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ER Stress Is Implicated in Mitochondrial
Dysfunction-Induced Apoptosis of

Pancreatic Beta Cells

June Woo Lee"?, Won Ho Kim?, Jiyoung Yeo', and Myeong Ho Jung'*

Mitochondrial dysfunction induces apoptosis of pancreatic
B-cells and leads to type 2 diabetes, but the mechanism
involved in this process remains unclear. Chronic endo-
plasmic reticulum (ER) stress plays a role in the apoptosis
of pancreatic p-cells; therefore, in current study, we inves-
tigated the implication of ER stress in mitochondrial dys-
function-induced p-cells apoptosis. Metabolic stress in-
duced by antimycin or oligomycin was used to impair mi-
tochondrial function in MIN6N8 cells, which are mouse
pancreatic B-cells. Impaired mitochondria dysfunction
increased ER stress proteins such as p-elF2a, GRP78 and
GRP 94, as well as ER stress-associated apoptotic factor,
CHOP, and activated JNK. AMP-activated protein kinase
(AMPK) was also activated under mitochondria dysfunc-
tion by metabolic stress. However, the inhibition of AMPK
by treatment with compound C, inhibitor of AMPK, and
overexpression of mutant dominant negative AMPK (AMPK-
K45R) blocked the induction of ER stress, which was con-
sist-ent with the decreased B-cell apoptosis and increase
of insulin content. Furthermore, mitochondrial dysfunction
increased the expression of the inducible nitric oxide syn-
thase (iNOS) gene and the production of nitric oxide (NO),
but NO production was prevented by compound C and
mutant dominant negative AMPK (AMPK-K45R). Moreover,
treatment with 1400W, which is an inhibitor of iNOS, pre-
vented ER stress and apoptosis induced by mitochondrial
dysfunction. Treatment of MIN6N8 cells with lipid mixture,
physiological conditions of impaired mitochondria func-
tion, activated AMPK, increased NO production and in-
duced ER stress. Collectively, these data demonstrate that
mitochondrial dysfunction activates AMPK, which induces
ER stress via NO production, resulting in pancreatic p-
cells apoptosis.

INTRODUCTION

Mitochondrial dysfunction is associated with type 2 diabetes
and insulin resistance (Petersen et al., 2003; Stump et al.,

2003). However, the molecular mechanisms underlying these
individual disorders are currently not well understood. Type 2
diabetes is initially characterized by peripheral insulin resis-
tance, defined as decreased insulin sensitivity of peripheral
tissues (liver, skeletal muscle, and adipose tissue) and pancre-
atic B-cell dysfunction which are defined as impaired insulin
secretion and decreased p-cell mass associated with increased
rates of B-cell apoptosis (Petersen et al., 2006). Mitochondria
dysfunction in skeletal muscle has been shown to cause insulin
resistance and type 2 diabetes (Lim et al., 2006; Park et al.,
2005). Furthermore, several lines of evidence suggest that
mitochondria dysfunction in pancreatic 3-cell induces failure of
B-cell function and contribute to the pathogenesis of type 2
diabetes (Hayakawa et al., 1998; Kennedy et al., 1998; Robey
et al., 2006; Simmons et al., 2005; Tsuruzoe et al., 1998). Mito-
chondrial dysfunction impaired insulin secretion and induced f-
cell apoptosis. However, the molecular mechanisms responsi-
ble for mitochondria dysfunction-induced B-cell apoptosis are
currently not well characterized.

The endoplasmic reticulum (ER) is a highly dynamic organ-
elle responsible for multiple cellular functions. The ER produces
the transmembrane proteins and lipids for most cell organelles
and is responsible for the synthesis of almost all secreted pro-
teins. The ER also plays an important role in Ca** storage and
signaling. However, the factors that perturb ER function lead to
the accumulation of misfolded protein in ER, leading to ER
stress and subsequent activation of a signal response known
as UPR. The UPR functions to reduce the amount of nascent
protein that enters the ER lumen, to increase the ER capacity
to fold protein through transcriptional upregulation of ER chap-
erones and to induce degradation of misfolded proteins. How-
ever, chronic or overwhelming ER stress induces pathogenesis
of multiple human disease (Kim et al., 2008). Persistent ER
stress also induces insulin resistance in liver and adipose tissue,
reduces insulin secretion and causes apoptosis in (-cells;
therefore, it plays a critical role in the pathogenesis of diabetes
(Fonseca et al., 2009).

Previously, we demonstrated that mitochondrial dysfunction
induced by treatment with antimycin or oligomycin, which are
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inhibitors of mitochondrial respiratory chains, leads to the apop-
tosis of pancreatic p-cells through decreased interaction of
glucokinase with the mitochondria (Lee et al., 2009). However,
the molecular mechanisms involved remain unclear. Therefore,
in the current study, we attempted to elucidate another molecu-
lar mechanism underlying these events. Here, we investigated
the involvement of ER stress in mitochondrial dysfunction in-
duced-pancreatic B-cell apoptosis. Our findings show that mito-
chondrial dysfunction activates AMPK, which induces ER
stress through increased NO production, resulting in apoptosis
of pancreatic p-cells.

MATERIALS AND METHODS

Cell line and reagents

MINBNS cells, which are SOV40 T-transformed insulinoma cells
derived from NOD mice, were grown in DMEM containing 15%
fetal bovine serum, 2 mM glutamine, 100 1U/ml penicillin, and
100 pg/ml streptomycin (Invitrogen, USA). Antibodies used in
this study were obtained from either Cell Signaling Technology
(USA) or Santa Cruz Biotechnology Inc. (USA). Antimycin, oligo-
mycin, and other chemicals were obtained from Sigma (USA).
A Griess reagent kit for nitrite quantitation was purchased from
Invitrogen.

Induction of mitochondrial dysfunction

To induce mitochondrial dysfunction, MINBN8 cells were treated
with a mitochondrial respiratory chain inhibitor, antimycin (3 uM)
or oligomycin (10 uM), for 12 h. In the case of the lipid mix
treatment, cells were grown in the presence of 1% lipid mix
(Sigma) for 24 h after 1 h of serum starvation.

Western blot

Cell were lysed in RIPA buffer (50 mM Tris, pH 7.5, 1% NP-40,
150 mM sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1
mM sodium orthovanadate, 1 mM sodium fluoride, 1 mM phenyl-
methylsulfonyl fluoride, 1 pg/ml aprotinin, 1 pg/ml leupeptin,
and 1 ug/ml pepstatin) at 4°C, after which immunoblot was
performed as described previously (Lee et al., 2009).

Flow cytometric analysis of apoptosis

After cells were trypsinized, approximately 10° cells were col-
lected by centrifugation at 1000 x g for 5 min. Cells were then
washed in phosphate-buffered saline (PBS) followed by resus-
pension and fixation in 70% ethanol for approximately 2 h. Next,
cells were washed with PBS and then resuspended in 500 pl of
PBS containing 100 ug RNase, followed by incubation at 37°C
for 30 min. Cellular DNA was then stained by the addition of 10
ug propidium iodide, and cells were analyzed by FACScan
analysis using Cellquest software (Becton Dickinson, USA).

Stable transfection

The AMPK-WT and AMPK-K45R pcDNA3 expression vectors
for wild-type and mutant rat AMPKo:2 were a generous gift from
Dr. M. Birmbaum (University of Pennsylvania School of Medi-
cine, USA). MINBNS cells were grown in 6-well culture plates to
about 60% to 70% confluence. The cells were then transfected
with pcDNA-AMPK-WT or pcDNA-AMPK-K45R and vector
control DNA using a lipofectin reagent (Invitrogen). The stably
transfected cells were isolate in the presence of 400 pg/ml of
geneticin.

Measurement of insulin secretion
Insulin release in response to glucose stimulation was deter-
mined as previously described (Lee et al., 2009), after treating
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Fig. 1. Mitochondrial dysfunction induced ER stress in pancreatic p-
cells. MINBNS cells were incubated for 1 h in glucose free DMEM
medium containing 2% FBS and then treated with antimycin (3 uM)
or oligomycin (10 uM) for 12 h in medium containing 16 mM glu-
cose. (A) ER stress proteins including phospho-elF2c,, GRP78 and
GRP94 were measured by Western blot (B) ER stress-associated
apoptotic proteins including CHOP and phospho-SAPK/JNK were
examined by Western blot.

MINGBNS cells with antimycin or without antimycin treatment.

Measurement of nitrite

The level of NO derived from the MINBNS8 cell culture super-
natant was determined using commercially available Griess
reagent as described by the manufacturer (Invitrogen). The
nitrite levels were assayed in triplicate after treating MIN6N8
cells with or without antimycin.

Statistical analysis

All data are expressed as means + SEM. ANOVA was used to
determine significant differences between the groups and was
performed using the Duncan test. P < 0.05 was considered
statistically significant. All experiments were performed at least
three times.

RESULTS

Mitochondrial dysfunction induces ER stress and
increases ER stress-associated apopotic factors

in pancreatic p-cells

It has been reported that ER stress plays a critical role in the
development of type 2 diabetes through induction of insulin
resistance and apoptosis of pancreatic pB-cells (Fonseca et al.,
2009). ER stress-mediated apoptosis is caused by JNK activa-
tion, induction of CHOP, and activation of caspase 12 in the
lumen of ER (Park et al., 2006). Therefore, to evaluate the in-
volvement of ER stress in the apoptosis of B-cells induced by
mitochondria dysfunction, we examined ER stress proteins and
ER stress-associated apoptotic factors in -cells with dysfunc-
tional mitochondria. As shown in Fig. 1A, ER stress proteins
such as p-elF2o, GRP78 and GRP94 were upregulated by
treatment with antimycin or oligomycin. Consistent with the
increase in ER stress proteins, the levels of CHOP, phosphory-
lated JNK and activated caspase 12 were increased (Fig. 1B).
These results indicate that mitochondrial dysfunction induces
ER stress and increases ER stress-associated apoptotic factors,
which may contribute to the apoptosis of -cells.

Mitochondrial dysfunction activates AMP-protein kinase
(AMPK), which plays a role in the induction of ER stress
and apoptosis by mitochondrial dysfunction

Next, to characterize the upstream molecular signaling associ-
ated with the induction of ER stress by mitochondrial dysfunc-
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Fig. 2. AMPK was activated by mitochondria dysfunction,
which plays a role in the induction of ER stress and apoptosis
by mitochondrial dysfunction. (A) MINBN8 cells were incu-
bated for 1 h in glucose free DMEM medium containing 2%
FBS and then treated with antimycin or oligomycin for 30 min
in medium containing 16 mM glucose. The phospho-AMPK,
phospho-mTOR and phospho-4EBP-1 levels were measured
by Western blot. (B) MINENS cells were pretreated with com-
pound C (20 uM) for 2 h before treatment with antimycin in
medium containing 16 mM glucose. ER stress proteins were
measured by Western blot. (C) The wild type AMPK or domi-
nant mutant AMPK K45R stably transfected cells were incu-
bated for 1 h in glucose free DMEM medium containing 2%
FBS and then treated with antimycin for 12 h in medium con-
taining 16 mM glucose. ER stress proteins were measured by
Western blot. (D) Apoptotic cells were quantified by FACScan

C 3 — j = flow cytometry. Apoptosis (M1, sub-G1 peak) was measured
AMPKwtAMPKKASR  AMPK * by PI staining. The numbers gated in each phase area are
G16 G16/AG16 G16/A K45R {2 =3 %8 Eﬁ the means + SEM of three experiments. (E) The insulin con-
CRPTE 5 . tents were measured by an enzymatic immunoassay of cell.
T e The asterisks indicate a P value < 0.05 for the bracketed
p aFza E . * - comparisons.
2
edFla =
‘E,l_s
CHOP % 1
Sos
(]
G16 Gla/A Gl6 Gl&/A
AMPFKWT AMPKK45R

tion, we investigated the possible involvement of AMPK. As
shown in Fig. 2A, AMPK phosphorylation was increased in
antimycin or oligomycin-treated cells. Consistent with AMPK
activation, mTOR phosphorylation and 4E-BP1 phosphorylation,
which are downstream target pathways of AMPK, were de-
creased. Then, to confirm the direct involvement of AMPK in
mitochondrial dysfunction-induced ER stress and B-cell apop-
tosis, we examined the induction of ER stress and p-cell apop-
tosis in cells that were pretreated with compound C, a cell per-
meable specific inhibitor of AMPK activity, and AMPK dominant
mutant overexpressed cells. As shown in Fig. 2B, compound C
effectively prevented antimycin-increased ER stress proteins
containing GRP78, p-elF2o. and CHOP (Fig. 2B). To further
clarify the essential role of AMPK, MIN6N8 cells were stably
transfected with expression vectors for wild type AMPK or mu-
tant AMPK-K45R, after which they were treated with antimycin.
GRP78, p-elF2o. and CHOP were increased in wild AMPK-
transfected cells by antimycin treatment, whereas the mutant
AMPK-K45R reduced the increase of ER stress (Fig. 2C). Con-
comitant with the reduction of ER stress, mutant AMPK-K45R
blocked the apoptosis induced by antimycin in wild AMPK-
transfected cells (Fig. 2D) and recovered the level of insulin
reduced by antimycin treatment (Fig. 2E).

Nitric oxide (NO) is produced via AMPK activation and
leads to induction of ER stress

It has been reported that NO disturbs ER functions and acti-
vates ER stress-mediated apoptosis (Oyadomari et al., 2001);
therefore, we measured the expression of inducible nitric oxide
synthase (INOS) in antimycin treated-cells, which is responsible
for endogenous NO production and the formation of nitrite, as a

reflection on NO production. As shown in Fig. 3A, treatment
with antimycin or oligomycin increased the expression of INOS
and production of nitrite, suggesting that mitochondrial dysfunc-
tion increases NO production. Next, to determine if AMPK plays
a role in NO production, we examined the expression of INOS
and nitrite formation in cells that were pretreated with com-
pound C or transfected with mutant AMPK-K45R. Both com-
pound C treatment (Fig. 3B) and mutant AMPK-K45R (Fig. 3C)
prevented nitrite formation. These results demonstrate that
mitochondrial dysfunction induces NO production through
activation of AMPK.

Next, to determine the involvement of NO in ER stress and
ER stress-mediated apoptosis induced by mitochondrial
dysfunction, we measured ER stress proteins and apoptosis in
cells that were pretreated with 1400W, an iNOS inhibitor.
Treatment with 1400W reduced the nitrite formation induced by
antimycin treatment (Fig. 3D) and efficiently prevented the in-
crease of ER stress proteins such as GRP 78, p-elF2c. and
CHOP (Fig. 3E). Consistent with the reduction of ER stress,
1400W blocked the apoptosis induced by antimycin (Fig. 3F).

Mitochondrial dysfunction induced by lipids also leads to
the induction of ER stress and causes the apoptosis of
pancreatic p-cells

Elevation of intracellular lipid levels is a characteristic of im-
paired mitochondria function. Previously, we demonstrated that
lipid mixtures impair mitochondria membrane potentials and
induce the apoptosis of pB-cells (Lee et al., 2009). Here, we
evaluated that mitochondria dysfunction induced by the eleva-
tion of intracellular lipids could also activate AMPK and induce
ER stress. To accomplish this, we treated MIN6N8 cells with a
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lipid mixture containing palmitic acid, stearic acid, oleic acid,
linoleic acid, linolenic acid and cholesterol. As shown in Fig. 4A,
treatment with a lipid mixture increased the levels of phosphory-
lated AMPK and then inhibited the mTOR signaling pathway.
Furthermore, the lipid mixture significantly increased the ex-
pression of INOS and NO production (Fig. 4B). However, com-
pound C treatment blocked the increase in NO production by
lipid mixture. The lipid mixture increased ER stress proteins
such as p-elF2o, GRP 78, GRP 94 and CHOP. Based on
these results, we postulated the general mechanism by which
disturbance of mitochondrial function could activate AMPK,
which induced ER stress via NO, resulting in the apoptosis of
pancreatic -cells.

DISCUSSION

Several reports have demonstrated that mitochondrial dysfunc-
tion contributes to insulin resistance in skeletal muscle and the
liver as well as B-cell apoptosis in the pancreas (Lim et al.,
2006; Park et al., 2005; Petersen et al., 2003; 2006; Stump et
al., 2003). Previously, we reported that mitochondrial dysfunc-
tion by metabolic stress in pancreatic p-cells reduces GCK
expression through PDX-1 downregulation via the production of
ROS, which then decreases the association of GCK with the
mitochondria, resulting in pancreatic -cell apoptosis (Lee et al.,
2009). In the current study, we demonstrated that ER stress is
involved in B-cell apoptosis induced by mitochondrial dysfunc-
tion via AMPK activation.

Prolong ER stress has been implicated in the development of
type 2 diabetes, affecting both insulin production by pancreatic
B-cells and insulin sensitivity in insulin tissues (Eizirik et al.,
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Fig. 3. NO production was increased via AMPK activation in
mitochondria dysfunctional B-cells and its inhibition prevented
ER stress and apoptosis induced by mitochondrial dysfunc-
tion. (A) MINBNS cells were incubated for 1 h in glucose free
DMEM medium containing 2% FBS and then treated with
antimycin or oligomycin for 30 min in medium containing 16
mM glucose. The level of iINOS protein was analyzed by
Western blot, and nitrite was quantified using Griess reagent.
(B) MINBNS cells were pretreated with compound C for 2 h
before antimycin treatment in the medium containing 16 mM
glucose. Nitrite was quantified using Griess reagent. (C) The
wild type AMPK and dominant mutant AMPK K45R were
incubated for 1 h in glucose free DMEM medium contained
2% FBS and then were treated with antimycin for 12 h in the
medium containing 16 mM glucose. Nitrite was quantified
using Griess reagent. (D) MINBN8 cells were pretreated with
1400W (10 uM) for 2 h before being treated with antimycin in
medium containing 16 mM glucose. Nitrite was quantified
using Griess reagent. (E) ER stress proteins were analyzed
by Western blot. (F) Apoptotic cells were quantified by FAC-
Scan flow cytometry. Apoptosis (M1, sub-G1 peak) was
measured by PI staining. The numbers gated in each phase
areas are the means + SEM of three experiments. The aster-
isks indicate a P value < 0.05 for the bracketed comparisons.

2008). It has been suggested that three signaling components
of ER stress, IRE1-JNK, CHOP, and caspase 12, play an im-
portant role in B-cell apoptosis mediated by ER stress (Fonseca
et al., 2009). In this study, the treatment of p-cells with a meta-
bolic stress inducer or lipid mixture to impair mitochondrial func-
tion increased the ER stress proteins, GRP78 and p-elF2a,
induced the ER stress-associated apoptotic factor CHOP and
phosphorylated JNK with increasing p-cell apoptosis, suggest-
ing that mitochondrial dysfunction-mediated apoptosis may be
associated with the induction of ER stress.

The pathological and physiological factors that lead to the in-
duction of ER stress include hypoxia, environmental toxins,
hypoglycemia, viral infection, inflammatory cytokines, aging and
a large biosynthetic load. However, the signaling involved in
induction of ER stress is not well understood. AMPK is acti-
vated by an increase in the intracellular AMP/ATP ratio under
different stress conditions such as glucose deprivation, hypoxia
whose conditions are same as pathological ER stress condi-
tions (Zhang et al., 2009). Even though the role of AMPK in the
function of pancreatic B-cells is still controversial, sustained
AMPK activation is involved in B-cell apoptosis induced by cy-
tokines or hyperglycemia (Kefas et al., 2004; Meisse et al.,
2002). Moreover, because mitochondrial dysfunction impairs
ATP production, we examined AMPK activation in p-cells with
dysfunctional mitochondria. We found that mitochondrial dys-
function of B-cells occurred by treatment with metabolic stress
or lipid mixture activated AMPK. Inhibition of AMPK activation
via pretreatment with compound C or dominant negative AMPK
prevented the induction of ER stress concomitantly with a de-
crease in p-cells apoptosis. These results suggest that AMPK
activation induced by mitochondria dysfunction contributes to
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Fig. 4. Mitochondria dysfunction by lipid mixture activated AMPK
and induced ER stress. (A) MINBN8 were grown in the presence of
1% lipid mix for 24 h after 1 h of serum starvation. The levels of
phospho-AMPK, and phospho-mTOR were measured by Western
blot. (B) The level of INOS protein was analyzed by Western blot,
and nitrite was quantified using Griess reagent. The asterisks indi-
cate a P value < 0.05 for the bracketed comparisons. (C) ER stress
proteins including phospho-elF2a, GRP78 and GRP94 were mea-
sured by Western blot.

ER stress induction.

NO plays an important role in ER stress-mediated B-cell
apoptosis, especially when it is induced by inflammatory cyto-
kines such as interferon and interleukin-1b (Oyadomari et al.,
2001). NO production decreases the expression of the sar-
coendoplasmic reticulum pump Ca+2ATPase 2B (SERCA2b),
leading to a decrease in Ca+2 in the ER. This Ca+2 depletion
causes a high level of ER stress in B-cells and induces CHOP,
leading to B-cell failure and apoptosis. We also determined that
NO was significantly upregulated in response to metabolic
stress or lipid mixture-incubated p-cells. However, these events
were blocked by compound C and dominant mutant AMPK,
suggesting that AMPK activated by mitochondrial dysfunction
stimulates NO production in B-cells. Pretreatment with iINOS
inhibitor efficiently prevented the induction of ER stress and
CHOP. In addition to NO, as ROS induces ER stress, mito-
chondrial dysfunction-induced ROS may also play an important
role in induction of ER stress with NO in MINBN8 cells with
dysfunctional mitochondria.

Taken together, these results suggest that mitochondrial dys-
function persistently activates AMPK, which stimulates NO
production, leading to ER stress and subsequent p-cells apop-
tosis.

ACKNOWLEDGMENT

This work was supported by a grant of the Korean Health
Technology R&D Project, Ministry for Health, Welfare & Family
Affairs, Republic of Korea (A090620).

REFERENCES

Eizirik, D.L., Cardozo, A.K., and Cnop, M. (2008). The role for en-
doplasmic reticulum stress in diabetes mellitus. Endocr. Rev. 29,
42-61.

Fonseca, S.G., Burcin, M., Gromada, J., and Urano, F. (2009).
Endoplasmic reticulum stress in beta-cells and development of
diabetes. Curr. Opin. Pharmacol. 9, 763-770.

Hayakawa, T., Noda, M., Yasuda, K., Yorifuji, H., Taniguchi, S.,
Miwa, ., Yazaki, Y., and Kadowaki, T. (1998). Ethidium bro-
mide-induced inhibition of mitochondrial gene transcription sup-
presses glucose-stimulated insulin release in the mouse pan-
creatic beta-cell line betaHC9. J. Biol. Chem. 273, 20300-203007.

Kefas, B.A., Cai, Y., Kerckhofs, K., Ling, Z., Martens, G., Heimberg,
H., Pipeleers, D., and Van de Castee, M. (2004). Metformin-
induced stimulation of AMP-activated protein kinase in beta-cells
impairs their glucose responsiveness and can lead to apoptosis.
Biochem. Pharmacol. 68, 409-416.

Kennedy, E.D., Maechler, P., and Wollheim, C.B. (1998). Effects of
depletion of mitochondrial DNA in metabolism secretion coupling
in INS-1 cells. Diabetes 47, 374-380.

Kim, I., Xu, W., and Reed, J.C. (2008). Cell death and endoplasmic
reticulum stress: disease relevance and therapeutic opportuni-
ties. Nat. Rev. 7, 1013-1030.

Lee, JW., Kim, W.H., Lim, J.H., Song, E.H., Song, J., and Jung,
M.H. (2009). Mitochondrial dysfunction: glucokinase downregu-
lation lowers interaction of glucokinase with mitochondria, result-
ing in apoptosis of pancreatic beta-cells. Cell. Signal. 21, 69-78.

Lim, J.H., Lee, J.I, Suh, Y.H., Kim, W.H., Song, J.H., and Jung,
M.H. (2006). Mitochondrial dysfunction induces aberrant insulin
signalling and glucose utilisation in murine C2C12 myotube cells.
Diabetologia 49, 1924-1936.

Meisse, D., Van de, C.M., Beauloye, C., Hainault, |., Kefas, B.A.,
Rider, M.H., Foufelle, F., and Hue, L. (2002). Sustained activa-
tion of AMP-activated protein kinase induces c-Jun N-terminal
kinase activation and apoptosis in liver cells. FEBS Lett. 526, 38-
42.

Oyadomari, S., Takeda, K., Takiguchi, M., Gotoh, T., Matsumoto,
M., Wada, |., Akira, S., Araki, E., and Mori, M. (2001). Nitric ox-
ide-induced apoptosis in pancreatic beta cells is mediated by the
endoplasmic reticulum stress pathway. Proc. Natl. Acad. Sci.
USA 98, 10845-10850.

Park, S.Y., Choi, G.H., Choi, H.l., Ryu, JW., Jung, C.Y., and Lee,
W. (2005). Depletion of mitochondrial DNA causes impaired glu-
cose utilization and insulin resistance in L6 GLUT4myc myo-
cytes. J. Biol. Chem. 280, 9855-9864.

Park, K.M., Kim, D.J., Paik, S.G., Kim, S.J., and Yeom, Y.l. (2006).
Role of E2F1 in endoplasmic reticulum stress signaling. Mol.
Cells 21, 356-359.

Petersen, K.F., and Shulman, G.I. (2006). Etiology of insulin resis-
tance. Am. J. Med. 119, S10-16.

Petersen, K.F., Befroy, D., Dufour, S., Dziura, J., Ariyan, C.,
Rothman, D.L, DiPietro, L., Cline, G.W., and Shulman, G.I. (2003).
Mitochondrial dysfunction in the elderly: possible role in insulin
resistance. Science 300, 1140-1142.

Robey, R.B., and Hay, N. (2006). Mitochondrial hexokinases, novel
mediators of the antiapoptotic effects of growth factors and Akt.
Oncogene 25, 4683-4696.

Simmons, R.A., Suponitsky-Kroyter, I., and Selak, M.A. (2005).
Progressive accumulation of mitochondrial DNA mutations and
decline in mitochondrial function lead to beta-cell failure. J. Biol.
Chem. 280, 28785-28791.

Stump, C.S., Short, K.R., Bigelow, M.L., Schimke, J.M., and Nair,
K.S. (2003). Effect of insulin on human skeletal muscle mito-
chondrial ATP production, protein synthesis, and mRNA tran-
scripts. Proc. Natl. Acad. Sci. USA 100, 7996-8001.

Tsuruzoe, K., Araki, M.E., Furukawa, N., Shirotani, T., Matsumoto,
K., Kaneto, K., Motoshima, H., Yoshizato, K., Shriakami, A., Ki-
shikawa, H., et al. (1998). Creation and characterization of a mi-
tochondrial DNA-depleted pancreatic beta-cell line: impaired in-
sulin secretion induced by glucose, leucine, and sulfonylureas.
Diabetes 47, 621-631.

Zhang, B.B., Zhou, G., and Li, C. (2009). AMPK: an emerging drug
target for diabetes and the metabolic syndrome. Cell. Metab. 9,
407-416.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


