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ABSTRACT
Pancreatic islets play an essential role in regulating blood glucose levels. Age-dependent devel-
opment of glucose intolerance and insulin resistance results in hyperglycemia, which in turn
stimulates insulin synthesis and secretion from aged islets, to fulfill the increased demand for
insulin. However, the mechanism underlying enhanced insulin secretion remains unknown.
Glutamic acid decarboxylase 67 (GAD67) catalyzes the conversion of glutamate into γ-
aminobutyric acid (GABA) and CO2. Both glutamate and GABA can affect islet function. Here,
we investigated the role of GAD67 in insulin secretion in young (3 month old) and aged (24
month old) C57BL/6J male mice. Unlike young mice, aged mice displayed glucose-intolerance and
insulin-resistance. However, aged mice secreted more insulin and showed lower fed blood
glucose levels than young mice. GAD67 levels in primary islets increased with aging and in
response to high glucose levels. Inhibition of GAD67 activity using a potent inhibitor of GAD,
3-mercaptopropionic acid, abrogated glucose-stimulated insulin secretion from a pancreatic β-cell
line and from young and aged islets. Collectively, our results suggest that blood glucose levels
regulate GAD67 expression, which contributes to β-cell responses to impaired glucose home-
ostasis caused by advanced aging.
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Introduction

The pancreatic islets of Langerhans are indispensable
endocrine microorgans that regulate glucose home-
ostasis. Age-dependent loss or dysfunction of the
islets leads to elevated blood glucose levels.1

Additionally, aging causes a progressive decrease in
glucose tolerance and insulin sensitivity, which also
promotes escalated blood glucose levels. Increased
insulin synthesis and secretion occur in islet β-cells
to reverse hyperglycemia.2-4 Although the genetic
and biochemical mechanisms underlying compensa-
tory insulin expression have been extensively
investigated,5 relatively fewer mechanisms are
known about the factors that contribute to elevated
insulin secretion.

Glutamic acid decarboxylases (GADs) catalyze the
decarboxylation of glutamate to γ-aminobutyric acid
(GABA) and CO2,

6 and are rate-limiting enzymes in
the synthesis of GABA. Mammals possess two GAD
isoforms, GAD65 and GAD67, with molecular

weights of 65 and 67 kDa, respectively. GAD65 is
expressed in rat and human islets, whereas GAD67 is
predominant in mouse islets.7 GAD65 and GAD67
localize primarily within the cytosol of β-cells; how-
ever, GAD65 can bind to vesiclemembranes through
palmitoylation of its N-terminal domain.8-10 Both
GAD65 and GAD67 are recognized as autoantigens
that induce β-cell destructive autoimmunity in type
1 diabetes.11 GAD65-deficient mice showed normal
glucose homeostasis,12 whereas systemic GAD67
knockout mice die one day after birth.13 Thus, the
physiological or pathophysiological effects of
a GAD67 knockout on insulin release remain
unknown. Given that glutamate and GABA regulate
β-cell proliferation and insulin release in mouse and
human islets,14,15 we hypothesize that the catalytic
activity of GAD67 influences β-cell function.

Previous studies evaluated GAD67 expression
during prenatal, early postnatal, and young adult
periods proposed,16 but the differential expression
of GAD67 during aging has not been investigated.
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To examine a potential role of GAD67 in β-cell
function during normal, non-diabetic aging, we
measured the expression levels of GAD67 in young
(3 month old) and aged (24 month old) C57BL/6J
male mice. Our data demonstrated that GAD67
expression is highly elevated in the primary islets in
aged relative to young mice. Furthermore, ex vivo
experiments using islets from young and aged mice
showed that GAD67 expression is glucose-
dependent. Inhibition of GAD67 catalytic activity
using a potent inhibitor of GAD, 3-mercaptopropio-
nic acid (3-MPA), abolished glucose-stimulated
insulin secretion (GSIS) in both β-TC6 β-cells and
in islets isolated from young and aged mice. We
propose that the enzymatic activity of GAD67 is
important for compensatory insulin secretion to
govern blood glucose levels caused by age-
dependent deterioration of glucose homeostasis.

Results

Aged mice develop glucose intolerance and
insulin resistance

To assess the effects of aging on glucose metabolism
and insulin sensitivity, we compared blood glucose
homeostasis between young and aged mice. First, we
performed glucose tolerance tests using a glucose
load (1 g/kg). Relative to young mice, aged mice
showed significantly higher blood glucose levels at
30, 60, and 90minutes after glucose injection (Figure
1(A)) and a dramatic difference (by 1.3-fold) in area
under curve (AUC) (Figure 1(B)). These data suggest
an age-dependent impairment of glucose tolerance.
Similarly, insulin tolerance tests revealed that aged
mice had significantly higher blood glucose levels at
15, 30, and 60 minutes after insulin injection (Figure
1(C)) and greater AUC (by 1.4-fold, Figure 1(D))
compared with young mice, indicating the develop-
ment of insulin resistance with advancing age. Non-
fasting serum insulin levels in aged mice were
slightly higher but not significantly different than
in young mice (Figure 1(E)). In addition, we mea-
sured serum C-peptide concentrations, which are
considered a better measure of secreted insulin
than serum insulin levels. Non-fasting serum
C-peptide levels were significantly higher (by
1.5-fold) in aged mice than in young mice (Figure
1(F)), consistent with increased insulin secretion.

Accordingly, non-fasting blood glucose levels were
significantly lower (1.2-fold) in aged mice than in
young mice (Figure 1(G)). These results suggest that
aged mice secrete more insulin than young mice to
compensate for the increased insulin demands
caused by glucose intolerance and insulin resistance.

GAD67 expression is elevated in islets during
aging and in response to high glucose levels

To determine if GAD67 levels are influenced by
age, we performed RT-qPCR and immunofluores-
cence. We observed an approximate 3.2-fold
increase in Gad67 mRNA levels in aged islets
compared to in young islets (Figure 2(A)).
Further, β-cells from an aged islet displayed sig-
nificantly higher levels of GAD67 protein than β-
cells from a young islet (Figure 2(B and C)). We
performed ELISA and found that aged islets con-
tained approximately 1.3-times more GAD67 pro-
tein than young islets (Figure 2(G)). In contrast,
Gad65 mRNA and GAD65 protein levels in the
glucagon-secreting α-cells of an islet showed no
significant difference between young and aged
islets (Figure 2(D–F) and Supplementary
Figure 1).

Next, we examined whether GAD67 expression
is responsive to glucose, we incubated young and
aged islets in 3 or 16 mM glucose for 48 h and
analyzed GAD67 protein levels by immunofluor-
escence. GAD67 levels in young and aged islets
cultured with 16 mM glucose were approximately
2.6- and 3.6-times greater than those in young and
aged islets incubated in 3 mM glucose, respec-
tively. Conversely, GAD65 levels in young and
aged islets cultured with 16 mM glucose showed
no significant difference compared to in young
and aged islets incubated in 3 mM glucose
(Supplementary Figure 2). These results suggest
that elevated glucose concentration induces
GAD67 expression in both young and aged islets,
and that aged islets are more responsive than
young islets (Figure 2(H and I)).

Elevated GAD67 expression does not cause
autoimmune destruction in aged islets

Given that GAD67 is a known islet autoantigen
and biomarker for type 1 diabetes,17,18 we
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examined serum levels of the GAD67 autoanti-
body. As determined by ELISA, GAD67 autoan-
tibody levels were about 1.8-fold higher in aged
mice than in young mice (Figure 3(A)). We

analyzed the entire pancreata by immunofluor-
escent staining for CD4 and CD8b molecules to
determine whether islets had been infiltrated by
T lymphocytes. We did not observe CD4+ or

Figure 1. Glucose tolerance and insulin sensitivity are impaired in aged mice. (A) Glucose tolerance tests. n = 14 and 10 for mice aged 3
and 24 months, respectively. (B) Area under curve (AUC) for data presented in (A). (C) Insulin tolerance tests. n = 14 and 9 for mice aged 3
and 24 months, respectively. (D) AUC for data presented in (C). (E) Non-fasting serum insulin concentrations quantified by ELISA. n = 16 for
mice aged 3 and 24 months, respectively. (F) Non-fasting serum C-peptide concentrations measured by ELISA. n = 16 for mice aged 3 and
24 months, respectively. (G) Non-fasting blood glucose levels in young and aged mice. n = 14 and 9 for mice aged 3 and 24 months,
respectively. * p < 0.05, ** p < 0.01, and *** p < 0.001 for comparisons between mice aged 3 and 24 months.
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CD8b+ cells in representative confocal fluores-
cent images of young islets (Figure 3Ba and b).
Although a few CD4+ or CD8b+ cells were pre-
sent in aged islets (Figure 3Bc and d), they were

rarely detected and islet architecture was intact.
Together, these results suggest that elevated
GAD67 expression does not appear to damage
aged islets in nondiabetic C57BL/6J mice.

Figure 2. Aging and high glucose concentration upregulate GAD67 expression in primary islets. (A) Gad67mRNA expression normalized to
Actb analyzed by RT-qPCR. Data are from three independent experiments. (B) Representative confocal projection images of insulin (red) and
GAD67 (green) protein expression. Projection = 20 μm. Scale bars = 30 μm. (C) Themean fluorescence intensity of GAD67-positive signals per
islet area according to age. n = 26 and 111 islets from 3mice of each age group. (D) Gad65mRNA expression normalized to Actb in young and
aged islets analyzed by RT-qPCR. Data are from three independent experiments. (E) Representative confocal projection images of young and
aged islets stained for nuclei (DAPI, blue), insulin (red) and GAD65 (green). Projection = 20 μm. Scale bars = 30 μm. (F) The mean fluorescence
intensity of GAD65-positive signals per islet area according to age. n = 99 and 292 islets from 3 mice of each age group. (G) Quantification of
GAD67 protein content in islets by ELISA. n = 5 and 4mice of each age group. (H) Glucose-induced GAD67 expression in young and aged islets
visualized by confocal microscopy. Projection = 20 μm. Scale bars = 30 μm. (I) The mean fluorescence intensity of GAD67-positive signals per
islet area. n = 151 and 165 islets from 3 mice aged 3 months, n = 158 and 93 islets from 3 mice aged 24 months from each condition.
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Inhibition of GAD67 activity abolishes glucose-
stimulated insulin secretion (GSIS) in β-cells and
young and aged islets

Because GAD67 expression is significantly upregu-
lated in response to increased glucose concentrations,
we examined whether GAD67 activity affects the
capacity of β-cells and islets to secrete insulin. We
treated the β-TC6 cell line with 3-mercaptopropionic
acid (3-MPA), a potent competitive inhibitor of
GADs that is commonly used to modify GAD activity
in rodent pancreatic islets and brain,19-21 and did not
observe effects on cell viability below 50 μM 3-MPA
(Supplementary Figure 3A and B). Similarly, we tested
primary islets isolated from young and aged mice.
Treatment of primary islets with 1 mM 3-MPA,
which inhibits >90% of GAD activity in islets,21 did
not affect cell viability (Supplementary Figure 3C-F).
To verify that GAD activity was truly inhibited by
3-MPA, wemeasured GABA levels in β-TC6 cells and
islets cultured with 25 mM glucose in the presence or
absence of 3-MPA. Indeed, treatment with 3-MPA led
to reduced GABA levels in β-TC6 cells, as well as
young and old islets, consistent with inhibition of
GAD67 activity (Figure 4(G-I)).

We observed increased insulin secretion in β-
TC6 cells, as well as in young and aged primary
islets, cultured with high vs. low glucose concen-
trations, but this increase was abolished in the
presence of 3-MPA (Figure 4(A–C)). Further, the

GSIS index of β-TC6 cell lines, and of young and
aged islets, cultured with 25 mM glucose declined
upon the addition of 3-MPA (Figure 4(D–F)).
Together, these results indicate that blocking
GAD67 activity restrains GSIS from β-cells as
well as young and aged islets.

Discussion

Here, we show that apparently healthy, non-
diabetic C57BL/6J mice develop impaired glucose
metabolism and insulin resistance during aging.
Age-associated enlargement in islet size along with
increased numbers of insulin-positive β-cells may
represent distinct features of compensatory islets
that develop in response to impaired glucose toler-
ance and elevated insulin resistance, as seen in
obese humans and rodents, where β-cell replication
is the major mechanism underlying the mass
expansion of islets.22,23 Pancreatic β-cells in 2-year-
old mice retain their capacity for compensatory
replication, despite a decline in the basal prolifera-
tion rate.24 Our previous report showed that the
intrinsic ability of islet β-cells to produce and
release insulin does not decline with age in mice
and humans.4 In agreement with β-cells being rela-
tively competent in aged islets, serum insulin and
C-peptide levels in aged mice were higher than
those in young mice. Aging-dependent gene
expression and functional changes in mouse and

Figure 3. Aged islets do not exhibit β-cell destruction. (A) Serum levels of GAD67 IgG autoantibodies with aging. Y axis represents optical
density values. n = 3 mice of each age group. (Ba–d) Representative confocal images of young and aged islets stained for nuclei (DAPI,
blue), insulin (red), CD4 (green in a and c) and CD8b (green in b and d). n = 3 mice of each age group. Scale bars = 50 μm.
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Figure 4. Suppression of GAD67 activity blocks GSIS from β-cells and young and aged islets. (A) Effect of 3-MPA (0, 10, and 50
μM) on GSIS from β-TC6 cells. (B) GSIS from 3 month old islets with or without 1 mM 3-MPA. n = 3 mice. (C) GSIS from
24 month old islets with or without 1 mM 3-MPA. n = 3 mice. (D) Comparison of GSIS indices determined in figure (A). (E)
Comparison of GSIS indices measured in figure (B). (F) Comparison of GSIS indices measured in (C). Insulin concentrations were
determined by ELISA. GSIS indices were calculated as the ratio of secreted insulin level stimulated with 25 mM glucose to that
stimulated with 3 or 5 mM glucose. High (25 mM) glucose-induced secreted GABA concentration normalized by total protein
levels from β-TC6 cells (G), young (H) and aged (I) islets in the absence or presence of 3-MPA. Three independent experiments
for β-TC6 cells and three mice of each age group were included.
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human β-cells were previously investigated. While
several transcription factors associated with β-cell
function such as Pdx1, Nkx6-1, and Foxa2 were
further activated in aged mouse β-cells, but not in
aged human β-cells, the tumor suppressor protein
p16Ink4a (encoded by Cdkn2a) revealed the elevated
gene expression in both aged mouse and human β-
cells.25 It was also reported that p16Ink4a-induced
senescence in mouse and human γ-cells promotes
GSIS.26 Based on these reports, they suggest that
many factors can affect β-cell function with age.

In this study, we found that Gad67 mRNA
and GAD67 protein levels in mouse pancreatic
islets increased with advancing age.
Importantly, elevated glucose concentration
lead to increased GAD67 protein levels in islets
isolated from young and aged mice. A previous
study reported that glucose enhances GAD67
expression in cultured rat islets.27 Given that
upregulation of GAD67 in aged islets is an
adaptation to higher glucose, which can be
reversed after incubation with 3 mM glucose
for 48 h, GAD67 would be lower in aged islets
than young islets in the context of lower fed
glycemia. Conversely, we observed that GAD67
in aged islets is even higher than that in young
islets. It was reported that GAD67 is regulated
by PDX1, an insulin transcription factor.28

Therefore, we postulated that the glucose-
derived autocrine insulin/AKT/FOXO1/PDX1
signaling pathway might contribute to the ele-
vated levels of GAD67 in islets in response to
aging and/or glucose.29-32 GAD67 inhibition
did not affect basal insulin secretion from the
cultured β-TC6 cell line and young and aged
islets, but blocked GSIS. The selectivity of
3-MPA is not specific to GAD67 inhibition
and it also reduces fatty acid oxidation by inhi-
biting long- and medium-chain acyl-CoA
dehydrogenase.33 Glucose-derived malonyl-
CoA increases cytosolic long-chain (LC) acyl-
CoA via inhibition of fatty acid oxidation.
Malonyl-CoA and LC acyl-CoA esters are meta-
bolic coupling factors in glucose- and nutrient-
induced insulin secretion from the hamster
pancreatic HIT-T15 β-cells.34,35 Therefore,
under the condition where 3-MPA blocks fatty
acid oxidation, increased cytosolic LC acyl-CoA
would enhance GSIS. However, we observed

a significant decrease in GSIS from both
young and aged islets treated with 3-MPA
(Figure 4), suggesting that the decline of GSIS
may not result solely from reduced fatty acid
oxidation by 3-MPA.

To further assess if GAD67 inhibition using
3-MPA affects insulin granule exocytosis, we
performed KCl (30 mM)-induced insulin secre-
tion (KIIS) with β-TC6 cells and young islets.
As a result, KIIS in β-TC6 cells and young islets
was significantly inhibited by 3-MPA
(Supplementary Figure 4), suggesting that inhi-
bition of GSIS in β-cells and young and aged
islets by 3-MPA is attributed to the disturbance
of insulin granule exocytosis. On the contrary,
overexpression of GAD65 in mice36 and INS-1E
β-cells and rat islets37 deteriorates GSIS.
Overexpression of GAD65 in β-cells might
cause increased trafficking of cytosolic GAD67:
GAD65 heterodimers to Golgi membranes or
peripheral vesicles, via the membrane anchor-
ing or palmitoylation/depalmitoylation cycle of
GAD65,38 which would reduce cytosolic levels
of GAD67 and, in turn, GSIS. Taken together,
these findings suggest that GAD67 has a role in
compensatory insulin secretion during aging,
probably through regulation of cellular gluta-
mate or GABA content36,37 or insulin granule
exocytosis, although the molecular mechanism
underlying modulation of GSIS remains to be
determined.

We acknowledge that there are limitations of
this study. First, we did not use the different
genetic background of mice and only studied
male mice, in which GAD67 is the major isomer,
whereas GAD65 is preferentially expressed in
human islets. Second, dynamics of insulin secre-
tion and Ca2+ measurements by islet perifusion
would provide further insights of the roles of
GAD67/3-MPA in GSIS. Nonetheless, our results
demonstrated that GAD67 levels increase in islets
with aging and also indicated an important func-
tional role for GAD67 in compensatory insulin
secretion from aged islets. Therefore, the results
of this study provide new insight into blood glu-
cose regulation during aging and, more specifi-
cally, how the escalation of GAD67 in aged islets
contributes to the systemic glucose intolerance and
insulin resistance that occur with aging.
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Materials and methods

Pancreatic β-cell line culture

The β-TC6 mouse insulinoma cells (ATCC, CRL-
11506) were cultured in ATCC-formulated
Dulbecco’s modified Eagle’s medium (DMEM)
containing 4 mM L-glutamine and 25 mM glucose
in an atmosphere of 5% CO2, 95% air at 37°C.39

The medium was supplemented with 15% FBS,
100 U/ml penicillin and 100 μg/ml streptomycin.
All experiments were performed using β-TC6 cells
between passages 35 and 42.

Animals and animal care

Male C57BL/6J mice were from KRIBB-IACUC
and housed in a specific pathogen-free animal
facility (22°C ± 3°C; 50% ± 10% relative humidity).
All animal care and surgical procedures were
approved by the Animal Care and Use
Committee of DGIST.

Primary islet isolation and maintenance

Pancreatic islets were isolated from the pancreata
of young (3 month old) and aged (24 month old)
mice following standard islet isolation
procedures.40 Mice were anesthetized and then
sacrificed by exsanguination. Collagenase type
V (Sigma, C9263) was dissolved in Hank’s
balanced salts solution to a 1 mg/ml concentration
and then was transfused into the common bile
duct. The partially digested pancreas was excised
and incubated for 10–15 min at 37°C in a water
bath with shaking every 3 min. Islets were picked
under a stereoscope and maintained in RPMI-1640
medium supplemented with 10% FBS,
L-glutamine, 5 mM glucose, penicillin (100 units/
ml), and streptomycin (0.1 mg/ml) at 37°C in a 5%
CO2 incubator overnight.

Intraperitoneal glucose and insulin tolerance
tests

Intraperitoneal glucose and insulin tolerance tests
were performed as described previously.4 Briefly,
for glucose and insulin tolerance tests, mice were
fasted overnight (16 h) and for 6 h with free access
to water, respectively. Mice were injected

intraperitoneally with glucose (1 g/kg body weight)
and insulin (Sigma, I9278; 0.75 U/kg body weight).
Blood glucose levels were measured at 0, 30, 60, 90,
and 120 min for glucose tolerance tests and at 0, 15,
30, 60, and 90 min for insulin tolerance tests from
a cut tail vein using an Accu-Chek® Nano blood
glucose meter (Roche).

Glucose-stimulated insulin secretion (GSIS) tests

β-TC6 cells were seeded in a 12-well plate (2 × 105

cells/well) in triplicate and incubated for 48 h.
Cells were incubated with DMEM containing 1%
FBS, 5.6 mM glucose, and different doses of
3-MPA (0, 10, and 50 μM) for 24 h, washed once
with Krebs-Ringer Bicarbonate Buffer (KRBB;
114 mM NaCl, 4.4 mM KCl, 1 mM MgSO4,
29.5 mM NaHCO3, 1.28 mM CaCl2, 0.1% BSA,
and 10 mM HEPES, adjusted to pH 7.4) without
glucose, starved with KRBB plus 5 mM glucose
and different doses of 3-MPA for 5 h, washed
once with KRBB without glucose, and stimulated
with KRBB (1 ml per well) containing 5 mM and
25 mM glucose and 30 mM KCl for 1 h.
Supernatants were then collected for insulin mea-
surement. For islet experiments, five size-matched
islets per well were seeded in triplicate in a 24-well
plate in KRBB. Mouse islets were starved for 5 h at
37ºC in KRBB without glucose (400 μl per well)
and incubated for 1 h at 37ºC with 25 mM glucose
or 30 mM KCl and 1 mM 3-MPA (Sigma, M5801)
dissolved in DMSO for each condition. All super-
natant samples (400 μl per well) were stored at
−80ºC before measurement. Secreted insulin levels
from β-TC6 cells and young and aged islets were
normalized by their total protein levels.

Assessment of 3-MPA toxicity

Prior to examining the effect of 3-MPA on β-cells
or islet function, cell viability assays were per-
formed to identify 3-MPA concentrations that
had minimal effects on cell viability. The β-TC6
cell line and young and aged islets were main-
tained in the absence and presence of 3-MPA, as
described above. The concentrations of 3-MPA
used were 10, 50, and 200 μM for γ-TC6 cells
(Supplementary Figure 3A and B); 1 mM for
young (Supplementary Figure 3C and D) and
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aged islets (Supplementary Figure 3E and F). Live/
dead cells were stained using LIVE/DEAD® kit
(Thermo Fisher Scientific, L3224) containing
2 μM calcein AM and 4 μM EthD-1 at room
temperature for 30 min. Images were taken using
a Leica DMI 3000B fluorescence microscope for β-
TC6 cells, and with an Olympus FV1000 confocal
laser scanning microscope with 50 μm projection
for young and aged islets. Cell viability (%) was
calculated as the relative percentage of the total
area of live cells divided by the total number of
dead cells in a field of view: β-TC6 cells, n = 6
wells, total 12 images per condition; young islets,
n = 257 and 263 islets per condition from 3 mice;
and aged islets, n = 245 and 241 islets per condi-
tion from 2 mice).

Quantitative reverse transcription real-time PCR
(RT-qPCR)

Total RNA (5.6–11.7 μg) was extracted from
approximately 1000 islets using a Hybrid-RTM

RNA Purification Kit (GeneAll, 305–101). cDNA
was synthesized using a High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems,
4368814) from 2 μg total RNA following the man-
ufacturer’s instructions. Primers were designed
using Primer Express Software for Real-Time PCR
Version 3.0. Quantitative real time PCR was per-
formed using an ABI 7500 Real Time PCR System
and the SYBRTM Green PCR Master Mix (Applied
Biosystems, 4309155). Amplification conditions
were 2 min at 50°C, 10 min at 95°C, 1 min at 60°
C; followed by 40 cycles of 15 s at 95°C, 1 min at 60°
C, 30 s at 95°C, and 15 s at 60°C. Reaction specificity
was confirmed by melting curve analysis.39 Primers
used in this study were shown in Supplementary
Table 1. Actb was used as an internal standard.

Measurement of insulin, C-peptide, GAD67
antigen, GAD67 autoantibody and GABA
concentrations by ELISA

ELISA was performed using commercial ELISA kits
shown in Supplementary Table 2, and experiments
were conducted according to the manufacturer’s
instructions. All cell lysates were prepared using
RIPA buffer (Thermo Fisher Scientific,
NCI9900KR) containing HaltTM Protease Inhibitor

Single-Use Cocktail (Thermo Fisher Scientific,
1860932) and HaltTM Phosphatase Inhibitor
Cocktail (Thermo Fisher Scientific, 78426) and
their total protein levels were measured using
PierceTM BCA Protein Assay Kit (Thermo Fisher
Scientific, 23225) according to the manufacturer’s
instructions.

Immunohistochemistry

Pancreata from young (3 months old) and aged
(24 months old) mice were fixed in 4% parafor-
maldehyde overnight, incubated overnight in
a sucrose gradient (10, 20, and 30% sucrose in
PBS, respectively), and frozen in Tissue-Tek
Optimal Cutting Temperature (OCT) compound
(Sakura Finetek, 4583) before cryosectioning (−20°
C). Pancreas sections (20 μm) were rinsed with
PBS-Triton X-100 (0.3%) and incubated in block-
ing solution (PBS-Triton X-100 and CAS-BlockTM

(Thermo Fisher Scientific, 00–8120)). Thereafter,
sections were immunostained with primary anti-
bodies diluted in blocking solution for 48 h at RT
and with secondary antibodies diluted in PBS for
16 h at RT.4 The antibodies used for immunohis-
tochemistry were shown in Supplementary Table
3. Cell nuclei were labeled with DAPI. Slides were
mounted with ProLongTM Gold Antifade
Mountant (Thermo Fisher Scientific, P36934). All
projected confocal images (20 μm) of islets were
taken using an Olympus FV1000 confocal laser
scanning microscope. Images were analyzed using
Image J software.

Measurement of glucose-induced GAD65 and
GAD67 expression

Young (3 months old) and aged (24 months old)
islets were incubated with RPMI-1640 medium
containing 10% FBS and 3 or 16 mM glucose for
48 h. Collected islets were fixed in 4% paraformal-
dehyde overnight, washed in PBS once, seeded in
1.5% agarose gel, and frozen in Tissue-Tek OCT
compound before cryosectioning (−20°C). After
permeabilization and blocking processes as
described above, islet sections (20 μm) were
immunostained using anti-GAD65 and anti-GAD
67 antibodies and GAD65 and GAD67 content
was quantified by immunohistochemistry.
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Statistical analysis

All data are presented as mean ± SEM obtained from
at least three independent experiments. Statistical
significance was analyzed by unpaired or paired
Student t-test (Excel, Microsoft). P-values of < 0.05
were considered statistically significant.
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