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does not affect the phenotype in mice, contrary to neural
tube defects and embryonic lethality in homozygous defi-
cient mice (31). Moreover, the localization of Csk in the
cytosol before recruitment to the membrane for Src regu-
lation dose not differ in Wistar and GK islets (supplemen-
tary Fig. 4). Thus, the lower expression level of Csk found
in our results is not likely to play a role in the Src
activation in GK islets. Activation of Src as well as elevated
endogenous ROS production at high glucose in GK islets
was clearly suppressed by exendin-4, which did not affect
Src phosphorylation or ROS production in Wistar islets.
Thus, the GLP-1 signal might well suppress activation of
Src and excessive ROS production under diabetic condi-
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tions in addition to other beneficial long-term effects on
B-cells.

GLP-1 induces elevation of intracellular cAMP levels
and subsequent activation of PKA after binding to the
GLP-1 receptor. In the present study, the effect of GLP-1
signaling, which suppresses Src activation and ROS pro-
duction, was found to be independent of PKA. Epac is a
PKA-independent cAMP sensor; Epac2 is expressed
mainly in neuroendocrine cells including pancreatic
B-cells. Epac2 regulates exocytosis of insulin granules in
B-cells by mobilizing intracellular Ca®* and interacting
granule-associated proteins (14,15). Although the relation-
ship between Epac and Src is not well known, a recent
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report (32) has shown that cAMP protects against hepato-
cyte apoptosis Epac dependently through Src and PI3K/
Akt activation. Further evaluation of the role of cAMP in
regulation of Src and PI3K/Akt signaling is required.

In the present study, we have shown that one of these
Src signals, the PI3K/Akt signal, regulates ROS production.
Furthermore, GLP-1 induces B-cell proliferation through
PI3K signaling via Src and EGFR transactivation (33). Our
finding that the EGFR kinase inhibitor decreases ROS
production suggests that EGFR transactivation may be
involved in the ROS-reducing effect of exendin-4 via Src.
Under normal conditions, GPCR stimulation generally
activates Src toward EGFR transactivation, frequently
followed by PI3K activation (25). The present study re-
veals that Src and PI3K activities are upregulated in islets
under diabetic conditions, which are suppressed by the
GLP-1 signal. Many studies in oncology have shown that
several growth factors including EGF and platelet-derived
growth factor induce ROS through PI3K activation (34—
36). Thus, EGFR transactivation/PI3K signaling should be
activated under pathophysiologically disordered condi-
tions. In the various states between normal and diabetic
conditions, the ameliorative effects of the GLP-1 signal
may differ (37). Further elucidation of these signals in the
pathophysiology of diabetes should be helpful in future
development of therapeutic strategies.

Previous studies have shown that the antioxidant capac-
ity in B-cells is very low because of weak expression of
antioxidant enzymes in pancreatic islets compared with
that in various other tissues (38). The superoxide anion is
converted by superoxide dismutase (SOD) into hydrogen
peroxide that is eventually removed by glutathione perox-
idase (Gpx). The expression level of MnSOD, which is
localized in mitochondria, was significantly lower in GK
islets than in Wistar islets, and that of of Gpx was similar
in Wistar and GK islets (supplementaty Fig. 5A). However,
an enzymatic assay revealed that MnSOD activity in GK
islets was similar to that in Wistar islets and that it was not
affected by exendin-4 or PP2 (supplementary Fig. 5B and
(). These results indicate that regulation of MnSOD activ-
ity does not play a role in the suppressive effects of ROS
production by exendin-4.

One of the important sites of ROS generation in B-cells is
the mitochondrial electron transport chain, in which ROS
generation increases according to the hyperpolarization of
mitochondrial inner membrane derived from accelerated
glucose metabolism (39). However, in pathophysiological
conditions, NADPH oxidase may play an important role in
ROS generation in B-cells. Chronic exposure to proinflamma-
tory cytokines and abundant nutrients including glucose and
palmitate augments the expression of a phagocyte-like
NADPH oxidase in B-cells (40). Moreover, the expression of
NADPH oxidase is increased in islets of diabetic Otsuka Long
Evans Tokushima Fatty rats (41). Because Src is involved in
regulation of NADPH oxidase activity (42), further examina-
tion to elucidate the site of ROS generation related to Src
activation in B-cells is needed. On the other hand, previous
reports have shown that ROS itself regulates Src activity
(43,44) in addition to Src activity regulation of ROS produc-
tion (45). To clarify this mutual causal relationship between
Src and ROS, we examined ROS production in GK islets
expressing Src-KN, which was found to cause a distinct
decrease in high-glucose-induced ROS production. This find-
ing demonstrates that Src activity regulates ROS production
and does not contradict the possibility of a feedback regula-
tion mechanism of ROS on Src activity (45).
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The high-glucose-induced increase in ATP production is
impaired in GK rats (6,46) as well as in patients with type
2 diabetes (47). In addition, islets in GK rats and human
type 2 diabetes are oxidatively stressed (48-50). In the
present study, exendin-4 was able to recover this impaired
increase in ATP production by high glucose in GK islets as
well as to decrease excessive ROS production. Thus,
GLP-1 signaling may improve B-cell function in the dia-
betic state not only because it enhances Ca®* efficacy of
the exocytotic system of insulin granules but also because
it improves impaired metabolism-secretion coupling.
GLP-1 receptor agonists are widely used in treatment of
type 2 diabetes for their ability to improve glucose intol-
erance. Their clinical beneficial effect seems to be pro-
vided not only by their insulinotropic action but also by
their reduction of B-cell apoptosis and induction of B-cell
proliferation (16-18). Further elucidation of endogenous
ROS regulation by GLP-1 may help to clarify the mecha-
nism of the various beneficial effects of these agents.
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Metformin suppresses hepatic gluconeogenesis
and lowers fasting blood glucose levels
through reactive nitrogen species in mice
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Abstract

Aims/hypothesis Metformin, the major target of which is
liver, is commonly used to treat type 2 diabetes. Although
metformin activates AMP-activated protein kinase (AMPK)
in hepatocytes, the mechanism of activation is still not well
known. To investigate AMPK activation by metformin in
liver, we examined the role of reactive nitrogen species
(RNS) in suppression of hepatic gluconeogenesis.
Methods To determine RNS, we performed fluorescence
examination and immunocytochemical staining in mouse
hepatocytes. Since metformin is a mild mitochondrial
complex I inhibitor, we compared its effects on suppression
of gluconeogenesis, AMPK activation and generation of the
RNS peroxynitrite (ONOO™) with those of rotenone, a
representative complex I inhibitor. To determine whether
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endogenous nitric oxide production is required for ONOO™
generation and metformin action, we used mice lacking
endothelial nitric oxide synthase (eNOS).

Results Metformin and rotenone significantly decreased
gluconeogenesis and increased phosphorylation of AMPK
in wild-type mouse hepatocytes. However, unlike rote-
none, metformin did not increase the AMP/ATP ratio. It
did, however, increase ONOO™ generation, whereas rote-
none did not. Exposure of eNOS-deficient hepatocytes
to metformin did not suppress gluconeogenesis, activate
AMPK or increase ONOO™ generation. Furthermore, met-
formin lowered fasting blood glucose levels in wild-
type diabetic mice, but not in eNOS-deficient diabetic
mice.

Conclusions/interpretation Activation of AMPK by metfor-
min is dependent on ONOO™. For metformin action in liver,
intra-hepatocellular eNOS is required.

Keywords AMP- AMP-activated protein kinase -
Endothelial nitric oxide synthase - Gluconeogenesis -
Metformin - Nitric oxide - Peroxynitrite -

Reactive nitrogen species

Abbreviations

AMPK  AMP-activated protein kinase
BAEC Bovine aortic endothelial cells
DCDHF  2,7-Dihydrodichlorofluorescein
eNOS Endothelial nitric oxide synthase
LNAME N®“-Nitro-L-arginine methyl ester
NOS Nitric oxide synthase

OCT1 Organic cation transporter 1
ONOO™  Peroxynitrite

RNS Reactive nitrogen species
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Introduction

Metformin is one of the most commonly used oral glucose-
lowering drugs for type 2 diabetes and is recommended as a
first-line drug in recent treatment guidelines of the
American Diabetes Association and European Association
for the Study of Diabetes [1, 2]. The main target tissue of
metformin is liver and its major effect is to decrease
hepatic glucose output, which occurs largely due to the
suppression of gluconeogenesis, leading to lower fasting
blood glucose levels without insulin stimulation and
weight gain [3-5]. In addition, metformin has beneficial
effects on cardiovascular function and reduces cardiovas-
cular risk in type 2 diabetes [6].

Although metformin has been used clinically for several
decades, the mechanisms by which it exerts its glucose-
lowering effects are still unclear [7]. Recent studies have
demonstrated that therapeutic effects of metformin are
mediated by activation of AMP-activated protein kinase
(AMPK), leading to a decrease in gluconeogenesis and an
increase of fatty acid oxidation in liver and of glucose
uptake in skeletal muscle [8-10]. AMPK is a serine/
threonine kinase that acts as an energy sensor and is
activated in response to reductions of cellular energy levels
and to environmental stress, including hypoxia, ischaemia,
exercise, ATP depletion and oxidative stress [11, 12].
Although it has been known that AMPK is activated by
an increase in the AMP/ATP ratio, the AMPK-activating
mechanism also involves other pathways that are dependent
on upstream AMPK kinases, including LXB1 kinase and
calmodulin-dependent protein kinase kinase in liver and
skeletal muscle, respectively [13]. Previous studies reported
that metformin had an inhibitory effect on mitochondrial
complex I, and, indeed, an inhibition of mitochondrial
complex I has been found to increase the AMP/ATP ratio
[7, 14, 15]. AMPK activation by metformin was therefore
thought to be also mediated by an increase in the AMP/ATP
ratio. However, recent studies have reported that metformin
action may be mediated without a notable inhibition of
mitochondrial metabolism [10, 16].

Recently, a possible role of peroxynitrite (ONOQO™), a
reactive nitrogen species (RNS), in the mechanism of AMPK
activation has been investigated. RNS comprises nitric oxide
and its secondary substrates; ONOO™ is generated from
superoxide anions {O,") and nitric oxide [17]. Zou et al.
reported that metformin activates AMPK through ONOO™ in
bovine aortic endothelial cells (BAEC) [18]. However, it is
unclear whether RNS generation by metformin is involved in
its suppression of hepatic gluconeogenesis or whether RNS
generation affects metformin’s pharmacological action in
lowering of fasting blood glucose levels.

To clarify the mechanism of AMPK activation in liver,
we used mouse hepatocytes to investigate the involvement

of the AMP/ATP ratio and RNS in AMPK activation by
metformin compared with rotenone, a representative com-
plex I inhibitor. To determine whether endogenous nitric
oxide production is required for metformin action in
hepatocytes, we also performed experiments using mice
lacking endothelial nitric oxide synthase (eNOS) [18-21].
We demonstrated that ONOO™ plays a critical role in
AMPK activation by metformin in liver and that eNOS is
required for metformin action in vitro and in vivo.

Methods

Animals Male C57/BL6 (wild-type) mice were obtained
from Shimizu (Kyoto, Japan). Male eNOS-deficient (eNos
[also known as Nos3]™") mice were obtained from Jackson
Laboratories (Bar Harbor, ME, USA). Mice were main-
tained in a temperature-controlled (25+2°C) environment
with a 12 h light/dark cycle. The mice had free access to
standard laboratory chow and water. All experiments were
carried out with mice aged 8 to 10 weeks. The animals were
maintained and used in accordance with the Guidelines for
Animal Experiments of Kyoto University. All the experi-
ments involving animals were conducted in accordance
with the Guidelines for Animal Experiments of Kyoto
University and were approved by the Animal Research
Committee, Graduate School of Medicine, Kyoto University.

Hepatocyte preparation and culture Mice hepatocytes were
isolated by collagenase digestion as described previously
[22]. Primary hepatocytes were prepared by seeding in six
well type 1 collagen-coated plates at a density of 1.5x
10° cells in DMEM (low glucose, 5.6 mmol/l) containing
10% (vol./vol.) FBS, 100 nmol/l regular insulin, 50 U/ml
penicillin and 50 pg/ml streptomycin. Hepatocytes were
then cultured overnight in a humidified atmosphere (5% CO-)
at 37°C.

Glucose production via gluconeogenesis in hepatocytes
Gluconeogenesis was measured as described previously
with slight modifications [22, 23]. In brief, freshly isolated
hepatocytes from mice fasted for 16 h were treated in 24
well plates (7.5x10° cells/well) in 0.5 ml KRB buffer
(119.4 mmol/l NaCl, 3.7 mmol/l KCl, 2.7 mmol/l CaCl,,
1.3 mmol/l KH,PO,, 1.3 mmol/l MgSQO,, 24.8 mmol/l
NaHCO;) containing 2% (wt/vol.) BSA, 2 mmol/l oleate,
0.24 mmol/l 3-isobutyl-1-methylxanthine and gluconeo-
genetic substrates (I mmol/l pyruvate plus 10 mmol/l
lactate) treated with metformin (Sigma, St Louis, MO,
USA) and rotenone (Nacalai Tesque, Kyoto, Japan).
Metformin was dissolved in water. Rotenone was dissolved
in dimethyl sulfoxide to a concentration that did not
interfere with cell viability (maximally 0.1% vol./vol.).

2| Springer

- 183 -



1474

Diabetologia (2010) 53:1472-1481

The glucose content of the supernatant fraction was
measured by the glucose oxidation method using an assay
kit (Gopod; Megazyme, Wicklow, Ireland). The data were
normalised by protein content measured by cell lysates.

Immunoblotting analysis Freshly isolated hepatocytes
were treated with metformin, rotenone and ONOO™
(Dojindo, Kumamoto, Japan) in KRB buffer containing
2% (wt/vol.) BSA, 2 mmol/l oleate, 0.24 mmol/l 3-
isobutyl-1-methylxanthine and gluconeogenetic substrates
(1 mmol/l pyruvate plus 10 mmol/l lactate). Primary hepato-
cytes cultured overnight were incubated in FBS-free
DMEM (no glucose) treated with metformin and rotenone.
The hepatocytes were homogenised in lysis buffer
(50 mmol/l Tris-HCIl, pH 7.4, 50 mmol/l NaF, 1 mmol/l
sodium pyrophosphate, 1 mmol/l EDTA, I mmol/l EGTA,
1 mmol/1 dithiothreitol, 0.1 mmol/l benzamidine, 0.1 mmol/l
phenylmethylsulfonylfluoride, 0.2 mmol/l sodium vanadate,
250 mmol/l mannitol, 1% (vol./vol.) Triton X-100 and
S ug/ml soybean trypsin inhibitor). Cell lysates (50 to
150 pg protein per lane) were subjected to electrophoresis
on 8% (vol./vol.) SDS—polyacrylamide gels and transferred
on to nitrocellulose membranes (Protran; Schleicher and
Schuell, Keene, NH, USA). Blotted membranes were
incubated with each primary antibody (1:1,000 dilution).
Antibodies against AMPK « and phospho-AMPK« (Thr'™)
were from Cell Signaling Technology (Danvers, MA, USA).
Antibodies against organic cation transporter 1 (OCT1) and
glyceraldehyde-3-phosphate dehydrogenase were from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Membranes
were incubated with horseradish peroxidase-linked second
antibodies (1:2,000 dilution) (GE Healthcare, Tokyo, Japan)
and fluorescent bands were visualised using a western blotting
detection system (Amersham ECL Plus; GE Healthcare) and
then quantified by densitometry using Image J software from
National Institutes of Health (Bethesda, MD, USA).

Determination of reactive nitrogen species ONOQ™ genera-
tion was measured using 2,7-dihydrodichlorofluorescein
(DCDHEF) diacetate (Cayman Chemical, Ann Arbor, MI,
USA) [24-26], which is readily oxidised by ONOO™ to the
highly fluorescent product, dichlorofluorescein. Alone,
nitric oxide, superoxide anions or hydrogen peroxide did
not oxidise DCDHF. Freshly isolated hepatocytes were
washed in ice-cold PBS and preloaded for 20 min at 37°C
with 10 pmol/l DCDHF diacetate (Cayman Chemical) in
KRB buffer containing 2% (wt/vol.) BSA, 2 mmol/l oleate,
0.24 mmol/l 3-isobutyl-1-methylxanthine and gluconeo-
genetic substrates (1 mmol/l pyruvate plus 10 mmol/l
lactate). Fluorescence was determined using a spectro-
fluorophotometer (RF-5300PC; Shimazu, Kyoto, Japan)
with excitation wavelength at 502 nm and emission wave-
length at 523 nm. After 1 h incubation in the presence or
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absence of metformin, rotenone, ONOO™ or hydrogen
peroxide with or without RNS scavenger (5 mmol/l «-
tocopherol plus 2.3 mmol/l ascorbate) [27], fluorescence
was measured and presented as a ratio with respect to the
value at time zero.

Immunocytochemistry Primary hepatocytes were plated on
cover glass coated with 0.01% (vol./vol.) poly-L-lysine
(Sigma) in six-well plates (5.0x10° cells per well).
Hepatocytes were then incubated with FBS-free DMEM
(no glucose) in the presence or absence of rotenone,
metformin, metformin with RNS scavenger (5 mmol/l «-
tocopherol plus 2.3 mmol/l ascorbate) and metformin with
1 mmol/l of the nitric oxide synthase (NOS) inhibitor N“-
nitro-L-arginine methyl ester (L-NAME) for 2 h, or in the
presence or absence of ONOO™ for 5 min. The hepatocytes
were fixed in 3.7% (wt/vol.) paraformaldehyde and incu-
bated with rabbit polyclonal anti-nitrotyrosine antibody
(1:100 dilution; Millipore; Billerica, MA, USA). Next, cells
were incubated with goat anti-rabbit IgG fluorescein-
conjugated secondary antibody (1:100 dilution; Alexa Fluor
488; Invitrogen, Carlsbad, CA, USA). Fluorescence in cells
was monitored using a laser scanning microscope (LSM
510; Carl Zeiss, Tokyo, Japan) for confocal microscopy and
a software package (LSM 510 Meta; Carl Zeiss) for image
acquisition.

Measurement of adenine nucleotide content After freshly
isolated hepatocytes were incubated in KRB buffer con-
taining 2% (wt/vol.) BSA, 2 mmol/l oleate, 0.24 mmol/l 3-
isobutyl-1-methylxanthine and gluconeogenetic substrates
(1 mmol/l pyruvate plus 10 mmol/l lactate) in the presence
or absence of metformin or rotenone for 2 h, or of ONOO™
for 5 min, treatment was stopped by rapid addition of
0.1 ml of 2 mol/l HCIOy, followed by mixing by vortex and
sonication in ice-cold water for 3 min. Cell lysates were
then centrifuged for 3 min at 3,000xg and 4°C, and a
fraction (0.4 ml) of the supernatant fraction was mixed with
0.1 ml of 2 mol/l HEPES and 0.1 ml of 1 mol/l Na,COs.
Adenine nucleotide contents were measured by a lumino-
metric method as previously described [28, 29].

Effect of metformin on plasma glucose levels and AMPK
phosphorylation in liver tissue of wild-type and eNos™~
diabetic mice Mice were made diabetic by intraperitoneal
injection of streptozotocin (120 mg/kg) into male C57/BL6
and eNos™ mice at 8 weeks of age. At 1 week after
injection of streptozotocin, the animals were confirmed to
be diabetic by high fed blood glucose levels (>13.8 mmol/1)
and other diabetic features, including polyuria, polydispia
and hyperphagia. After fasting for 16 h, the blood glucose
levels were measured and mice were immediately injected
intraperitoneally with metformin (250 mg/kg) in 0.9%
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sterile saline or 0.9% (wt/vol.) sterile saline only, a similar
treatment to that described previously [8, 18]. Blood
glucose levels were measured again after 1 h. Diabetic
mice received injections of metformin or vehicle as described
above for three consecutive days and blood glucose levels
were measured again after fasting for 16 h. Immediately after
the final measurement of blood glucose levels, the abdomen
was cut open and liver tissue of each group was collected and
homogenised in lysis buffer. Tissue lysates (50 pg protein/
lane) were used for immunoblotting assay of AMPK
phosphorylation using antibodies against AMPKa and
phospho-AMPK o (Thr!7?).

Statistical analysis Results are expressed as mean + SE per
number (17) of animals. Statistical significance was evaluated
by ANOVA, unpaired ¢ test (not noted) and paired ¢ test
(noted). A value of p<0.05 was considered statistically
significant.

Results

Effects of metformin and rotenone on gluconeogenesis and
AMPKco phosphorylation in C57/BL6 mice hepatocytes
Hepatic gluconeogenesis and AMPK« phosphorylation
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Fig. 1 Metformin and rotenone suppress gluconeogenesis and
stimulate AMPK« phosphorylation in hepatocytes isolated from
C57/BL6 mice. a Gluconeogenesis after 2 h exposure to metformin
and rotenone. Metformin (dose-dependently between 0.5 and
50 mmol/l) and rotenone (100 nmol/) significantly suppressed
gluconeogenesis. b, ¢ Effects of metformin and rotenone on activation
of AMPK. After 2 h exposure, AMPK« phosphorylation in freshly
isolated hepatocytes was significantly stimulated by metformin (dose-
dependently as above [a]) and rotenone (100 nmol/l). Data are
expressed as fold stimulation over control. d, e Effects of metformin
and rotenone on activation of AMPK in primary cultured hepatocytes.

B AmPRa

were measured using freshly isolated hepatocytes. After
2 h exposure to metformin, hepatic gluconeogenesis was
significantly and dose-dependently suppressed at doses
between 0.5 and 50 mmol/l metformin; it was also
suppressed by exposure to 100 nmol/l rotenone (control
115.4£2.5 nmol/mg protein, 2 mmol/l metformin 92.1+
3.3 nmol/mg protein, p<0.05 vs control; 100 nmol/l rotenone
91.5£8.7 nmol/mg protein, p<0.05 vs control; Fig. 1a).
Gluconeogenesis at 2 mmol/l metformin and 100 nmol/l
rotenone were similar (p=NS metformin vs rotenone). After
2 h exposure, metformin (0.5-50 mmol/l) and 100 nmol/
rotenone each stimulated phosphorylation of Thr'”? of
AMPK« (Fig. 1b, ¢). Increments of phosphorylation relative
to control in hepatocytes exposed to 2 mmol/l metformin
and 100 nmol/l rotenone were almost equivalent (fold
increase relative to control 1.79+0.11 [metformin] and
1.85£0.12 [rotenone], p=NS, metformin vs rotenone).
Similar results were observed using primary cultured
hepatocytes (Fig. 1d, ¢). In the time course study of
exposure to 2 mmol/l metformin, the suppressing effects
on gluconeogenesis appeared after 120 min (p < 0.05 vs
corresponding control; Fig. 1f). In addition, after 60 min
exposure to 2 mmol/l metformin stimulated phosphor-
ylation of Thr'” of AMPKa (p<0.05 vs pre-exposure;
Fig. 1g, h).
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After 2 h exposure, AMPKa phosphorylation was significantly
stimulated by metformin (2 mmol/l) and rotenone (100 nmol/l). Data
are expressed as fold stimulation over control. f Time course of
gluconeogenesis with exposure to metformin. Suppressing effects on
gluconeogenesis by 2 mmol/l metformin (white circles) compared
with control (black circles) were detected after 120 min. g, h Time
course of AMPK activation upon exposure to metformin (2 mmol/l),
which after 60 min stimulated phosphorylation of AMPK  in freshly
isolated hepatocytes. Data are expressed as fold stimulation over pre-
exposure. Values (all bar graphs) are means = SE (1=6), *p<0.05 vs
control (a—f) and pre-exposure (h)
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ATP content and AMP/ATP ratio in C57/BL6 mice
hepatocytes In wild-type mice, exposure of freshly isolated
hepatocytes to 100 nmol/l rotenone for 2 h decreased ATP
content and increased the AMP/ATP ratio compared with
control (Table 1). However, 2 h exposure to 2 mmol/l
metformin did not alter ATP content or AMP/ATP ratio
compared with control. ATP content and the AMP/ATP
ratio at 2 mmol/l metformin and 100 nmol/l rotenone were
significantly different (p<0.01 metformin vs rotenone).

RNS production by metformin In freshly isolated hepato-
cytes, exposure to 2 mmol/l metformin for 1 h increased
DCDHF fluorescence, revealing an increase of ONOO™
generation, whereas 300 pumol/l hydrogen peroxide or
100 nmol/1 rotenone had no effect on DCDHF fluorescence
(Table 2). Co-administration of RNS scavengers (vitamin E
plus vitamin C) completely suppressed RNS production by
metformin.

Immunocytochemical staining of primary cultured hepa-
tocytes with anti-nitrotyrosine antibody was performed to
detect ONOO™ (Fig. 2). ONOO™ (10 umol/l) incubated for
5 min in primary hepatocytes increased nitrotyrosine
staining. Exposure to 2 mmol/l metformin, but not to
100 nmol/l rotenone for 2 h increased nitrotyrosine staining
(Fig. 2a). Similarly to the DCDHF fluorescence study, co-
administration of RNS scavengers (vitamin E plus vitamin C)
suppressed nitrotyrosine staining by metformin. Co-
administration of LNAME, a NOS inhibitor, suppressed
ONOO'™ generation by metformin (Fig. 2b).

Effect of direct exposure to ONOO~ on AMPKo
phosphorylation and AMP/ATP ratio The direct effect of
exogenous ONOO™ on AMPK phosphorylation in the
absence of metformin was examined. Exposure to ONOO™
for 5 min stimulated phosphorylation of AMPK« by 1 to
100 pmol/l (p < 0.05 vs control) (Fig. 3a, b). Exposure to

Table 1 Effect of metformin or rotenone on ATP content and AMP/
ATP ratio in hepatocytes

Treatments per ATP AMP/ATP ratio
mouse type (nmol/mg protein)
Wild-type mice
Control 0.45+0.08 0.98+0.07
Metformin 0.47+0.03 0.96+0.12
Rotenone 0.13+0.02%* 1.94+0.13%*
eNos™ mice
Control 0.42+0.07 1.22+£0.11
Metformin 0.41£0.06 1.2740.16
Rotenone 0.11£0.03%* 2.34+£0.23%*

Values are means + SE (n=5)
**p<0.01 vs control

Q Springer

10 pmol/l ONOO™ for 5 min did not affect ATP content
(pre-exposure 0.49+0.05 nmol/mg protein; 5 min ONOO™
0.50+0.05 nmol/mg protein, p = NS vs pre-exposure, n=5)
or the AMP/ATP ratio (pre-exposure 0.99+0.06, 5 min
ONOO™ 0.98+0.05, p = NS vs pre-exposure, n=5).

No effect of metformin on gluconeogenesis, AMPKo
phosphorylation or ONOO™ generation in hepatocytes
lacking eNOS In freshly isolated hepatocytes from eNos ™~
mice, 2 h exposure to 2 mmol/l metformin did not suppress
gluconeogenesis, whereas exposure to 100 nmol/l rotenone
suppressed gluconeogenesis to a similar degree to that
observed in wild-type hepatocytes (control 110.1+
4.4 nmol/mg protein, metformin 107.04+3.9 nmol/mg
protein, p=NS vs control; rotenone 81.6+8.8 nmol/mg
protein, p<0.05 vs control; Fig. 4a). Metformin did not
stimulate AMPK« phosphorylation in freshly isolated
hepatocytes from eNos™~ mice, whereas rotenone signifi-
cantly stimulated AMPKa phosphorylation (fold increase
relative to control at 2 h: metformin 0.96+0.12, p=NS vs
control; rotenone 1.94:£0.13, p<0.05 vs control; Fig. 4b, ¢).
Similarly, in primary cultured hepatocytes, metformin also
did not stimulate, whereas rotenone significantly stimulated
AMPK« phosphorylation (Fig. 4d, e). Metformin also did
not increase nitrotyrosine staining in primary cultured
hepatocytes from eNos™~ mice, indicating no generation
of ONOO™ (Fig. 4f). In addition, nitrotyrosine staining was
not induced by 2 h exposure to rotenone. Exposure of
eNos™™ freshly isolated hepatocytes to 100 nmol/l rotenone
also decreased ATP content and increased the AMP/ATP
ratio, whereas exposure to metformin had not effect
(Table 1). Recently, it was reported that metformin is first
transported across the plasma membrane before exerting its
cellular action, a step mediated by OCT1 [30]. To exclude
involvement of OCT1 in eNos™ mice, we confirmed that
levels of OCT1 protein in freshly isolated hepatocytes from
eNos™™ mice were similar to those in wild-type mice
hepatocytes (Fig. 4g).

Essential role of eNOS in lowering of glucose levels by
metformin in diabetic mice in vivo To determine whether
metformin lowers fasting blood glucose levels in the
absence of eNOS, metformin (250 mg/kg) was injected
intraperitoneally into streptozotocin-induced diabetic wild-
type or eNos '~ mice. Characteristics of wild-type and
eNos™ mice used in the experiments showed no significant
differences in body weight, fasting blood glucose levels or
fed blood glucose levels before streptozotocin injection at
8 weeks of age among the four groups (Table 3).

Fasting blood glucose levels were lowered by about
3.9 mmol/l at 1 h after single administration of metformin
in overnight-fasted wild-type diabetic mice, whereas those
in overnight-fasted eNos™ diabetic mice were not altered
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Table 2 Effect of metformin on RNS production

Treatments No addition ~ Addition of
vitamins E and C
Control 1.03+0.01 0.94+0.01**
Metformin (2 mmol/l) 1.15£0.04* 0.95+0.01**
Rotenone (100 nmol/l) 1.03+0.02 0.99+0.01**
Hydrogen peroxide (300 pmol/l)  1.02+0.02 0.98+0.01**
ONOO™ (10 pmol/l) 1.21+0.05* 1.00£0.01**

Data are expressed as the value at 60 min divided by the value at time
zero (fold increase); values are means + SE (n=8)

*p<0.05 vs control; **p<0.01 vs corresponding values without RNS
scavengers

(Table 3). Administration of vehicle (saline) alone in
overnight-fasted wild-type diabetic mice did not alter
fasting blood glucose levels after single administration, as
was also found in overnight-fasted eNos '~ diabetic mice
(Table 3). Following the first injection, daily administration
of metformin was continued for two more days. Adminis-
tration of metformin for three consecutive days lowered
fasting blood glucose levels by about 7.1 mmol/l in wild-
type diabetic mice, whereas it had no lowering effect on
fasting blood glucose in diabetic eNos”~ mice (Table 3).
Administration of vehicle (saline) alone in overnight-fasted
wild-type mice did not alter fasting blood glucose levels

Control Metformin Rotenone
ONOO™ Metformin Metformin
+vitamins C and E +L-NAME

Fig. 2 Immunocytochemical staining with anti-nitrotyrosine antibody
for detection of ONOO™ generation. ONOO™ (10 pmol/l) incubated
for 5 min was used as a positive control. a Exposure to metformin
(2 mmol/l) for 2 h increased staining, but exposure to rotenone
(100 nmol/l) for the same time did not. b ONOO™ generation induced
by metformin was decreased by co-administration with RNS scavengers
(5 mmol/l «-tocopherol [vitamin E] plus 2.3 mmol/l ascorbate
[vitamin C]) and a NOS inhibitor (1 mmol/l L-NAME), respectively.
Confocal microscopy, magnifications x100; scale bars 50 um
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Fig. 3 Exogenous ONOO™ stimulates AMPK« phosphorylation in
freshly isolated hepatocytes. a Blot showing that direct exposure to
ONOO™ for 5 min at doses ranging from 1 to 100 pumol/l stimulated
AMPK o phosphorylation. b Quantification with data expressed as
fold stimulation over control. Values are means + SE (n=4), *p<0.05
vs control

after administration for three consecutive days, as was also
the case in eNos™~ mice (Table 3).

Lack of effects of metformin in vivo on AMPKao
phosphorylation in liver tissues lacking eNOS In liver
tissue samples collected after three consecutive days of
administration, metformin stimulated phosphorylation of
AMPK«x in wild-type mice (metformin 2.17+0.30 [fold
increase relative to vehicle], p<0.05 vs vehicle; Fig. 5a, b).
However, stimulation of AMPK«x phosphorylation by
metformin was not observed in liver tissues of eNos '~ mice
(metformin 0.97+0.12 [fold increase relative to vehicle],
p=NS vs saline; Fig. 5a, c).

Discussion

In the present study, we show for the first time that activation
of AMPK and the inhibitory effect on hepatic gluconeo-
genesis by metformin are mediated by generation of the RNS,
ONOO'". We also showed that eNOS plays an important role
in metformin action in liver.

We investigated the metformin—-RNS-AMPK pathway
for its suppressing effects on hepatic gluconeogenesis.
Because recent studies have shown that metformin activates
AMPK through the RNS, ONOO™, in BAEC [18], we
evaluated RNS production in liver, the major target of
metformin action. We found that metformin increased
ONOO™ generation and that ONOO™ itself activates
AMPK, which is induced in only 5 min. A previous study
found that AMPK phosphorylation by metformin does not
appear within 10 min but only after 30 min [31]. Consistent
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quantification with data expressed as fold stimulation over control.
Values are means + SE (n=4), *p<0.05 vs control. d Blot showing that
AMPK« phosphorylation was not stimulated by metformin (2 mmol/l),

with that study, our data showed that AMPK phosphoryla-
tion by metformin did not appear within 15 min, but only
after more than 30 min (data not shown). Thus, ONOO™
generation appears to precede AMPK phosphorylation after
exposure to metformin. ONOO™ is generated by nitric oxide
and superoxide anions; intra-hepatocellular nitric oxide is
produced by NOS. In the present study, the NOS inhibitor,
L-NAME, suppressed ONOO™ production by metformin.
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primary cultured hepatocytes, with (e) bar graph showing data
expressed as fold stimulation over control. Values are means + SE
(n=5), **p<0.01 vs control. f Immunocytochemical staining (confocal
microscopy) with anti-nitrotyrosine antibody in hepatocytes lacking
eNOS. Exposure to metformin (2 mmol/l) and rotenone (100 nmol/l)
for 2 h did not increase staining. Magnification %100, scale bar 50 pm.
g Levels of OCT1 protein in wild-type and eNos™~ mice hepatocytes.
OCT! levels in eNos™~ mice hepatocytes were similar to those in wild-
type mice hepatocytes. Findings normalised to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH)

This suggests that nitric oxide production by hepatocellular
NOS is required for ONOO™ production by metformin.
Since eNOS is the representative subtype of the NOS
family for generation of ONOO™ in liver [17], we sought to
determine whether eNOS is required for ONOO™ produc-
tion by metformin. Using eNOS-deficient mice, we were
able to demonstrate that eNOS is essential for metformin
action in liver. Thus metformin increases ONOO™ produc-

Table 3 Effect of metformin on blood glucose levels in wild-type and eNos™~ diabetic mice

Treatments per mouse type Pre streptozotocin

Post streptozotocin

Body weight FBG Fed BG FBG BG (mmol/l) FBG (mmol/l) after
(g) (mmol/l) (mmol/l) (mmol/1) at 1 h PM 3 days met
Wild-type mice
Saline 20.3+0.4 3.7+£0.2 8.2+0.5 16.0+2.7 17.2+3.1 16.6+3.3
Metformin 20.4+0.3 3.7+0.2 8.0+0.3 16.6+2.8 12.7£3.0%* 9.5+1.9%*
eNos™™ mice
Saline 20.5+0.3 3.6+0.2 7.9+0.4 15.0+1.9 17.3+24 16.9+2.7
Metformin 20.7+0.3 3.5£02 8.1£0.5 15.8+1.6 19.0£1.9 16.5+2.1

Values are means + SE (n=8)
**p<0.01 vs the value of pre-injection intraperitoneally with metformin in saline or saline only, paired ¢ test
BG, blood glucose; FBG, fasting blood glucose; met, metformin; PM, post-metformin
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Fig. 5 Lack of effects of metformin in vivo on AMPK« phosphor-
ylation in liver tissues deficient in eNOS. a Blot showing that
metformin stimulated phosphorylation of AMPK« in liver tissues of
wild-type diabetic mice after administration for three consecutive
days. b Quantification of blot for wild-type and (¢) eNos™ mice.
Metformin did not stimulate (a, ¢) phosphorylation of AMPK« in
liver tissues of eNos™" diabetic mice after metformin administration for
three consecutive days. Data (b, ¢) are expressed as fold stimulation
over saline. Values are means + SE (n=5), *p<0.05 vs vehicle

tion, which is followed by AMPK activation and suppres-
sion of gluconeogenesis.

Although metformin has been reported not to affect the
ATP content of hepatocytes [32], several studies have found
that metformin decreased ATP content and/or increased the
AMP/ATP ratio in hepatocytes [23, 33], possibly a result of
metformin’s suppressive effect on complex I activity in the
respiratory chain [34] and one that plays an important role
in AMPK activation by metformin. While metformin was
found not to affect ATP content and the AMP/ATP ratio in
the present study, the AMP/ATP ratio might nevertheless
play an important role in AMPK activation by metformin
because AMPK is sensitive to changes in the AMP/ATP
ratio at levels too slight to be detected by measurement of
the total adenine nucleotide content of whole cells [35].
Interestingly, metformin activates AMPK with a smaller
increase in the AMP/ATP ratio than that effected by
mitochondrial uncoupler and rosiglitazone [16] and without
affecting the ADP/ATP ratio [10]. These results suggest
that, apart from increases in the AMP/ATP ratio, other
important mechanisms may be involved in AMP activation
by metformin.

Rotenone inhibits complex I of the mitochondrial
respiratory chain and decreases oxidative phosphorylation,
leading to ATP depletion and an increase in the AMP/ATP
ratio, which results in stimulation of AMPK phosphoryla-
tion. In the present study we observed that while 2 mmol/l
metformin and 100 nmol/l rotenone had similar effects on
gluconeogenesis and AMPK phosphorylation, the AMP/
ATP ratio increased prominently only upon exposure to
rotenone but not upon exposure to metformin. These results
indicate that complex I inhibition alone is unlikely to

explain the action of metformin. Interestingly, metformin
significantly increased RNS in contrast to the lack of effect
of rotenone on RNS. Furthermore, a decrease in metformin-
induced RNS production by eNOS disruption abolished
activation of AMPK by metformin. These results demon-
strate that RNS is a regulator distinct from the AMP/ATP
ratio in AMPK activation by metformin.

Some groups have reported that eNOS acts upstream
of AMPK activation in BAEC [18], while other groups
have reported that eNOS acts downstream of AMPK
activation in capillary endothelial cells and in cardiomyo-
cytes [21]. In the present study, we show that, in wild-type
hepatocytes, direct exposure to ONOQ™ activates AMPK
and that rotenone activates AMPK without increase in
ONOO™ production, supporting the former notion [18] in
hepatocytes.

It is well known that high levels of RNS have deleterious
effects on cell function and viability [17]. On the other
hand, the low levels of RNS seen in physiological
conditions are required for maintaining normal cell
functions such as signal transduction [36]. For example,
it has been reported that RNS production induced by
skeletal muscle contraction is correlated with glucose
uptake [20]. Thus, RNS has protective and damaging
effects on cells. Indeed, the RNS produced by metformin
at a dose used in the present study (2 mmol/l) should have
beneficial effects on hepatic glucose metabolism through
AMPK activation.

We demonstrate in the present study that AMPK
activation by metformin in hepatocytes is dependent on
RNS. We also demonstrate that eNOS plays an important
role in suppressing hepatic gluconeogenesis in vitro as well
as in lowering fasting blood glucose levels in vivo. It is
generally accepted that fasting blood glucose levels are
determined by hepatic gluconeogenesis, which suggests
that eNOS is required for metformin’s action on fasting
blood glucose levels.

In the present study, we have elucidated a novel
mechanism for metformin action. However, some limita-
tions of this study must be considered. In our in vivo
metformin experiments, the mice were injected intraperito-
neally with 250 mg/kg metformin in 0.9% sterile saline,
which is a similar dosage to that used previously [8, 18].
This protocol using a high dose of metformin for rodents
may cause a very distinct acute response. Therefore, we
cannot exclude the possibility that the acute hepatocellular
response to AMPK activation by metformin in the present
study differs from the clinical effects of metformin when
used to treat patients with type 2 diabetes. To elucidate the
detailed mechanisms of AMPK activation by metformin in
liver, which may provide novel therapeutic targets for type
2 diabetes, further investigations are required.
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Abstract

v

It has been reported that the immunosuppressant
rapamycin decreases the viability of pancreatic
beta cells. In contrast, exendin-4, an analogue of
glucagon-like peptide-1, hasbeen found to inhibit
beta cell death and to increase beta cell mass. We
investigated the effects of exendin-4 on the cyto-
toxic effect of rapamycin in beta cells. Incuba-
tion with 10nM rapamycin induced cell death in
12 hin murine beta cell line MING cells and Wistar
rat islets, but not when coincubated with 10nM

exendin-4, Rapamycin was found to increase
phosphorylation of ¢-Jun amino-terminal kinase
{JNK) and p38 in 30 minutes in MING cells and
Wistar rat islets while exendin-4 decreased their
phosphorylation. Akt and extracellular signal-
regulated kinase (ERK) were not involved in the
cytoprotective effect of exendin-4. These results
indicate that exendin-4 may exert its protective
effect against rapamycin-induced cell death in
pancreatic beta cells by inhibiting JNK and p38
signaling.

Introduction

v

Exendin-4 is presently being used in patients
with type 2 diabetes [1]. The glucagon-like pep-
tide-1 {GLP-1) analogue improves blood glucose
levels by increasing insulin secretion. Exendin-4
is also suggested to promote beta cell prolifera-
tion and neogenesis and to inhibit beta cell apop-
tosis, thereby increasing beta cell mass, at least in
rodents |2]. Apoptosis induced by inflammatory
cytokines [3] or endoplasmic reticulum (ER)
stress {4] was shown to be prevented by exendin-
4 in primary rat beta cells and INS-1, a murine
beta cell line. Treatment with exendin-4 mark-
edly attenuates beta cell apoptosis in db/db mice
{5} and in male C57BL/6 mice exposed to strepto-
zotocin [6]. The molecular mechanism of the
cytoprotective effect of exendin-4 is mediated by
increased levels of cyclic AMP (cAMP) that lead to
activation of protein kinase A (PKA), enhanced
insulin receptor substrate-2 (IRS-2) activity, and
activation of Akt and extracellular signal-regu-
lated kinase {ERK) [7]. Recently it was reported
that exendin-4 inhibits cytokine-induced apop-
tosis, which involves electron transport chain
proteins of mitochondria with a reduction of oxi-
dative stress in INS-1 cells [8].
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Rapamycin, an immunosuppressant used to pre-
vent rejection in organ transplantation, is
reported to impair glucose-stimulated insulin
secretion in rat islets and to decrease viability of
rat and human islets [9]. A recent study suggested
that rapamycin reduces beta cell mass by 50%
under diabetic conditions in Psammomys obesus,
an animal model of nutrition-dependent type 2
diabetes, by increasing ¢Jun amino-terminal
kinase (JNK) phosphorylation [10].

We investigated whether exendin-4 might amel-
jorate the cytotoxic effects of rapamycin. In the
present study, we found that rapamycin induces
cell death in beta cells through an increase in
phosphorylation of JNK and p38, and that exen-
din-4 prevents such rapamycin-induced cell
death by inhibiting these molecules.

Materials and Methods

¥

Materials

Tissue culture media, DMEM and RPMI1640,
rapamycin, exendin-4, exendin (9-39) (exendin-
9), HB89, 1Y294002, PD98059, SP600125,
SB203580, RNaseA, propidium ijodide (PI), and
anti-a-tubulin antibody (Ab) were obtained from
Sigma Aldrich (St Louis, MO, USA). Fetal bovine
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serum (FBS) was from Invitrogen (Carlsbad, CA, USA). Anti-phos-
pho-Akt (Ser473) Ab, anti-Akt Ab, anti-phospho-]NK (Thr183/
Tyr185) Ab, anti-JNK Ab, anti-phospho-p38 (Thr180/Tyr182) Ab,
anti-p38 Ab, anti-caspase-3 Ab, and anti-cleaved caspase-3 Ab
were obtained from Cell Signaling (Danvers, MA, USA). Anti-
phospho-ERK Ab and anti-ERK Ab were from Santa Cruz Bio-
technology (Santa Cruz, CA, USA).

Methods

Cell culture and stimulation of MING cells

MING cells were maintained in 25mM glucose DMEM media
supplemented with 13% FBS, 100U/m! penicillin, 100ugfml
streptomycin, and 5pl B-mercaptoethanol at 37 °C in humidified
air containing 5% CO,. For the experiment, the cells (1.2x10°)
were plated into 35 mm dishes, incubated in DMEM media with
or without protein kinase inhibitors for 30 min, and rapamycin
and/or exendin-4, and/or forskolin, andfor exendin-9 were then
added into the media. After the indicated time periods, the cells
were collected and analyzed for cell death and protein phospho-
rylation.

o

Islet isolation and stimulation

Pancreatic islets were isolated from Wistar rats by collagenase
digestion as described previously [11], and preincubated in RPMI
1640 medium containing 10% FBS, 100U/ml penicillin, 100ug/
ml streptomycin, and 5.5mM glucose at 37°C in humidified air
containing 5% CO, for 60 min. After preincubation, the islets
were cultured in the media with 10nM rapamycin and/or 10nM
exendin-4 for the indicated time periods and then analyzed for
celi death, protein phasphorylation, and insulin secretion and
content.

Insulin secretion and content

Insulin secretion from islets was monitored using batch incuba-
tion as previously described [ 11]. After islets were cultured with
10nM rapamycin andfor 10nM exendin-4 for 12h, the islets
were collected, washed, and preincubated at 37°C for 30min in
Krebs-Ringer bicarbonate buffer (KRBB) medium supplemented
with 2.8 mM glucose, and groups of 5 islets were then batch-
incubated for 30 min in 0.7 m! KRBB medium containing 2.8 mM
and 16.7mM glucose. At the end of the incubation period, the
islets were pelleted by centrifugation, and aliquots of the buffer
were sampled to determine the amount of immunoreactive

Fig. 1 Exendin inhibits rapamycin-induced cell

o
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insulin by RIA. After an aliquot of incubation medium for insulin
release assay in 2.8 mM glucose was taken, the remaining islets
were lysed and insulin contents were determined.

Quantification of cell death

MING cells incubated under the conditions indicated were col-
lected from both attached and floating cell populations and fixed
with 70% ethanol for 4h. The cells were then washed with PBS,
incubated in phosphate-citrate buffer for 30 min, resuspended in
10pg/ml RNaseA containing PBS, and stained with 10ug/ml PL
Dead cells containing sub-G1 DNA content were identified and
analyzed by a FACS Calibur instrument (BD Biosciences, San Jose,
CA, USA). Annexin-V positive cells were analyzed by FACS Cali-
bur using annexin-V-FITC Apoptosis Detection Kit (BD Pharmin-
gen, San Diego, CA, USA). Primary islets were cultured in the
indicated conditions for 12 h. DNA fragmentation was measured
by quantification of cytosolic oligonucleosome-bound DNA
using Cell Death Detection ELISA (Roche, Mannheim, Germany)
as previously described [12]. To detect caspase-3 activity, MING
cells and primary islets were cultured with 10nM rapamycin
andfor 10nM exendin-4 for 12 h, and 50pg of the proteins were
subjected to western blot analysis.

Western blot analysis

Celis were collected and washed twice with PBS, and then soni-
cated in lysis buffer. Equivalent amounts of protein were resolved
by SDS/PAGE on 4-12% acrylamide gels {Invitrogen) and trans-
ferred to PVDF membranes (Invitrogen), followed by immunob-
lotting with antibodies to detect respective proteins.

Fluorescence labeling with Newport Green

Islet beta cells from Wistar rat were cultured with 10 nM rapamy-
cin andfor 10nM exendin-4 for 12h and stained with Newport
Green (Invitrogen) for 30 min. The labeled beta cells were visual-
ized by fluorescence microscopy (Keyence, New Jersey, USA).

Statistics

Data are expressed as mean=+SE. Statistical comparisons were
made between groups using one-way analysis of variance. Sig-
nificant differences were evaluated using Tukey-Kramer post
hoc analysis.

Results

¥

Exendin-4 inhibits rapamycin-induced cell death in
MING cells

We first examined the dose-dependency and time-dependency
of rapamycin-induced cell death in MING cells. The number of
dead cells was significantly increased in 10 and 100 nM rapamy-
cin-treated MING cells compared to that in DMSO-treated cells
(control) in 12h (s Fig. 1a). The number of dead cells induced
by 10nM rapamycin, a therapeutic concentration in blood |13},
was significantly increased from 12h and maximized at 48h
(% Fig. 1b), indicating cytotoxicity in MING cells in 12 h.

MING cells were then treated with 1, 10, or 100nM exendin-4 in
the presence of 10nM rapamycin for 12h. The number of
rapamycin-induced dead cells was significantly reduced by
97.0:£14.9% and 78.1%14.5% by coincubation with 10 and
100nM exendin-4, respectively (& Fig. 1c). In addition, 5pM for-
skolin, an adenylyl cyclase activator, completely blocked rapamy-
cin-induced cell death (& Fig. 1c). In addition, exendin-9, an
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Fig. 2 Cytoprotective effect of exendine is partially mediated by PKA,
but not by PI3KJAkt and ERK, a; The percentage of dead cells with sub-G1
DNA content. DMSO (control), 15 M H89, 1T0M LY294002, or 50 M
PP9BOS5Y was added into the media 30min before treatment with 106M
raparnycin and 100M exendin-d for 121 in MING cells, and dead cells
were counted by floweytometer. Data are means * SE of four independent
expetiments. " p<0.01. b, ¢ Western blol analysis of Akt and ERK in
MING cells treated with 10nM rapamycin andfor 10nM exendin4 for
30min. images are representative of three independent experiments.
Graphs show relative ratio of phasphorylated Akt or ERK vs, total Akt

or ERK, respectively, by treatment with rapamycein andfor exendin-
compared to control (DMSG). Data are means £ SF of three independent
experiments. ** p<0.01. C:control (DMSO); R: rapamycin; Ex4: exendin-
4; BY:LY294002; PIx PDOS0SY.
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Fig. 3 Exendin4 inhibits rapamycin-induced cell
death by decreasing JNK and p38 phosphorylation
in MING cells, a: The percentage of dead cells
with sub-G1 DNA content: DMSO {control), 10uM
SP600125 or 10 M SB203580 was added into
MING cells 30min before treatment with 10nM
rapamycin for 12h, and dead cells were counted
by flowcytometer. Data are means+SE of four
independent experiments. ** p<0.01.

b, c: Western blot analysis of [NK and p38 in MING
cells treated with 10nM rapamycin andfor 10nM
exendin-4 for 30min. d, e: Western blot analysis

of JNK and p38 in MING celfs to which 15pM H89

was added 30min before incubation with 10nM

rapamycin andfor 10nM exendin-4 for 30 min.
Images are representative of three Independent
experiments, Graphs show relative ratio of
phosphorylated JNK or p38 vis. total JNK or p38,
respectively, by treatment with rapamycin andfor
exendin-4 compared to control (DMSO). Data are
means +SE of three independent experiments.
*p<0.05 **p<0.01. C: control {(DMSQ);

R; rapamycin; Ex4: exendin-4; SP: SP600125;

SB: SB203580,
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antagonist of the GLP-1 receptor, inhibited the cytoprotective
effect of exendin-4 on rapamycin-induced cell death (¢ Fig. 1c).
Annexin-V-positive apoptotic cells were also significantly
increased in rapamycin-treated MING cells compared to those in
control cells, which increase was prevented by treatment with
exendin-4 (& Fig. 1d). Furthermore, rapamycin increased cas-
pase-3 activity, while exendin-4 decreased it in rapamycin-
treated MING cells (¢ Fig. 1e). These results indicate that
exendin-4 inhibits rapamycin-induced cell death through the
GLP-1 receptor by an increase in the intracellular cAMP concen-
tration in MING cells. ’

Cytoprotective effect of exendin-4 is mediated in part
by PKA, but not by PI3K and ERK

We then examined the involvement of PKA, phosphatidylinosi-
tol 3-kinase (PI3 K)/Akt, and ERK, downstream molecules of the
GLP-1 receptor signaling pathways. DMSO (control), 15uM H89,
a PKA inhibitor, 10puM LY294002, a PI3K inhibitor, or 50pM
PD98059, an ERK inhibitor, was added into the media 30 min
before treatment with 10nM exendin-4 and 10nM rapamycin
for 12h in MING cells, and dead cells were counted by flowcy-
tometer. H89, a PKA inhibitor, partially but significantly blocked
the cytoprotective effect of exendin-4 (% Fig. 2a). On the other
hand, neither LY294002 nor PD98059 altered the cytoprotec-
tive effect of exendin-4 against rapamycin-induced cell death
(¢ Fig. 2a), although phosphorylation of Akt and ERK was sig-
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nificantly increased by treatment with exendin-4 (¢ Fig. 2b and
c). These results indicate that PKA is involved, at least in part, in
the cytoprotective effect of exendin-4 against rapamycin-
induced cell death.

JNK and p38 are involved in rapamycin-induced cell
death in MING cells

Previous studies found that rapamycin induces apoptosis in
rh30, a human rhabdomyosarcoma cell line [14], and in islets
isolated from P. Obesus [10}], by activating JNK. In contrast,
rapamycin inhibits palmitate-induced ER stress and apoptosis in
INS-1E cells {15]. To clarify the involvement of JNK in rapamy-
cin-induced cytotoxicity in MIN6 cells, 10uM SP600125, a JNK
inhibitor, was added into the media 30 min before treatment
with 10nM rapamycin for 12 h, when dead cells were counted by
flowcytometer. SP600125 significantly inhibited rapamycin-
induced cell death by 62.6+9.1% (& Fig. 3a). We also examined
the involvement of p38, the other stress-activated protein kinase
[16]. Ten uM SB203580, a p38 inhibitor, added to MING cells
30min before treatment with 10nM rapamycin for 12 h resulted
in significant inhibition of rapamycin-induced cell death by
36.8+6.4% (1 Fig. 3a). These results indicate that rapamycin-
induced cell death is mediated by JNK and p38 in MING cells.
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Exendin-4 inhibits phosphorylation of [NK and p38
induced by rapamycin

To confirm the involvement of JNK and p38 in rapamycin-
induced cell death, MIN6 cells were incubated with 10nM
rapamycin for 30 min, and phosphorylation of JNK and p38 was
detected by western blot analysis. Phosphorylation of JNK and
p38 was significantly increased 2.9+0.2-fold and 1.6+0.3-fold,
respectively, compared to that in nontreated cells (¢ Fig. 3b and
c). In contrast, 10nM exendin-4 decreased phosphorylation of
both JNK and p38 in rapamycin-treated MING cells (+ Fig. 3b
and c). However, rapamycin and exendin-4 were found not to
affect phosphorylation of mitogen-activated protein kinase
kinase (MKK) 3/6, a kinase of p38, or MKK4, a kinase of JNK (data
not shown), indicating that dephosphorylation of both JNK and
p38 by exendin-4 is not mediated by these upstream kinases.

PKA is involved in dephasphorylation of p38 by
exendin-4

Because PKA partially inhibited rapamycin-induced cell death,
we examined the effect of H89 on JNK and p38 phosphorylation.
Fifteen pM H89 was added into the media of MING cells 30min
before treatment with 10nM rapamycin andfor 10nM exendin-

Ex4

4 for 30 min, when phosphorylation of INK and p38 was detected
by western blot analysis. H89 did not affect decreased phospho-
rylation of JNK by exendin-4 (¢ Fig. 3d). By contrast, H89 sig-
nificantly inhibited dephosphorylation of p38 by exendin-4
(& Fig. 3e), indicating that PKA regulates p38 phosphorylation.

Exendin-4 inhibits rapamycin-induced cell death and
phosphorylation of JNK and p38 in Wistar rat islets

We lastly investigated whether exendin-4 inhibits cell death
induced by rapamycin in primary islets by affecting phosphor-
ylation of JNK or p38. Wistar rat islets were treated with 10nM
rapamycin andfor 10nM exendin-4 for 12h, and the number of
dead cells was determined by DNA fragmentation. Rapamycin
significantly increased DNA fragmentation by 1.6+0.2-fold com-
pared to that of control (DMSQ) (¢ Fig. 4a), while exendin-4 sig-
nificantly inhibited rapamycin-induced DNA fragmentation
(¢ Fig. 4a). Exendin-9 again completely blocked the cytoprotec-
tive effect of exendin-4 (& Fig. 4a), indicating that such cytopro-
tective effect of exendin-4 is mediated by the GLP-1 receptor in
primary islets. Caspase-3 activity also was significantly increased
in rapamycin-treated islets, which was prevented by treatment
with exendin-4 (¢ Fig. 4b). To determine whether the surviving
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cells treated with exendin-4 were actually beta cells, islet beta
cells were stained with Newport Green, a fluorescent indicator
of zinc that allowed visualization of islet beta cells {17] after
treatment with 10nM rapamycin andfor 10nM exendin-4 for
12 h. Fluorescence microscopy revealed Newport Green positive
cells treated with rapamycin and exendin-4 that are almost the
same as those treated with DMSO (control) or exendin-4 alone
(data not shown). In addition, insulin content and glucose-stim-
ulated insulin secretion (GSIS) were compared among rapamy-
cin- andfor exendin-4-treated Wistar rat islets to determine
whether or not these islets are still functional. After islets were
incubated with 10nM rapamycin andfor 10nM exendin-4 for
12h, the rapamycin and exendin-4 were washed out and the
islets were then stimulated with 2.8 mM or 16.7 mM glucose for
30min. The amounts of GSIS and insulin content were almost
the same in rapamycin- and exendin-4-treated islets, indicating
that islets treated with rapamycin and exendin-4 for 12h are
still functional (¢ Fig. 4c).

Finally, regulation of JNK and p38 by rapamycin or exendin-4 in
primary islets was examined. Incubation with 10nM rapamycin
for 30min significantly increased phosphorylation of JNK
and p38 by 1.7+0.2-fold and 1.310.1-fold, respectively, which
was reversed to control level by coincubation with exendin-4
(o Fig. 4d and e). These results indicate that exendin-4 protects
primary islets from rapamycin-induced cytotoxicity by decreas-
ing phosphorylation of JNK and p38.

Discussion

v

In the present study, we have demonstrated that rapamycin
induces cytotoxicity in MING cells and Wistar rat islets by phos-
phorylating JNK and p38, and that exendin-4 inhibits this effect
by inhibiting phosphorylation of JNK and p38. This is the first
report indicating that rapamycin and exendin-4 regulate phos-
phorylation not only of JNK but also of p38 in primary islets.
The molecular mechanism of the cytoprotective effect of exen-
din-4 is mediated by increased levels of cAMP that lead to activa-
tion of PKA, enhanced IRS-2 activity, and activation of Akt and
ERK {7]. Our data also reveal that an increase in the cAMP con-
centration completely blocked rapamycin-induced cell death.
However, 1Y294002 and PD98059 did not affect rapamycin-
induced beta cell death, even though exendin-4 increased Akt
and ERK phosphorylation. Phosphorylation of Akt and ERK also
were not affected by treatment with rapamycin, suggesting that
these kinases are not directly involved in the cytoprotective
effect of exendin-4 on rapamycin-induced beta cell death.

On the other hand, exendin-4 and rapamycin both regulate
phosphorylation of JNK and p38 in islet beta cells. Rapamycin
increases [NK and p38 phosphorylation; exendin-4 decreases
their phosphorylation. JNK and p38 are activated by cellular
stress, and lead the cells to apoptosis [18] In islet beta cells,
phosphorylation of JNK and p38 are involved in cell death
induced by IL-1B [19,20] and islet isolation [21,22]. Conversely,
inhibition of JNK or p38 with specific inhibitors prevents cell
death induced by islet isolation [22,23], indicating that ]NK and
p38 are significant molecules in pancreatic beta cell death. In
addition, when Wistar rat islets were preincubated for 24h,
rapamycin decreased GSIS, most likely due to reduction in mito-
chondrial ATP production in the islets of these rats [24]. [INK and
p38 are involved in beta-cell function, their activation also
affecting insulin biosynthesis. [NK activates c-Jun, a downstream
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protein, and inhibits insulin gene transcription [25]. Further-
more, the p38 molecule is reported to repress rat insulin gene 1
promoter activated by GLP-1 [26]. Although insulin secretion
and insulin content were not affected by pretreatment with
10nM rapamycin andfor 10nM exendin-4 for 12 h, inhibition of
JNK and p38 activity by treatment with exendin-4 for a longer
time may not only inhibit beta cell apoptosis but also increase
insuiin biosynthesis.

In summary, exendin-4 can inhibit rapamycin-induced beta cell
death via a decrease in phosphorylation of both JNK and p38,
and dephosphorylation of p38 by exendin-4 is accomplished at
least partially through PKA signaling pathways. These results
demonstrate that regulation of both JNK and p38 is important in
the cytoprotective action of exendin-4 against rapamycin in
pancreatic beta cells.
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