subsequently down-regulated with decreasing blood
glucose levels at 60, 90, and 120 min after glucose admin-
istration. By contrast, VMAT2 was expressed constantly in
a-cells in a blood glucose–independent manner (Fig. 1A).
We used a mouse line, Slc18a2tm1a/1, in which a LacZ
reporter cassette was inserted into Exon3 of the SLC18a2
gene. We confirmed a similar rapid transient upregulation
of Vmat2 expression, by visualizing LacZ activity using
SPiDER-bGal (18), at 30min after exposure to high glucose
(Supplementary Fig. 1). The result suggests that Vmat2
expression in response to high glucose is, in part, regulated
at the transcription level.

To study the function of VMAT2 in b-cells, we created
a b-cell–specific VMAT2 mutant mouse line, through the
crossing of heterozygous Slc18a2tm1a/1 mice with a mouse
strain carrying global flp recombinase expression, to pro-
duce a “conditional ready” Slc18a2tm1c mouse line (Fig. 1B).
We then crossed Slc18a2tm1c/tm1c with RIP-Cre (21) mice to
obtain b-cell–specific Vmat2 knockout (bVmat2KO) mice
(Fig. 1B). We confirmed that in the bVmat2KO mice,
VMAT2 protein expression in b-cells was nonexistent at
high blood glucose levels (30 min after glucose adminis-
tration), while its expression in the a-cells was equivalent
to that in wild-type (WT) mice (Fig. 1C).

In pancreatic b-cells, the most abundant monoamine
is dopamine (11). We isolated islets from the control
(Slc18a2tm1c/tm1c) and bVmat2KO mice and measured do-
pamine content using an ELISA. We found that dopamine
content was not affected at 5 weeks but was significantly
reduced from 10 weeks, in the bVmat2KO islets compared
with the control islets at the same age (Fig. 1D).

We then isolated pancreatic islets from 13-week-old
mice and examined GSIS and the effect of TBZ, a VMAT2-
specific inhibitor, on bVmat2KO islets. bVmat2KO pan-
creatic islets showed a significantly higher GSIS activity
compared with the control islets. We observed potentia-
tion of GSIS by TBZ at low (5.5 mmol/L) and high
(25.0 mmol/L) glucose in control, but not in bVmat2KO,
islets (Fig. 1E [also refer to Fig. 3]).

Our above results confirmed that in the bVmat2KO
mice, VMAT2 expression was knocked out specifically in
b-cells, which led to a decrease in dopamine content and
a higher insulin secretion in response to low or high
glucose stimulation.

Impaired Glucose Tolerance and Insulin Tolerance in
HFD-Fed bVmat2KO Mice
To examine the phenotypic changes between the
bVmat2KO and the control mice, we first compared
body weight and blood glucose levels under ND conditions;
however, no significant differences were found (Fig. 2A and
B). We then assayed for glucose tolerance and insulin
tolerance and again found no significant differences between
the bVmat2KO and control (Slc18a2tm1c/m1c) mice (Fig. 2C
and E). It is reported that RIP-Cre mice fed with ND could
display glucose intolerance even at 2 months of age in
a background of pure C57BL/6 or mixed 129xC57BL/6
background (22), while others reported that no significant
glucose intolerance was observed (23). We initially used RIP-
Cre1/2; Slc18a2tm1c/1 heterozygous mice as controls and
found that neither glucose intolerance nor insulin intoler-
ance was observed under ND-fed conditions (Supplementary
Fig. 2). We then used Slc18a2tm1c/tm1c mice as controls for
examining the RIP-Cre1/2; Slc18a2tm1c/tm1c homozygous
mice in the subsequent experiments.

Since dopamine functions as a negative regulator for
b-cell mass (17) and insulin secretion, we hypothesized
that impaired VMAT2 function might be critical in con-
ditions of high demand for insulin secretion. We then
tested the effects of an HFD on bVmat2KO mice. We
started HFD feeding at 5 weeks of age and compared the
body weight and blood glucose levels of the mice with those
of ND-fed mice. Both control and bVmat2KO mice fed
with an HFD showed a rapid increase in body weight and
nonfasting blood glucose compared with ND-fed mice (Fig.
2A and B). We then examined glucose tolerance in these
mice. There were no significant differences in glucose
tolerance in mice ,15 weeks old. However, at 15 weeks
of age and onward, HFD-fed bVmat2KO mice exhibited
impaired glucose tolerance compared with ND-fed or HFD
control mice (Fig. 2C). The area under the curve (AUC) of

affected. At the bottomof the panel, 0 or 30minutes indicates the time after glucose injection.D: bVMAT2KO islets showed significantly lower
dopamine content compared with that of the control islets. E: The effects of TBZ or DMSO treatments on insulin secretion in response to
glucose stimulation in the isolated islets. A and C: VMAT2, magenta; INS, green; GCG, yellow; DAPI, blue. bKO, bVmat2KO. Scale bars 5
50 mm. A, D, and E: Means6 SD are shown (n5 3). Significant differences vs. control, by one-way repeated-measures ANOVA and Dunnett
multiple comparisons test. cont., control; w, weeks.
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blood glucose concentration following glucose stimulation
in 15- and 17-week-old HFD-fed bVmat2KO or control
mice was significantly increased compared with that of the
ND-fed control mice, with the AUC of the HFD-fed
bVmat2KO even higher than that for control mice (Fig.
2D). The results indicate that HFD-fed bVmat2KO mice

developed impaired glucose tolerance at increasing ages
(.15 weeks). We then assessed the insulin tolerance of the
mice at 14 and 16 weeks of age and found that bVmat2KO
mice exhibited impaired insulin tolerance compared with
ND-fed or HFD control mice (Fig. 2E). The AUC in HFD-fed
bVmat2KO mice was significantly increased in 14- and

Figure 2—bVmat2KO mice exhibited impaired glucose and insulin tolerance after prolonged HFD treatment. A and B: Age-dependent body
weight (A) or blood glucose (B) of bVmat2KO (bKO) and control (Slc18a2tm1c/tm1c) mice under ND- or HFD-fed conditions was plotted. No
significant difference between the bVmat2KO and control mice was observed under ND- or HFD-fed conditions, respectively. Body weight
and blood glucose were elevated in the HFD-fed groups. C: Intraperitoneal glucose tolerance tests (IPGTTs) were performed in 8-, 12-, 15-,
and 17-week-old bVmat2KO and control mice. The time dependence of blood glucose levels after glucose administration is shown.
bVmat2KO but not control mice showed impaired glucose tolerance at 15 weeks and 17 weeks of age. D: AUC of the results at 15 weeks and
17 weeks shown inC reveals that HFD-fed bVmat2KOmice show impaired glucose tolerance comparedwith that of the ND-fed control mice.
E: Insulin tolerance tests (ITTs) were performed with 14- and 16-week-old bVmat2KO and control mice. Plasma glucose levels were
presented as % change from glucose level at time 0. F: AUC of the results shown in E reveals that HFD-fed bVmat2KO mice at 14 weeks or
16 weeks of age showed impaired insulin tolerance compared with that of the HFD-fed control mice of the same age (**P , 0.01). G: The
plasma insulin levels of 13-, 15-, and 17-week-old mice were calculated. The results of bVmat2KO fed with ND or HFD were compared with
those of control mice. The result of the control mouse at 6 weeks is displayed for comparison. Means6 SD are shown. (n5 5–10); significant
differences vs. ND-fed control, §P, 0.05 and §§P, 0.01, or significant differences between two values marked by the bars, *P, 0.05 and
**P , 0.01, by one-way ANOVA and Dunnett multiple comparisons test. cont., control; w, weeks.
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16-week-old mice (fed with HFD for 8 and 10 weeks,
respectively) compared with that of the control mice
(Fig. 2F). It was reported that C57BL/6 mice developed
insulin resistance after . 11 weeks of HFD feeding (24).
Our results show that HFD-fed bVmat2KOmice developed
insulin intolerance before the control mice became overtly
insulin intolerant. Our results demonstrate that prolonged
HFD feeding led to impaired glucose tolerance and de-
teriorated insulin tolerance in bVmat2KO mice. We then
measured plasma insulin levels. Plasma insulin gradually
decreased in HFD-fed bVmat2KO but not in control mice.
The result suggests that the impaired glucose tolerance
observed in the HFD-fed bVmat2KO mice is due to the
reduced plasma insulin level.

Pancreatic Islets of HFD-Fed bVmat2KO Mice Showed
an Initial Increase in b-Cell Mass Followed by Impaired
GSIS and b-Cell Loss With Increasing Age
To investigate the underlying molecular mechanism that
triggers b-cell dysfunction in HFD-fed bVmat2KO mice,
we performed an immunohistochemical analysis of the
pancreatic islets harvested from mice at 30 min after
glucose administration. A lack of VMAT2 expression
was confirmed in the bVmat2KO b-cells but not the
control b-cells under high blood glucose conditions, while
expression of insulin and glucagon was not affected (Fig.
3A and B). We observed an increase in b-cell mass in young
mice at 10 and 13 weeks of age in both bVmat2KO and
control HFD-fed mice compared with ND-fed mice (Fig. 3A
and B). The enlarged islets were present in control mice fed
with an HFD throughout observation (up to 17 weeks of
age) (Fig. 3B). In contrast, the b-cell mass decreased in
HFD-fed bVmat2KO mice at 15 weeks of age and became
much smaller at 17 weeks (Fig. 3A and B). The above
results were confirmed by quantitative analysis of b-cell
mass and islet mean size (Fig. 3C and D). On the other
hand, the Vmat2 expression levels were not significantly
different between ND- and HFD-fed control islets at all
ages (Fig. 3E).

We then isolated pancreatic islets from ND- and HFD-
fed bVmat2KO and control mice and performed GSIS
analysis in vitro. The islets of ND-fed bVmat2KO mice
exhibited significantly elevated levels of insulin secretion
compared with the control mice at all ages examined, in
agreement with the above results (Fig. 1E). With HFD
feeding, islets isolated from control mice showed elevated
GSIS activity. In contrast, islets isolated from HFD-fed
bVmat2KO mice showed elevated GSIS at 10 weeks of age,
but GSIS activity decreased at 13 and 15 weeks of age in
spite of the large b-cell mass at 13 weeks, suggesting that
b-cell dysfunction occurred (Fig. 3F).

These results suggest that the pancreatic islets of
bVmat2KO mice secrete an elevated level of insulin even
under low glucose conditions and respond to high glucose by
secreting a higher level of insulin compared with the control
mice. bVmat2KO b-cells can meet the metabolic require-
ments of mice and maintain blood glucose homeostasis

under ND conditions. Under HFD conditions, a compensa-
tory increase in b-cell mass occurred in control mice to
meet the increased metabolic demands. However, in the
bVmat2KO mice, b-cells could not overcome the in-
creased metabolic demands, resulting in b-cell dysfunc-
tion and eventual b-cell loss.

Dedifferentiation of b-Cells Is Accelerated in HFD-Fed
bVmat2KO Islets
b-cell dedifferentiation is known as a mechanism that
underlies b-cell dysfunction in type 2 diabetes (25). We
found that HFD feeding triggered insulin resistance in
bVmat2KO mice. Therefore, we investigated the possibil-
ity that dedifferentiation might contribute to b-cell dys-
function by evaluating the expression of chromogranin A
(CGA), whose expression is lost upon b-cell failure (26). We
detected CGA expression in all ages of b-cells. While CGA
expression was reduced in HFD-fed control b-cells at 15
weeks of age, CGA expression almost disappeared in HFD-
fed bVmat2KO b-cells (Fig. 4A and B). Since actin remod-
eling functions during insulin secretion (27), we examined
fiber-like F-actin and found a loss of F-actin (Fig. 4C and D)
from the islets of HFD-fed bVmat2KO mice but not the
islets of control mice at 15 weeks of age. We then examined
the expression of other differentiation markers by real-time
PCR in islets from ND- or HFD-fed control or bVmat2KO
mice. To allow comparison across genotypes, we show
expression levels as relative values versus those of
ND-fed controls. It was reported that a reduction in the
expression of differentiation markers was observed after
HFD feeding for 12 weeks or 16 weeks (24). Here, even at
early periods when expressions of most b-cell maturation
markers were not yet observed in the HFD-fed control
islets, decreased expression levels of Ins1, Ins2, Nkx6.1,
Pdx1, Glut2, Glucokinase (Gck), and MafA were observed in
the HFD-fed bVmat2KO mice. On the other hand, in-
creased expression of MafB and Aldh1a3 was observed in
the HFD-fed bVmat2KO and control islets at 13 or
15 weeks of age (HFD feeding for 7–9 weeks) (Fig. 4E),
whereas no change in the expression of endocrine pro-
genitor markerNeurog3was observed (Fig. 4E). Our results
revealed that accelerated dedifferentiation seemed to oc-
cur in the b-cells of HFD-fed bVmat2KO mice compared
with the ND-fed control, which led to b-cell loss and b-cell
dysfunction.

We then examined cell proliferation and b-cell death.
The expression levels of cell cycle regulator genes, cyclin D1
(CcnD1), cyclin D2 (CcnD2), and proliferating cell nuclear
antigen (Pcna), were upregulated in HFD-fed control and
bVmat2KO islets from 10 or 13 weeks of age (HFD feeding
for 4 or 7 weeks). However, their expression levels de-
creased at 15 weeks of age in HFD-fed bVmat2KO mice
(Fig. 5A). Concurrently, TUNEL-positive cells increased
significantly in the HFD-fed bVmat2KO mice (Fig. 5B–D).

Our results confirmed that HFD triggered the dediffer-
entiation and adaptive proliferation of b-cells, as previ-
ously reported (24,28,29). In HFD-fed bVmat2KO islets,
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Figure 3—HFD-fed bVmat2KO islets showed initial b-cell mass increase followed by b-cell loss. A and B: Immunostaining of bVmat2KO
(bKO) (A) and control (Slc18a2tm1c/tm1c) (B) islets under ND- or HFD-fed conditions at 13 weeks, 15 weeks, and 17weeks of age. In bVmat2KO
islets, VMAT2 protein expression was not observed in b-cells but remained in a-cells. At 13 weeks of age, b-cell mass in HFD-fed bVmat2KO
and control islets increased. At 15 weeks of age, b-cell mass in HFD-fed bVmat2KO but not control mice began to decrease, and b-cell mass
further decreased at 17 weeks of age. VMAT2, red; INS, green; GCG, yellow. Scale bars 5 top panels, 100 mm; middle and lower panels,
50 mm. C and D: Quantitative analysis of the age-dependent changes in b-cell mass (C) and islet mean size (D) in the bVmat2KO and control
mice fed with ND or HFD. E: Quantitative analysis of the intensity of anti-VMAT2 antibody staining shown in B. F: Isolated islets from ND- or
HFD-fed mice at 6 weeks, 10 weeks, 13 weeks, or 15 weeks old were assayed for insulin secretion in response to glucose stimulation. C–F:
Means6SD are shown (n5 3); significant differences between two valuesmarked by the bars, *P, 0.05 and **P, 0.01, by one-way ANOVA
and Dunnett multiple comparisons test. cont., control; w, weeks.
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Figure 4—Dedifferentiation of b-cells occurs in bVmat2KO mouse islets. A–D: Immunostaining of ND- or HFD-fed bVmat2KO (bKO) and
control Slc18a2tm1c islets isolated at 10 weeks (upper panels) and 15 weeks (lower panels) of age for CGA (magenta) (A and B) or F-actin
(magenta) (C and D) is shown. B and D: Quantitative analyses of CGA (B) or F-actin (D) staining are shown. In 15-week-old bVmat2KO islets,
CGA and F-actin staining in b-cells decreased. INS, green; GCG, yellow. Sections were counterstained with DAPI (blue). Scale bars5 50mm.
E: Real-time PCR analyses of age-dependent expression of endocrine maturation markers at 10 weeks, 13 weeks, and 15 weeks of age. The
values of the HFD-fedWT or bVmat2KOmice are shown as fold expression vs. ND-fed control or bVmat2KO, respectively. B, D, E: Means6
SD are shown (n5 3); significant differences betweenbVmat2KOmice and their 10-week-old controls, §P, 0.05 and §§P, 0.01, or between
two values marked by the bars, *P , 0.05 and **P , 0.01, by one-way ANOVA and Dunnett multiple comparisons test. Control, white bars;
bVmat2KO, gray bars. cont., control; W, weeks.
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dedifferentiation and cell death in b-cells are accelerated
compared with in controls, which seems to attribute to
b-cell failure.

bVmat2KO b-Cells Are Exposed to Elevated ROS Due
to Cytoplasmic Dopamine Degradation and Are More
Vulnerable to ROS-Induced Cytotoxicity
We then attempted to reveal the underlying molecular
mechanism that triggers the dedifferentiation of b-cells in
the islets of bVmat2KOmice. The dopamine content in the
islets of bVmat2KO mice decreased with age (Fig. 1D). The
reduction in dopamine content was attributed to the
MAO-mediated cytoplasmic degradation of dopamine,
which contributes to ROS production through H2O2 syn-
thesis during substrate degradation (30).

We hypothesized that ROS production in the islets of
bVmat2KO mice is higher, as VMAT2 depletion leads to
increased cytoplasmic dopamine. To test our hypothesis, we
used an islet dissociation culture system (Fig. 6A–D), in
which islets from ND-fed control or bVmat2KO mice were
cultured in vitro. We visualized the production of ROS using
a fluorogenic probe. We observed a significantly higher ROS
intensity in the b-cells of bVmat2KO mice compared with
controls (Fig. 6A and B). TBZ treatment increased ROS
intensity in control but not bVmat2KO islets, and treat-
ment with pargyline, an MAO inhibitor, reversed the in-
crease in ROS. The number of b-cells in control islets was
reduced by TBZ treatment (Fig. 6C). b-cell apoptosis (ac-
tivated caspase-3/71 within Ins1 cells) increased in high

glucose conditions and under TBZ treatment and was
rescued by pargyline treatment (Fig. 6D).

We then used a whole islet culture system and measured
the time-dependent generation of H2O2 by glucose stimu-
lation using islets isolated from ND-fed control or
bVmat2KO mice (Fig. 6E). In control islets, high glucose
stimulation alone showed a slight increase in H2O2 level in
whole islet culture. High glucose alone elevated ROS pro-
duction (Fig. 6E [compare left and middle panels]), which is
reported to be toxic in b-cells (31,32). However, in the
presence of TBZ, high glucose stimulation induced a rapid
and dramatic elevation inH2O2 levels, which decreased with
time and returned to basal levels after 24 h and was rescued
by the addition of pargyline (Fig. 6E, left andmiddle panels).
In the islets of bVmat2KO mice, the H2O2 level was highest
at 1 h after glucose stimulation without TBZ treatment.
Pargyline treatment significantly lowered the H2O2 level in
the islets of bVmat2KO mice (Fig. 6E, right panel). It has
been reported that exogenous H2O2 treatment under basal
glucose concentrations induced ROS generation up to a sim-
ilar level with high glucose stimulation (33). We then
examined b-cell number after exposure of the islets to
different H2O2 concentrations and found that the islets
of bVmat2KO had a significantly lower number of living
b-cells than the control mice (Fig. 6F). The results suggested
that bVmat2KO islets are more sensitive to ROS.

It is reported that b-cells possess antioxidant mecha-
nisms, such as the induction of the transcription factor
nuclear factor erythroid 2p45-related factor 2 (Nrf2), which

Figure 5—b-cell–specific Vmat2 deletion increased the expression levels of cell-cycle regulator genes and induced apoptosis under HFD-fed
conditions.A: Expression levels ofCcnd1,Ccnd2, andPcna in the HFD-fed controlSlc18a2tm1c or bVmat2KO islets. Values are shown as fold
expression vs. in 10-week-old ND-fed control mice. Means6 SD are shown (n5 3); significant differences between bVmat2KO and control,
*P, 0.05 and **P, 0.01, by one-way ANOVA and Dunnett multiple comparisons test. B–D: TUNEL staining followed by immunostaining of
the pancreas tissue sections fromHFD-fed control (B) or bVmat2KO (C) mice. C’: Highmagnification of the box shown inC. TUNEL,magenta;
INS, green; DAPI, blue. Scale bars5 50 mm.D: The proportion of TUNEL-positive cells within insulin-expressing b-cells. Scattered plots with
individual results together with mean6 SD are presented. Significant differences were analyzed by unpaired two-tailed Student t test and are
shown as **P , 0.01. N 5 8. bKO, bVmat2KO; cont., control; W, weeks.
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Figure 6—ROS level is significantly higher in bVmat2KO comparedwith control mouse islets, which confer the vulnerability of bVmat2KO.A–
D: Islet dissociation culture. Images (A) and quantification (B) of ROS staining in dissociated islets cultured on day 5 under high glucose
conditions (25 mmol/L glucose). Compared with control (Slc18a2tm1c/tm1c) islets, bVmat2KO isolated islets showed a higher ROS level, and
both were reduced by treatment with 1 mmol/L pargyline, an MAOB inhibitor. Mice at 13 weeks of age were used. ROS, green; INS, magenta;
DAPI, blue. C and D: Control or bVmat2KO b-cell numbers treated with chemicals or DMSO were quantified after 5 days of dissociation
cultures. The number of b-cells in control islets was reduced by TBZ treatment. D: The proportion of b-cells that underwent apoptosis
(caspase-3/71) increased under high glucose conditions andwas reduced by pargyline treatment, but this was reversed by TBZ1 pargyline.
CASP3, caspase-3/7. E–H: Whole islet culture. E: H2O2 generation under low glucose (5.5 mmol/L [left panel]) or high glucose (25.0 mmol/L
[middle panels]) conditions in the isolated islets from ND-fed control (left and middle panels) or bVmat2KO (right panel) mice, treated with
chemicals. H2O2 was quantified at 1 h, 6 h, and 24 h after high glucose (25.0 mmol/L) stimulation. F: b-cell number in bVmat2KO or control
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regulates the expression of several genes involved in redox
metabolism (34). Nrf2 expression significantly increased in
response to high glucose stimulation, to a greater extent in
bVmat2KO islets compared with the control mice (Fig. 6G).
The result suggests that bVmat2KO mice are exposed con-
tinuously to high ROS and therefore develop a protective
mechanism in response to high glucose stimulation.

Since ROS are mainly produced during mitochondrial
respiration, we then assessed the proportion of MAO-
mediated ROS generation, by treating islets with oltipraz,
an antioxidant that exerts mitochondrial protective effects

in b-cells (35). We found that approximately one-half of
the H2O2 generated was reduced by oltipraz treatment in
control islets (Fig. 6H). Pargyline treatment decreased
;92% of the H2O2 produced by TBZ. Oltipraz treatment
of the TBZ 1 pargyline islets further reduced the remain-
ing ,8% of the H2O2 triggered by TBZ. Similarly, oltipraz
treatment did not reduce H2O2 in bVmat2KO islets. By
contrast, pargyline treatment significantly reduced
H2O2 in bVmat2KO islets. Therefore, our results suggest
that a large proportion of ROS generated upon TBZ treat-
ment or in bVmat2KO islets was derived from MAO-
mediated generation of ROS, which plays a vital role in
the progression of b-cell failure in these models.

Real-time PCR analysis of the H2O2-treated islets
revealed that the islets of bVmat2KO mice expressed
mature markers such as Ins1, Ins2,MafA,Nkx6.1, Gck, and
Pdx1 at significantly lower levels and expressed an im-
mature marker, MafB, at significantly higher levels com-
pared with control mice in response to H2O2 (Fig. 6I).

Therefore, we infer that high glucose triggers dopamine
secretion and insulin secretion simultaneously. In the pres-
ence of VMAT2, cytoplasmic dopamine is rapidly seques-
tered and stored. However, in the absence of VMAT2
function, cytoplasmic dopamine cannot be sequestered,
and dopamine degradation by MAO results in rapid pro-
duction of H2O2 upon high glucose stimulation. bVmat2KO
b-cells show elevated insulin secretion even under low
glucose conditions. b-cells are exposed continuously to
ROS. They then develop antioxidative mechanisms to pro-
tect themselves. However, being placed under chronic ex-
posure to ROS, bVmat2KO islets are more vulnerable to
H2O2 toxicity than those of the controls. Under prolonged
HFD feeding, where a high metabolic demand occurs, de-
differentiation, b-cell dysfunction, and b-cell loss are trigged
in bVmat2KO b-cells.

DISCUSSION

Pancreatic b-cells are susceptible to oxidative stress. Over-
supply of nutrients, such as glucose and fatty acids, and
overstimulation of b-cells are considered to contribute to
b-cell failure in type 2 diabetes. Here, we found that
VMAT2 acts to protect b-cells from the toxic effects of
oxidative stress triggered by excessive insulin secretion
through the compartmentalization of dopamine, which
prevents its degradation. VMAT2 protein expression is
regulated in a glucose-dependent manner so that b-cells in
high glucose conditions show an upregulated VMAT2

islets after H2O2 treatment. H2O2 decreased bVmat2KO b-cell number compared with untreated control. G: Real-time PCR analyses of Nrf2
expression in whole islet culture treated with 5.5 or 25.0 mmol/L glucose at 10 weeks, 13 weeks, and 15 weeks of age. H: H2O2 contents in
whole islets treated with chemicals, with or without cotreatment of 100 mmol/L oltiplaz for 6 h. I: A decrease in the expression of endocrine
maturationmarkers by exposure to H2O2 in bVmat2KO islets comparedwith control fromND-fed isolated islets at 13weeks of age. Values are
shown as fold expression vs. controls. Means6SD are shown (n5 3) (B–I). Control, white bars; bVmat2KO, gray bars. Significant differences
vs. 10-week-old controls, §P , 0.05 and §§P , 0.01, or between two values marked by the bars, *P , 0.05 and **P , 0.01, by one-way
ANOVA and Dunnett multiple comparisons test. bKO, bVmat2KO; conc, concentration; cont., control; Parg, pargyline; w, weeks.

Figure 7—Schematic drawing of themolecular mechanism by which
VMAT2 safeguards b-cell function under HFD from dopamine-
mediated cytotoxicity. Dopamine is released at insulin secretion
following high glucose stimulation and acts as a negative regulator
for insulin secretion through dopamine receptor 2 (Drd2). Dopamine
is normally taken up through dopamine transporter (DAT) and stored
in VMAT2-regulated vesicles. Under ND, bVMAT2KO b-cells exhibit
increased insulin release in response to glucose stimulation. Under
HFD, where insulin secretion occurs frequently, b-cells are under
long-term exposure to ROS and become vulnerable to damages by
dopamine cytotoxicity, leading to accelerated dedifferentiation and
cell death. Left, control Slc18a2tm1c/tm1c; right, bVMAT2KO b-cells.
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expression. It is reported that there are tyrosine hydroxy-
lase activities in the adult rat islets themselves (36). There-
fore, b-cells synthesize dopamine themselves and store it in
the vesicle via VMAT2 to prevent degradation by MAO.
Upon insulin secretion in response to high glucose in
normal control b-cells, dopamine is secreted into the ex-
tracellular space through exocytosis and acts as negative
feedback for insulin secretion through binding to its re-
ceptor Drd2, which exists on the b-cell plasma membrane.
Extracellular dopamine is cleared by reuptake into the
b-cells through dopamine plasma membrane transporter
DAT and stored in the vesicle via VMAT2 for subsequent
release (Fig. 7). In this way, VMAT2 plays a significant
regulatory role in the compartmentalization of dopamine.
bVmat2KO b-cells (or control b-cells treated with VMAT2
inhibitor TBZ) cannot uptake dopamine into vesicles; thus,
dopamine is subjected to degradation by MAO, leading to
a reduced dopamine content and an increased generation of
ROS. The decreased dopamine content leads to a reduction
in the dopamine negative-feedback loop, which in turn leads
to elevated insulin secretion. Under HFD conditions, where
excess nutrient stress exists, insulin secretion frequently
occurs, increasing b-cell exposure to ROS. In bVmat2KO
b-cells, HFD triggers chronic exposure toMAO-derived ROS
and leads to increased vulnerability and accelerated b-cell
failure. bVmat2KO b-cells show an initial compensation via
b-cell growth and increased b-cell mass followed by de-
differentiation and b-cell death, which is a characteristic of
the progression of b-cell failure (Fig. 7).

Dedifferentiation Is the Mechanism of b-Cell Failure
HFD in rodents is a commonly studied model of a com-
pensatory increase in insulin secretion and b-cell mass;
b-cells eventually fail, leading to glucose intolerance and
insulin intolerance. The HFD model shows an initial in-
creased expression of b-cell functional genes, which is
followed by a cessation of gene hyperexpression, endo-
plasmic reticulum stress, and b-cell functional failure (24).
We observed an increase in b-cell mass in the islets of
control mice and at early ages in the islets of bVmat2KO
mice. However, in bVmat2KO islets, both b-cell mass and
insulin secretion were impaired with increasing age. b-cell
failure corresponded with a decrease in b-cell mass. De-
creased expression of maturation markers, such as Ins1,
Ins2, Glut2, Gck, Pdx1, Nkx6.1, and MafA, and increased
expression of the dedifferentiation marker MafB occur in
islets of bVmat2KO mice, which is in parallel with b-cell
failure and precedes the decrease in b-cell mass. Our
results agree with previous reports that dedifferentia-
tion is one of the mechanisms of b-cell failure.

Dopamine Actions in Neuronal Cells
In neuronal cells, VMAT2 plays an important role in the
compartmentation of dopamine to protect the cells from
oxidative stress. Improper compartmentation of dopamine
contributes to diseases in the neural system such as Par-
kinson disease. Accumulation of dopamine in the cytosolic

space is toxic, inducing neuronal damage and apoptotic cell
death (37–40). Dopamine can be auto-oxidized to form
ROS, including hydroxyl radicals, superoxide, and hydro-
gen peroxide. Oxidized dopamine can then be converted to
highly toxic dopamine quinones and the protein function-
altering cysteinyl adduct. Deamination by mitochondrial
MAO converts cytosolic dopamine to hydroxyperoxide and
a reactive aldehyde intermediate, which can be oxidized to
create ROS (41,42). Genetic knockout of Vmat2 is reported
to be lethal. Animals with Vmat2 knockouts are hyper-
sensitive to the dopamine agonist apomorphine, and the
psychostimulants cocaine and amphetamine, with animals
dying a few days after birth (4). Animals with very low
VMAT2 levels were reported to survive into adulthood but
weremore vulnerable to neural damage in the dopaminergic
neurons (37,43). On the other hand, increasing dopamine
stores by overexpression of VMAT2 attenuated cytosolic
dopamine levels and enhanced dopaminergic cell survival by
lowering dopamine-dependent oxidative stress (3,44).

Dopamine as a Negative Regulator for Insulin Secretion
in Pancreatic b-Cells
In pancreatic b-cells, dopamine reportedly functions as
a negative regulator for insulin secretion through Drd2.
The knockdown of Drd2 in INS-1 cells (ab-cell line) resulted
in increased insulin secretion (12). Dopamine treatment
decreased insulin secretion in isolated islets (45). We pre-
viously reported that dopamine accelerated b-cell dediffer-
entiation, which could be rescued with the Drd2 antagonist
domperidone (17). Long-term VMAT2 deficiency resulted in
b-cell failure. This phenotype is in agreement with the
previously reported mouse model with Drd2 disruption,
which resulted in an impairment in glucose tolerance, di-
minished b-cell mass, and decreased b-cell replication (15).
We interpret this to mean that loss of dopamine-negative
signaling enhances insulin secretion. Insulin exocytosis
accompanied dopamine exocytosis. Increased insulin secre-
tion increases dopamine release extracellularly. Dopamine
into the cytosol is degraded by MAO, which increases the
ROS level, thereby contributing to b-cell dysfunction. Islet-
specific MAO expression depends on the transcriptional
activity of the mature endocrine b-cell marker MAFA.
Therefore, mature b-cells develop a mechanism to de-
grade dopamine and increase the ROS level (16). Al-
though bVmat2KO islets exhibit lower dopamine
content compared with the control mice, a certain level
of dopamine still exists, since the dopamine-synthesizing
enzyme tyrosine hydroxylase is expressed in b-cells (46).

Glucotoxicity and b-Cell Failure
Chronic exposure to high glucose causes functional damage
to pancreatic b-cells, which is known as glucose toxicity.
One mechanism of glucose toxicity is oxidative stress (47)
conferred by ROS (1,48). Administration of an antioxidant
such as glutathione ameliorates glucotoxicity (49). ROS
generation through dopamine degradation seems to play
an important role in glucotoxicity. Here, we showed that

diabetes.diabetesjournals.org Sakano and Associates 2389



an MAOB inhibitor, pargyline, reduced the level of ROS in
bVmat2KO islets stimulated by glucose.

Chronic hyperglycemia models are reported to lead to
b-cell dysfunction in the long-term. Inducible mouse mod-
els selectively expressing gain-of-function KATP channel
mutations (Kir6.2-V59M or K185QDN30) in pancreatic
b-cells show b-cell dysfunction due to b-cell dedifferenti-
ation (50,51). Furthermore, loss-of-function mutants of
the voltage-dependent K1 (Kv) channel KCNH6 plays
a role in the modulation of insulin secretion. In a loss-
of-function KCNH6 mutant in humans and mice, hyper–
insulin secretion was observed initially, followed by
subsequent hypo–insulin secretion as a result of overstim-
ulation of insulin secretion; in the long-term, endoplasmic
reticulum stress, apoptosis, loss of b-cell mass, and sub-
sequent decreased insulin secretion were observed (52).
These reports suggest that the overstimulation of insulin
secretion causes b-cell failure in the long-term, which is in
agreement with our results.

VMAT2 as a Guardian for Maintenance of b-Cell
Function
b-cells are highly heterogeneous (53–55), which protects
b-cells themselves from overstimulation. Under normal
conditions, b-cells secrete dopamine in response to high
blood glucose. The secreted dopamine acts through Drd2 on
their plasma membrane to negatively regulate insulin se-
cretion. Dopamine is rapidly sequestered into the b-cells by
DAT and stored in vesicles by VMAT2, thereby protecting
b-cells from dopamine toxicity. However, miscompartmen-
talization of dopamine might occur with overstimulation of
insulin secretion or low VMAT2 expression, increasing ROS
accumulation and leading to b-cell failure. Future works on
how the dopamine-VMAT2 signaling system works in the
heterogenous b-cell population would be necessary to in-
crease the understanding of VMAT2 in the maintenance of
b-cell function.
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