GABA exerts protective and regenerative effects on
islet beta cells and reverses diabetes
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Type 1 diabetes (T1D) is an autoimmune disease characterized by
insulitis and islet β-cell loss. Thus, an effective therapy may require
β-cell restoration and immune suppression. Currently, there is no
treatment that can achieve both goals efﬁciently. We report here
that GABA exerts antidiabetic effects by acting on both the islet
β-cells and immune system. Unlike in adult brain or islet α-cells in
which GABA exerts hyperpolarizing effects, in islet β-cells, GABA
produces membrane depolarization and Ca2+ inﬂux, leading to the
activation of PI3-K/Akt–dependent growth and survival pathways.
This provides a potential mechanism underlying our in vivo ﬁndings
that GABA therapy preserves β-cell mass and prevents the development of T1D. Remarkably, in severely diabetic mice, GABA restores
β-cell mass and reverses the disease. Furthermore, GABA suppresses
insulitis and systemic inﬂammatory cytokine production. The β-cell
regenerative and immunoinhibitory effects of GABA provide
insights into the role of GABA in regulating islet cell function and
glucose homeostasis, which may ﬁnd clinical application.
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ype 1 diabetes (T1D) is an autoimmune disease characterized
by the inﬁltration of the pancreatic islets by T lymphocytes,
macrophages, and other immune cells (i.e., insulitis), and consequent loss of β-cells (1–3). At the onset of T1D, more than 70% of
β-cells are destroyed (4), whereas the residual β-cells most likely
represent the only reservoir for the regeneration of islet β-cell
mass (5). There has been a growing interest in identifying endogenous growth factors for β-cell replication. The incretin hormone GLP-1 has demonstrated a β-cell stimulatory capacity and
clinical efﬁcacy in T2D treatment (6), but it is only marginally
effective in T1D treatment (7), likely because of an insufﬁcient
effect of GLP-1 on the suppression of autoimmunity. Indeed, an
effective therapy of T1D requires suppression of the autoimmune
process and restoration of islet β-cells.
GABA, synthesized from glutamate by glutamic acid decarboxylase (GAD), is a major neurotransmitter in the CNS (8). In
the adult brain, GABA induces a fast inhibition in neurons
mainly through the GABAA receptor (GABAAR) (9). Activation
of GABAAR, a ligand-gated Cl− ion channel, results in membrane hyperpolarization as a consequence of Cl− inﬂux (8). In
the developing brain, however, activation of GABAAR induces
membrane depolarization, which regulates neuronal cell proliferation and maturation (10–12). GABAARs are also expressed
in various immune cells, including T cells, and appear to exert
immunoinhibitory effects (13–15).
GABA is produced by pancreatic β-cells (16). GABA released
from β-cells can act on GABAAR in the α-cells, causing membrane
hyperpolarization and hence suppressing glucagon secretion
(17, 18). An impaired insulin-Akt-GABAAR-glucagon secretory
pathway in the islet may be an underlying mechanism for unsuppressed glucagon secretion, despite hyperglycemia, in diabetic
subjects (18, 19). Remarkably, studies by our group and others
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have demonstrated that β-cells also express GABAARs (20, 21),
forming an autocrine GABA signaling system (20, 21). However,
the role of this autocrine GABA signaling in the regulation of β-cell
functions remains largely unknown.
It has been previously demonstrated that persistent high glucose
or elevated cytoplasmic ATP levels could suppress GABA production and its release from β-cells (22). In view of the critical role
of GABA–GABAAR signaling in neuronal cell proliferation and
maturation (11), we hypothesized that activation of GABA–
GABAAR signaling in pancreatic β-cells would have trophic activities and exert therapeutic effects in diabetic subjects. In this
study, we demonstrated that, unlike in α-cells, in which it induces
hyperpolarization, GABA produces membrane depolarization in
β-cells, which leads to the opening of voltage-dependent calcium
channels (VDCCs) and the activation of the Ca2+-dependent
PI3K/Akt cell growth and survival signaling pathway. In T1D
mouse models, GABA prevents and reverses the disease by promoting β-cell growth and survival. Furthermore, GABA exerts
immunoinhibitory effects, which may likely protect the β-cells
from autoimmune destruction.
Results
GABA Promotes β-Cell Proliferation and Protects β-Cell from
Apoptosis. To determine whether GABA has trophic effects in

the β-cells, we ﬁrst performed [3H]thymidine incorporation assay
in the INS-1 cell line. We found that GABA treatment timedependently increased DNA synthesis in these cells (Fig. 1A).
We next conducted pancreatic immunohistochemistry to investigate the in vivo effects of GABA on islet β-cells by injecting
mice with GABA (i.p., 20 μmol per mouse, 48 h). We found an
increase in the number of BrdU+ or Ki67+ islet β-cells in
GABA-injected mice (Fig. 1B), suggesting that GABA increases
β-cell proliferation in vivo. To determine whether GABA could
protect β-cell against apoptosis, we examined apoptosis in INS-1
cells and isolated mouse islets challenged with apoptotic induc-
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ers. As shown, GABA signiﬁcantly reduced streptozotocin (STZ)
induced death in the clonal INS-1 cells (Fig. 1C) and in isolated
mouse islets challenged with a cytotoxic cytokine mixture (Fig.
1D). These observations suggest that GABA promotes both
β-cell replication and survival.
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GABA Produces Depolarizing Effects and Initiates Ca2+-PI3-K/Akt
Pathway. We found that GABA stimulated Akt phosphoryla-

tion, which was blocked by the GABAAR antagonist bicuculline,
PI3K inhibition (Fig. 1E), or the calcium channel blocker nifedipine (Fig. 1F). This suggests that GABAAR-mediated trophic
effect is mediated by the Ca2+-dependent PI3K/Akt pathway
(10) in β-cells.
We performed patch-clamp recordings to analyze how GABA
elicits Ca2+–PI3K/Akt signaling in the cells. At a holding potential of −60 mV, application of GABA (100 μmol/L) evoked
bicuculline-sensitive currents (Fig. 2A); however, under the
current-clamp model (Fig. 2 B and C), GABA induced membrane depolarization in INS-1 cells rather than hyperpolarization
as seen in the α-cells (17, 18). To address whether GABAevoked membrane depolarization leads to activation of VDCCs,
we measured intracellular Ca2+ mobilization in INS-1 cells
(Fig. 2D) and isolated mouse islet β-cells (Fig. 2E) by using
a Ca2+ imaging system. We found that both GABA and a
GABAAR agonist muscimol (Fig. 2 D and E) stimulated Ca2+
inﬂux in the β-cells. These observations suggested that GABA
induced membrane depolarization, subsequent Ca2+ entry, and
Soltani et al.

activation of the PI3K/Akt pathway, which may represent a
mechanism underlying its in vivo effects in promoting β-cell
growth and survival.
GABA Prevents Diabetic Hyperglycemia in T1D Mouse Models. To
elucidate whether GABA plays a role in the regulation of glucose homeostasis, we examined its effects in multiple low-dose
STZ-induced diabetes (MDSD) (23) in mice. We found that
MDSD mice had a severe loss of islet β-cells, with the residual
islet containing mostly α-cells (Fig. 3A, Middle). Daily GABA
injections initiated 7 d before STZ treatment prevented β-cell
loss (Fig. 3A, Right). Thus, β-cell mass was preserved, whereas
α-cell mass was reduced (Fig. 3 B and C). Consistently, GABAtreated mice showed higher circulating insulin, lower glucagon
(Fig. S1 A–C), nearly normal glycemia (Fig. 3D), and improved
metabolic conditions (Fig. S1 D–H), and maintained close to
normal glucose tolerance (Fig. 3E), during a period of 53 d after
STZ injections. Insulin sensitivity was not altered, but glucagon
tolerance was signiﬁcantly improved (Fig. S1 I and J), indicating
that GABA prevented diabetic hyperglycemia in MDSD mice
through the preservation of β-cell mass and function.
We next investigated the effects of GABA in nonobese diabetic (NOD) mice, a spontaneous autoimmune T1D mouse
model (24). We started daily GABA injections in NOD mice
before the onset of diabetes. The saline solution-injected mice, at
the age of 13 wk, developed severe insulitis, β-cell depletion
(∼85% β-cells were destroyed), and hyperglycemia (Fig. 3 F and
G). In contrast, the GABA-treated mice showed mostly normal
islets (only ∼15% islets had mild insulitis; Fig. 3F), reduced β-cell
death and increased β-cell proliferation (Fig. S2 A–C), and relatively constant glucose levels (Fig. 3G). The untreated NOD
mice, typically at age 18 wk and thereafter, progressed to severe
diabetes and a complete depletion of islet β-cells (Fig. 3H). They
required insulin injections to maintain survival. In contrast,
GABA-treated mice had preserved β-cell mass (Fig. 3H), no
signs of diabetes, and nearly normal glucose tolerance (Fig. 3I).
PNAS | July 12, 2011 | vol. 108 | no. 28 | 11693
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Fig. 1. GABA activates Ca2+–PI3K/Akt pathway in the β-cells. (A) [3H]thymidine incorporation in INS-1 cells (n = 4). (B) BrdU assay (brown) in the islet
β-cells (pink) of CD1 mice injected with GABA. Two i.p. injections of GABA
(20 μmol per mouse) were made within 48 h, and BrdU was injected i.p. (100
mg/kg) 6 h before the animal was killed (150–200 islets were examined; n =
5). (C) Apoptosis assay in the INS-1 cells challenged with STZ (15 mM, 24 h) in
the presence of different concentrations of GABA (n = 5). (D) TUNEL (red)
and insulin (green) dual staining of the isolated islets from CD1 mice, pretreated with or without GABA (100 μM, 16 h), and challenged with a mixture
of cytokines (10 ng/mL IL-1β, 50 ng/mL TNF-α, 50 ng/mL IFN-γ) for 20 h (n = 5).
(E) Immunoblot of p-Akt and Akt in INS-1 cells treated with GABA (100 μM)
for various time intervals, in the presence or absence of bicuculline (Bic, 20
μM) or the PI3K inhibitor LY294002 (LY, 20 μM; n = 8). (F ) Immunoblot of
p-Akt and Akt in INS-1 cells treated with GABA (100 μM) in the presence or
absence of Bic or the Ca2+ channel blocker nifedipine (Nif, 10 nM) for 2 h
(n = 4). (*P < 0.05, **P < 0.01 vs. control groups.)

Fig. 2. GABA produces membrane depolarization in β-cells. Representative
traces show GABA-evoked currents (IGABA, A) and GABA-induced depolarization (intracellular sharp recordings) (B) in INS-1 cells. (C) Currentclamp recording (at membrane potential of −60 mV) of INS-1 cells in the
presence of GABA (100 μM) with or without Bic (100 μM). Intracellular Ca2+
measurements in INS-1 cells (D) and isolated islet β-cells (E) in the presence of
GABA or GABAAR agonist muscimol (10 μM) (E) with or without Bic. (*P <
0.05 and **P < 0.01; n = 3–5.)

GABA Reverses Diabetes in T1D Mouse Models. To investigate
whether GABA can reverse T1D, we administered it to severely
diabetic MDSD mice. Remarkably, GABA treatment reduced
lymphocytic islet inﬁltration, restored the β-cell mass (Fig. 4 A
and B), and completely reversed hyperglycemia in these mice
(Fig. 4C). This was associated with increased insulin, decreased
glucagon levels in the circulation (Fig. 4 D and E), and improved
metabolic conditions (Fig. S4 A–D). Similarly, GABA ameliorated diabetes in established hyperglycemic NOD mice (Fig. 4 F
and G), which was exempliﬁed by a signiﬁcant β-cell mass recovery (Fig. 4H) and improved metabolic conditions (Fig. S5 A–
D). These data suggest that GABA has stimulatory effects on the
regeneration of islet β-cells.
GABA Suppresses Inﬂammation and Increases Regulatory T-Cell
Numbers. We measured serum levels of several cytokines to as-

sess if GABA has effects on the circulating cytokine proﬁle.
Whereas the cytokines examined were present at undetectable or
very low levels in the normal mice, they were remarkably elevated
in the serum of STZ-treated mice, including IL-1β, TNF-α, IFN-γ,
IL-12, IL-6, and IL-10. However, we found that GABA-treated
MDSD mice showed signiﬁcantly decreased circulating inﬂammatory cytokines, i.e., IL-1β, TNF-α, IFN-γ, and IL-12 (Fig. 5 A–
D). Notably, the levels of the anti-inﬂammatory cytokine IL-10
were not suppressed (Fig. 5F). These results suggest that GABA
exerts an anti-inﬂammatory effect and produces a more favorable
cytokine proﬁle, which may be a relevant to the reduced insulitis
seen in GABA-treated MDSD (Fig. 4A) and NOD mice (Fig. 3F).
The anti-inﬂammatory effects of GABA were further examined
in in vitro assays. As shown, GABA suppressed the production of
IL-12 by macrophages, and of IFN-γ by CD4+ and CD8+ T cells
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Fig. 3. GABA preserves β-cell mass and prevents diabetes in MDSD and
NOD mice. (A) Immunohistochemistry of islet β-cells (green) and α-cells (red)
in the MDSD mice that received daily saline solution or GABA injections.
Analysis of β-cell mass (B) and α-cell mass (C) in GABA- or saline solutiontreated MDSD mice (in non–STZ-injected mice, β-cell mass was 1.78 ± 0.25;
α-cell mass was 0.22 ± 0.03). (D) Daily i.p. injection of GABA (20 μmol per
mouse) prevented STZ-induced (40 mg/kg for 4 d) diabetic hyperglycemia in
CD1 mice. (E) i.p. glucose tolerance test (IPGTT) was performed in MDSD
mice treated with or without GABA, or in these mice before the STZ
injections (Ctrl). (F) Immunostaining for insulin (brown) and glucagon
(black) in pancreatic sections of NOD mice (13 wk of age) that received
injections of saline solution or GABA; the severity of insulitis was scored
on H&E-stained slides. (G) Blood glucose measurement of the NOD mice
during the feeding course. (H) Islet immunohistochemistry of insulin (red)
and glucagon (black) in the NOD mice at 23 wk of age treated with PBS
solution or GABA. (I) IPGTT performed in the NOD mice at 23 wk of age.
IPGTT was performed at 7 wk of age before the onset of diabetes as control
(Ctrl). (J) Blood glucose measurement of TCR-8.3 NOD mice during the
feeding course (n = 10). (K) β-Cell mass measurement of TCR-8.3 NOD mice.
(L) Diabetogenic TCR-8.3 NOD CD8+ T cells were cocultured with irradiated
antigen-presenting cells as described in Experimental Procedures and
stimulated with a peptide mimotope. T-cell proliferation was measured by
MTT assay at 72 h. (*P < 0.05 and **P < 0.01; n = 5–8.)

To assess whether GABA has an inhibitory effect on diabetogenic, islet cell-reactive CD8+ CTLs, we investigated its
effects in T-cell receptor transgenic NOD mice (TCR-8.3 NOD).
We found that GABA was highly effective at preventing hyperglycemia in these mice (Fig. 3J). It markedly suppressed insulitis
(Fig. S3 A and B), preserved β-cell mass (Fig. 3K), enhanced Cpeptide levels, and reduced glucagon levels (Fig. S3 C and E).
Because this disease is dependent on diabetogenic CTLs, we
examined whether GABA could suppress these cells. Indeed,
in vitro, we observed that GABA inhibited the proliferation of
the TCR-transgenic CD8+ T cells induced by a peptide mimotope (Fig. 3L). Although this suppression was partial, it was
signiﬁcant.
11694 | www.pnas.org/cgi/doi/10.1073/pnas.1102715108

Fig. 4. GABA restores β-cell mass and reverses diabetes in MDSD and NOD
mice. (A) Staining of insulin (brown) and glucagon (black) in pancreatic
sections of hyperglycemic MDSD mice (n = 8) receiving daily injections of
GABA or saline solution (red arrows indicate inﬁltrating lymphocytes). (B)
β-Cell mass measurement of the MDSD mice. (C) Blood glucose measurement
in established diabetic MDSD mice that received daily GABA or saline solution injections during the feeding course (n = 8). Circulating insulin (D) and
glucagon (E) levels of the MDSD mice measured by RIA. (F) Blood glucose
measurement in the course of administration of GABA or saline solution in
hyperglycemic NOD mice (the injections started when the blood glucose
level was >12 mM; n = 6–10). (G) IPGTT performed in the NOD mice before
the animals were killed (n = 6). (H) β-Cell mass measurement in the NOD mice
(n = 5) that received chronic GABA or saline solution injections. (*P < 0.05
and **P < 0.01.)
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(Fig. 5 G–I). Thus, GABA might produce an anti-inﬂammatory
effect by reducing the levels of these cytokines. In view of the
immunosuppressive effects of TGF-β1 (25), we also examined this
cytokine. GABA increased TGF-β1 production in T-cell cultures,
with or without CD3/C28 stimulation (Fig. 5J). It also increased
expression of the TGF-βRI (ALK-5) receptor, and this was
blocked by the GABAAR antagonist picrotoxin (Fig. 5K). Thus,
GABA may also increase this anti-inﬂammatory cytokine.
Regulatory T cells (Tregs) exert inhibitory effects on immunological responses, and play a major role in the control of T1D (26).
We conducted phenotypic analysis of the splenocytes of NOD
mice (receiving GABA or saline solution injections for 60 d) by
multicolor ﬂow cytometry. Natural Tregs have the CD4+CD25+
Foxp3+ phenotype. The numbers of CD4+CD25+Foxp3+ T cells
were only modestly increased by GABA (Fig. S6A). Nrp1 is an
additional Treg marker we examined. This revealed that GABA
increases the total number of CD4+CD25+Foxp3+Nrp1+ Tregs
per spleen (Fig. S6 A and B). Interestingly, GABA increased the
suppressive activity of sorted CD4+CD25+ Tregs, as determined
in a vitro assay of T-cell suppression (Fig. S6C).
Discussion
In the present study, we demonstrated the therapeutic effects of
GABA in the prevention and reversal of diabetes in T1D mouse
Soltani et al.

Fig. 6. Model shows GABAAR–Ca2+–PI3K/Akt pathway in mediating GABAinduced tropic effects in β-cells (A). (1) GABA activates GABAAR Cl− channel in
an autocrine fashion. (2) Cl− efﬂux leads to membrane depolarization. (3)
Activation of VDCCs and subsequent Ca2+ inﬂux. (4) Activation of Ca2+dependent PI3-K/Akt signaling. (5) Cl−-dependent insulin secretion. (6) Insulin-stimulated activation of PI3K/Akt signaling. The tropic effects mediated
by GABABR (47) are not displayed. GABA dose-dependently enhances insulin
secretion from INS-1 cells, which is blocked by bicuculline (Bic, 20 μM) and
picrotoxin (Pic, 100 μM) (B). GABA enhances insulin-simulated Akt phosphorylation in INS-1 cells, which can be blocked by Bic and LY294002 (LY,
20 μM) (C). (*P < 0.05 and **P < 0.01, n = 5.)
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Fig. 5. GABA exerts anti-inﬂammatory and immune regulatory effects in
mice. Circulating levels of the inﬂammatory cytokines IL-1β (A), TNF-α (B),
IFN-γ (C), IL-12 (D), IL-6 (E), and IL-10 (F) in the MDSD mice by using multiplex
bead-based cytokine assay. IL-12 release (determined by ELISA) of LPS+IFNγ–stimulated splenic adherent cells (macrophage and DCs), with or without
GABA (G). IFN-γ release (by ELISA) of cultured splenic CD4+ (H) or CD8+ T cells
(I) stimulated with anti-CD3 and anti-CD28 antibodies, with or without
GABA. (J) Measurement of TGF-β1 in cultured splenic T cells stimulated with
anti-CD3+anti-CD28 antibodies, or not stimulated (Ctrl), in the presence or
absence of GABA. (K) Evaluation of TGFβRI expression by ﬂow cytometry in
activated CD4+ T cells in the presence or absence of GABA, with or without
GABAAR antagonist picrotoxin (Pic). (*P < 0.05; **P < 0.01, n = 5–8.)

models. The maintenance of β-cell mass is a dynamic process,
undergoing both increases and decreases through β-cell replication
and apoptosis. Importantly, in diabetic mice, GABA therapy increased β-cell proliferation and decreased β-cell apoptosis, which
in turn increased β-cell mass and induced the reversal of hyperglycemia in these mice. In vitro, GABA protected islets against
apoptosis induced by inﬂammatory cytokines. Islet inﬁltration with
immune cells, and associated local release of inﬂammatory cytokines, induce β-cell death in T1D (1, 2). Our data suggest that
GABA exerts anti-inﬂammatory effects, and is directly inhibitory
to T cells and macrophages. This might contribute to the reduction
of insulitis and recovery of β-cell mass in diabetic mice.
A key ﬁnding of the present study is that GABA exerts
depolarizing effects and ultimately activates Akt-mediated cell
growth and survival signaling pathways in β-cells. Akt plays
an important role in β-cell growth and the protection from
apoptosis (27, 28). In INS-1 cells and isolated mouse islets,
GABA-stimulated Akt activation was abolished by the GABAAR
antagonist bicuculline and/or the calcium channel blocker nifedipine. This suggests that GABA caused β-cell depolarization,
followed by the opening of VDCC, and then the subsequent
activation of the Ca2+/PI3K/Akt signaling pathway (29) (Fig.
6A). This may represent a molecular mechanism underlying its
in vivo trophic effects exerted on the islet β-cells.
We and others have previously reported that GABA, through
GABAAR activation, stimulated insulin secretion in the presence
of low or physiological concentration of glucose (20, 21).
Therefore, GABA-stimulated insulin secretion (Fig. 6B) may
provide additive effects on the activation of Ca2+/PI3K/Akt
pathway (Fig. 6A). In fact, the synergistic effects of insulin and
GABA on the activation of Akt signaling were apparent in
GABA-pretreated INS-1 cells, which showed enhanced levels of
Akt phosphorylation in the presence of insulin (Fig. 6C). This
may be relevant because insulin plays important autoregulatory
roles in β-cell growth, survival, and function (30).

Downloaded by guest on June 20, 2021

Of note, the activation of GABAAR Cl− channel induces
hyperpolarizing effects to suppress α-cell secretion, whereas it
exerts depolarizing effects in β-cells (18, 21). The direction of Cl−
ﬂow upon opening of GABAAR is dependent on the electrochemical driving force, determined by the resting membrane
potential and the intracellular free chloride concentration. In the
developing brain, GABA exerts excitatory effects by means of
membrane depolarization (31); however, it produces membrane
hyperpolarization in the adult brain (9). This shift is initiated by
the onset of expression of K+-Cl− cotransporter-2 (KCC2) (12).
To date, there is no evidence that KCC2 is localized in the islet
cells; however, a functional KCC2 analogue was found in pancreatic α-cells, but not in β-cells (32). This may provide an explanation underlying for the opposite actions of GABA on the
islet β- and α-cells.
A recent study by Lee et al. (33) demonstrated that glucagon
receptor-KO mice are resistant to STZ-induced diabetes. They
found that eliminating glucagon action abrogated the clinical and
laboratory manifestations of diabetes in mice, even in the presence
of severe insulin deﬁciency. Indeed, the appropriate ratio of insulin
to glucagon is critical in maintaining glycemic stability, particularly
in extremes of glucose inﬂux or efﬂux (34). In accord with this
concept, GABA suppresses glucagon and exerts actions beyond
stimulating insulin secretion and promoting β-cell growth. Indeed,
GABA cooperates with insulin to suppress glucagon secretion as
we previously reported (18). This suppression of glucagon production was very likely an additional factor that contributed to
remission of T1D in our GABA therapy experiments.
GABA was highly protective in three preclinical T1D models
(i.e., MDSD, WT NOD, and transgenic TCR-8.3 NOD mice).
These models are characterized by insulitis, although T cells play
more prominent pathogenic roles in NOD mice than in MDSD
(35). For example, T cell-deﬁcient mice have been reported to
have more severe MDSD (35). In contrast, numerous studies have
shown that the disease of NOD mice is T cell-dependent (3).
However, this does not imply that only T cells participate in the
pathogenesis. Indeed, in NOD mice, T cells may interact with
macrophages, B cells, or other immune cells, to ultimately produce
islet cell injury (2, 3).
In all three models, GABA attenuated insulitis, preserved
β-cell mass, and prevented diabetes. CD8+ CTLs appear to have
a key role in the initiation of insulitis and β-cell destruction in
patients with recent-onset diabetes (36). In NOD mice, CTLs
can directly kill islet cells. Notably, in transgenic TCR-8.3 NOD
mice, the CTLs react to an islet-cell antigen and induce severe
insulitis (37). In vitro, GABA was found to directly suppress the
islet-reactive TCR-8.3 transgenic CTLs. Importantly, in vivo, it
prevented diabetes in these mice.
Despite the important role of effector T cells in NOD mice,
there is increasing evidence that inﬂammatory mechanisms
(usually associated with innate immunity) play a key role in
pathogenesis (2). Similarly, inﬂammation is a prominent feature
of MDSD, which contributes to β-cell death (38). In accord with
this, anti-inﬂammatory therapies are protective in both the
MDSD and NOD mice (2, 23). Here, we show that the protective
effects of GABA in the STZ-treated mice were associated with
decreased levels of circulating inﬂammatory cytokines, i.e., IL1β, TNF-α, IFN-γ, and IL-12. In contrast, the levels of the antiinﬂammatory cytokine IL-10 were not depressed.
TGF-β1 exerts potent immunosuppressive and anti-inﬂammatory
effects (25). Interestingly, in vitro, GABA increased TGF-β1 production by T cells, whether they were unstimulated or activated by
CD3/CD28 antibodies. Moreover, it increased the expression TGFβRI, a key TGF-β signaling mediator, and this appeared to be
GABA receptor dependent, as it was blocked by the GABAAR
antagonist picrotoxin (Fig. 5K). This suggests that GABA might
also inhibit inﬂammation by stimulation production of TGF-β1.
11696 | www.pnas.org/cgi/doi/10.1073/pnas.1102715108

We considered that GABA might increase the numbers of
Tregs or their suppressive function. Interestingly, GABA-treated
mice had increased total numbers of splenic CD4+CD25+
Foxp3+Nrp1+ Treg cells. There is evidence that Nrp1 increases
the suppressive activity of Tregs (39, 40), although its role is still
not well understood. The increased numbers of these cells might
be related to TGF-β1 stimulation (25). In vitro, sorted
CD4+CD25+ Tregs of GABA-treated mice were more suppressive, compared with those of PBS solution-treated mice. These
ﬁndings point to alterations in Treg activity that might protect
against disease in our models. However, their importance remains
speculative, and further studies are required.
The effects of GABA on the immune system have not been
extensively studied. In humans, GABAAR is expressed by CD4+
and CD8+ T cells, B cells, and certain monocytes (13). Tian et al.
(14, 15) reported GABAAR expression by T cells, and that
GABA therapy protected NOD mice against T1D, possibly as
a result of suppression of Th1 cells. Similarly, Bjurstom et al.
(41) reported that GABA, at as low as 100 nM, suppressed
CD4+ T cells in murine experimental autoimmune encephalomyelitis. In contrast, Bhat et al. (42) reported functional
GABAAR on murine macrophages but not on T cells, and that
protection against experimental autoimmune encephalomyelitis
was likely the result of an anti-inﬂammatory effect. The reason
for this discrepancy in receptor expression between these studies
is not clear, but our results demonstrated that GABA suppresses
CD4+ T cells, CD8+ T cells, and macrophages in vitro, and exerts
anti-inﬂammatory effects in vivo.
Remarkably, GABA also reversed established diabetes. This
was most notable in STZ-induced disease, whereas disease reversal in NOD mice was less prominent. Indeed, GABA-treated
NOD mice often reverted to severe hyperglycemia over time,
whereas this did not occur in the MDSD model. In the latter
case, there was clear evidence of β-cell regeneration and restoration of its mass. This strongly suggests that GABA acts on
β-cells by protecting them from death and by promoting proliferation or restoration in MDSD mice.
Importantly, β-cell restoration was also observed in NOD
mice, provided the treatment was initiated early after the onset
of diabetes. At the onset of diabetes, the majority of the β-cells
are destroyed in the NOD mice (Fig. 3F), but the remaining
β-cells may be able to grow and allow β-cell regeneration. The
effects of GABA in restoring β-cell mass were clearly evident, as
the β-cell mass signiﬁcantly expanded after GABA therapy. In
contrast, the untreated NOD mice displayed complete absence
of β-cells soon after the onset of diabetes. In view of this, we
speculate that NOD mice that have been diabetic for some time
have insufﬁcient residual islet cells to permit recovery, and this
question warrants further investigation.
GAD65 has long been considered a major target antigen for
autoimmunity in T1D (43). GAD expression in islets has been
reported in mice, rats, and humans (44). It was observed that
GAD expression levels, and the predominant isoform (GAD65
or GAD67), vary among species (44). GAD67 is more highly
expressed in mouse islet cells than GAD65, whereas human islets
express primarily GAD65. We have used an anti-GAD antibody
that recognizes both GAD65 and GAD67, i.e., we are detecting
total GAD. With this method, we readily identiﬁed GAD+ islet
β-cells in mice, although not all cells were positive (Fig. S7A).
We speculate that the depletion of GAD positive β-cells via
autoimmune mechanisms causes a decrease in intraislet GABA,
reducing its actions and promoting β-cell loss. According to this
hypothesis, GABA will prevent autoimmunity, which is consistent with the observation, for example, that GABA therapy in
TCR-8.3 NOD mice preserved insulin/GAD double-positive
β-cells (Fig. S7B). This notion is also supported by previous
ﬁndings in transgenic NOD mice. Indeed, Bridgett et al. (45)
showed that the islets of NOD mice contain GAD enzymatic
Soltani et al.

activity, as shown by GABA production (16 pmol GABA/μg
protein in 90 min). Furthermore, a strain of transgenic NOD
mice expressing human GAD65 in their islets produced more
GABA (130 pmol GABA/μg protein in 90 min), and had a lower
incidence of diabetes. Although not a direct proof of protection
by intraislet GABA, this ﬁnding is consistent with our hypothesis.
GABA was also shown to exert insulinotropic effects in
humans (46). Importantly, GABA does not cross the blood brain
barrier and can be administered orally in humans in large
amounts (46). Hence, GABA or GABA-mimic drugs may ﬁnd
applications in the prevention and treatment of T1D.

Immunoblotting, Immunostaining, and α- and β-Cell Mass Measurement. Immunoblotting, tissue process, and islet cell mass analysis were performed as
we described previously (27). Information on the antibodies used is provided
in SI Experimental Procedures.
Lymphocytic Stimulation in Vitro Flow Cytometry Analysis. Spleen cell isolation, in vitro culture, and ﬂow cytometry analysis were performed as described previously (39). The antibodies used and the lymphocytic stimulation
in vitro assays were performed as described in SI Experimental Procedures.
Statistical Analysis. All data are presented as mean ± SEM. Statistical analysis
was done by a Student t test or ANOVA with Tukey post-hoc test as appropriate. Signiﬁcance was assumed at a P value of less than 0.05.
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Animal Handling and Tissue Processing. Male CD1 mice, female NOD/Lt mice,
and female TCR-8.3 NOD mice (Jackson Laboratory) were housed under
a light/dark cycle of 12 h with free access to food and water. All procedures
were approved by the institutional animal care committee. Animal handling
and drug injections are described in SI Experimental Procedures.
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