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MafA, a recently isolated pancreatic B-cell-specific
transcription factor, is a potent activator of insulin gene
transcription. In this study, we show that MafA overex-
pression, together with PDX-1 (pancreatic and duodenal
homeobox factor-1) and NeuroD, markedly increases in-
sulin gene expression in the liver. Consequently, sub-
stantial amounis of insulin protein were induced by
such combination. Furthermore, in streptozotocin-in-
duced diabetic mice, MafA overexpression in the liver,
together with PDX-1 and NeuroD, dramatically amelio-
rated glucose tolerance, while combination of PDX-1
and NeuroD was much less effective. These results sug-
gest a crucial role of MafA as a novel therapeutic target
for diabetes.

It is known that the insulin gene is specifically expressed in
pancreatic B-cells and that insulin plays a crucial role in main-
taining blood glucose levels. It was previously shown that an
unidentified B-cell-specific nuclear factor binds to a conserved
cis-regulatory element called RIPE3D in the insulin gene pro-
moter region and is likely to function as an important transac-
tivator for the insulin gene (1, 2). Recently, this important
transactivator for the insulin gene was identified as MafA, a
basic leucine zipper transcription factor (3—6). MafA controls
B-cell-specific expression of the insulin gene through a cis-
regulatory element called RIPE3b and functions as a potent
transactivator for the insulin gene (3-8). During pancreas de-
velopment, MafA expression is first detected at the beginning
of the principal phase of insulin-producing cell production (4),
while other important transcription factors such as the pan-
creatic and duodenal homeobox factor-1 (PDX-1)! (8-11) and
NeuroD (12, 13) are expressed from the early stage of pan-
creas development. In addition, while both PDX-1 and Neu-
roD are expressed in various types of cells in islets, MafA is
the only B-cell-specific transactivator for the insulin gene.
Thus, the potency of MafA as an insulin gene activator,
together with its unique expression in B-cells, raises the like-
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lihood that MafA is a principal factor of B-cell formation and
function.

Insulin plays a crucial role in maintaining blood glucose
levels, but in the diabetic state, chronic hyperglycemia de-
creases insulin gene expression and secretion. MafA DNA bind-
ing activity is also reduced under diabetic conditions in parallel
with the decrease of insulin gene expression (2, 14-16). Al-
though normoglycemia can be efficiently restored by pancreas
and islet transplantation, such treatment requires life-long
immunosuppressive therapy and is limited by tissue supply
(17, 18). Therefore, in exploring new therapeutic methods to
replace the reduced insulin in diabetes and to maintain normal
glucose tolerance, it is very important to search for ways to
enhance insulin gene transcription and to induce insulin-pro-
ducing cells.

In this study, we show that MafA expression in the liver,
together with PDX-1 and NeuroD, markedly induces insulin
gene transcription and dramatically ameliorates glucose toler-
ance in diabetic model animals. These results suggest a crucial
role of MafA as a novel therapeutic target for diabetes and
imply that such combination should be useful for replacing the
reduced B-cell function found in diabetes.

MATERIALS AND METHODS

Gene Transfection and Luciferase Assays—HepG2 cells were grown
in Earle’s minimal essential medium supplemented with 10% fetal calf
serum, 100 units/ml penicillin, and 0.1 mg/ml streptomycin sulfate in a
humidified atmosphere of 5% CO, at 37 °C. The insulin 2 promoter-
reporter plasmid (1.0 pg) containing 238-bp 5'-flanking sequences of
the rat insulin 2 promoter region (1, 19) and 0.5 pg of the pSV-g-
galactosidase control vector (Promega) were co-transfected with 1.0 pg
of the MafA, PDX-1, and/or NeuroD expression plasmids (or the empty
vectors) using the Lipofectamine reagent (Life Technologies). Forty-
eight hours after transfection, cells were harvested for luciferase and
B-galactosidase assays. Preparations of cellular extracts were assayed
using a luciferase assay system (Promega). For the luciferase assay,
light emission was measured with a Monolight 3010 Luminometer
(Pharmingen), and B-galactosidase assays were performed with the
B-galactosidase enzyme assay system (Promega). The luciferase results
were normalized with respect to transfection efficiency assessed from
the results of the B-galactosidase assays.

Preparation of Recombinant Adenoviruses Expressing MafA, PDX-1,
and NeuroD (Ad-MafA, Ad-PDX-1, and Ad-NeuroD)—Recombinant ad-
enoviruses expressing MafA, PDX-1, and NeuroD were prepared using
the AdEasy system (kindly provided by Dr. Bert Vogelstein, Johns
Hopkins Oncology Center) (20). In brief, the encoding region of MafA,
PDX-1, and NeuroD was cloned into a shuttle vector pAdTrack-CMV.
To produce homologous recombination, 1.0 ug of linearized plasmid
containing MafA, PDX-1, and NeuroD and 0.1 ug of the adenoviral
backbone plasmid, pAdEasy-1, were introduced into electrocompetent
Escherichia coli BJ5183 cells by electroporation (2,500 V, 200 ohms, 25
microfarads). The resultant plasmids were then re-transformed into
E. coli XL-Gold Ultracompetent Cells (Stratagene, La Jolla, CA). The
plasmids were linearized with Pacl and then transfected into the ade-
novirus packaging cell line 293 using Lipofectamine (Invitrogen). Ten
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days after transfection, the cell lysate was collected from the 293 cells.
The cell lysate was added to fresh 293 cells and when most of the cells
were killed by the adenovirus infection and detached, the cell lysate was
obtained again (this process was repeated three times). The control
adenovirus expressing green fluorescent protein (Ad-GFP) was pre-
pared in the same manner. The adenovirus titers were further in-
creased up to 1 X 10 plaque forming units (pfu)/ml using the Adeno-
X™ virus purification kit (Clontech). The virus titers were estimated
using the Adeno-X™ titer kit (Clontech).

Induction of Hyperglycemia by Streptozotocin (STZ) and Treatment
with Recombinant Adenovirus—C57BL6 male mice (8 weeks old)
(Japan SLC, Hamamatsu, Japan) were made diabetic by intraperito-
neal injection of STZ (220 mg/kg) (Sigma), freshly dissolved in citrate
buffer (pH 4.5). One week after STZ injection, mice were injected with
100 ul of Ad-MafA, Ad-PDX-1, Ad-NeuroD, or Ad-GFP (1 x 10 pfu/ml)
into the cervical vein. It is noted that the adenovirus injected from the
cervical vein is known to be trapped only in the liver after its systematic
circulation. After adenovirus injection, nonfasting blood glucose levels
were measured regularly with a portable glucose meter (Precision QID,
Medisense Inc., St. Charles, MA) after tail snipping. For measurement
of plasma insulin levels, nonfasting blood samples were collected into
heparinized capillary tubes, and plasma insulin levels were determined
using an insulin-EIA test kit (Glazyme).

Glucose Tolerance Tests—After overnight fast, mice were injected
intraperitoneally with glucose (2.0 g/kg of body weight). Blood samples
were taken at various time points (0120 min), and blood glucose levels
were determined as described above.

Northern Blot Analysis—Ten micrograms of total RNA isolated from
freeze-clamped liver tissues were electrophoresed on 1.0% formalde-
hyde-denatured agarose gel in 1 X MOPS running buffer and then
transferred overnight to a Hybond-N* membrane (Amersham Bio-
sciences). The insulin probe was labeled with [«-*?P]dCTP using the
Rediprime labeling system kit (Amersham Biosceinces). After overnight
hybridization with a 32P-labled probe at 42 °C, the membranes were
washed in 2 x saline/sodium phosphate/EDTA, 0.1% SDS at 42 °C.
Kodak XAR film was exposed with an intensifying screen at —80 °C.

Reverse Transcriptase-PCR Analysis—Total RNA was extracted from
frozen tissues using TRIzol (Invitrogen). After quantification by spec-
trophotometry, 2.5 pg of RNA was heated at 85 °C for 3 min and then
reverse-transcribed into ¢cDNA in a 25-ul solution containing 200 units
of Superscript IT RNase H™ reverse transcriptase (Invitrogen), 50 ng of
random hexamers (Invitrogen), 160 uM ANTP, and 10 mu dithiothreitol.
The reaction consisted of 10 min at 25 °C, 60 min at 42 °C, and 10 min
at 95 °C. Polymerization reactions were performed with a Perkin-Elmer
9700 Thermocycler using a 50-pl reaction volume containing 3 ul of
¢DNA (20 ng of RNA equivalents), 5 units of AmpliTag Gold DNA
polymerase (PerkinElmer Life Sciences), 1.5 mm MgCl,, 160 pM cold
dNTPs, and 10 pmol of the appropriate oligonucleotide primers. The
oligonucleotide primers were as follows: insulin 1 (370 bp), GAC CAG
CTA TAA TCA GAG ACC (forward) and AGT TGC AGT AGT TCT CCA
GCT G (reverse); insulin 2 (388 bp), AGC CCT AAG TGA TCC GCT
ACA A (forward) and AGTTGCAGTAGTTCTCCAGCTG (reverse); glu-
cokinase (islet type) (208 bp), TGG ATG ACA GAG CCA GGA TGG
(forward) and ACT TCT GAG CCT TCT GGG GTG (reverse); SUR-1
(267 bp), CCA GAC CAA GGG AAG ATT CA (forward) and GTC CTG
TAG GAT GAT GGA CA (reverse); Kir6.2 (218 bp), CCT GAG GAA TAT
GTG CTG AC (forward) and CAC AGG AAG GAC ATG GTG AA
(reverse); glucagon (205 bp), ACA GAG GAG AAC CCC AGA TC (for-
ward) and CAT CAT GAC GTT TGG CAA TG (reverse); somatostatin
(226 bp), AGT TTC TGC AGA AGT CTC TGG (forward) and AAG TTC
TTG CAG CCA GCT TTG (reverse); pancreatic polypeptide (194 bp),
ACA GGA TGG CCG TCG CAT ACT (forward) and GGC CTG GTC AGT
GTG TTG ATG (reverse). The thermal cycle profile employed a 10-min
denaturing step at 94 °C followed by 32 cycles (1 min of denaturation at
94 °C, 1 min of annealing at 55 °C, and 1 min of extension at 72 °C) and
an extension step of 10 min at 72 °C. The products were then separated
by agarose gel electrophoresis.

Measurement of Insulin Content and Plasma Insulin Levels-—For
measurement of insulin content, the liver was excised, and insulin
content in the tissue was determined using an insulin-EIA test kit
(Glazyme) with mouse insulin as the standard. The data were normal-
ized with respect to protein concentration in the extract, which was
measured using a protein assay (Bio-Rad). For measurement of plasma
insulin levels, blood samples were collected into heparinized capillary
tubes, and plasma insulin levels were determined using an insulin-EIA
test kit (Glazyme).

Immunohistochemical Analyses—The mice were anesthetized using
sodium pentobarbital. After a midline abdominal incision, pancreata
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Fic. 1. MafA expression, together with PDX-1 and NeuroD,
markedly induces insulin promoter activity. A, the rat insulin
promoter-reporter (luciferase) plasmid and pSV-B-galactosidase control
vector were co-transfected into HepG2 cells with the MafA, PDX-1, or
NeuroD expression plasmids (or the empty vector); 2 days after the
transfection, luciferase and B-galactosidase assays were performed. B,
the rat insulin promoter-reporter (luciferase) plasmid and pSV-B-galac-
tosidase control vector were was co-transfected with MafA expression
plasmid, together with PDX-1 and/or NeuroD expression plasmid; 2
days after the transfection, luciferase and B-galactosidase assays were
performed. The luciferase results were normalized with respect to the
transfection efficiency assessed from the results of the B-galactosidase
assays. Data are expressed as mean * S.E. with the basal insulin
promoter activity being arbitrarily set at 1 (n = 4).

were removed from the mice and fixed overnight with 4% paraformal-
dehyde in PBS buffer. Fixzed tissues were routinely processed for par-
affin embedding and ~4-pm sections were prepared and mounted on
slides. Before incubation with antibodies, the mounted sections were
rinsed with PBS three times. For detection of MafA, PDX-1, and Neu-
roD, the avidin-biotin complex (ABC) method was performed using a
Vectastain ABC kit (Vector Laboratories, Burlingame, CA). After treat-
ment with target retrieval solution (Dako, Glostrup, Denmark) at 90 °C
for 5 min, the mounted sections were incubated overnight with rabbit
anti-MafA antibody, rabbit anti-PDX-1 antiserum (21), and goat anti-
NeuroD antibody (N-19) (Santa Cruz Biotechnology) diluted 1:1000 in
PBS containing 1% bovine serum albumin. This was followed by 1 h
incubation with biotinylated anti-rabbit IgG (for MafA and PDX-1) or
anti-goat IgG (for NeuroD) (Vector Laboratories) diluted 1:200. The
sections were then incubated with ABC reagent for 1 h and positive
reactions were visualized by incubation with the peroxidase substrate
solution containing 3,3'-diaminobenzidine tetrahydrochloride (Zymed
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FiG. 2. MafA expression in the liver,
together with PDX-1 and NeuroD,
. markedly induces insulin gene ex-
pression. A, male C57BL6 mice were in-
jected with 100 pl of Ad-MafA (1 x 10*°
pfu/ml) into the cervical vein. This panel
shows a representative liver after expo-
sure to Ad-MafA. MafA protein expres-
sion is clearly detected in the liver 3 days
after infection with Ad-MafA. B, male
C57BL6 mice were injected with Ad-
MafA, Ad-PDX-1, Ad-NeuroD, or Ad-GFP
(1 % 10%° pfu/ml) into the cervical vein; 3
days after the injection we examined
mRNA expression levels of insulin 1 and 2
gene. Similar results were obtained in
three independent experiments. C, male
C57BL6 mice were injected with 100 ul of
Ad-MafA, Ad-PDX-1, Ad-NeuroD, or Ad-
GFP (1 x 10* pfu/ml) into the cervical
vein, and 3 days after the injection we
examined insulin mRNA expression by
Northern blot analysis. Data are ex-
pressed as mean * S.E. with the insulin
mRNA levels after treatment with Ad-
MafA plus Ad-PDX-1 plus Ad-NeuroD be-
ing arbitrarily set at 1.0 (n = 3). D, ex-
pression of various pancreas-related gene
mRNA (islet-type glucokinase (GK), sulfo-
nylurea receptor 1 (SUR 1), Kir 6.2, glu-
cagon, somatostatin, and pancreatic
polypeptide) in male C57BL6 mice in-
fected with Ad-MafA, Ad-PDX-1, Ad-Neu-
roD, or Ad-GFP (1 x 10*° pfu/ml). Similar
results were obtained in three independ-
ent experiments.
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Laboratories Inc.). For detection of insulin, the mounted sections were
incubated overnight with guinea pig polyclonal anti-insulin antibody
(Dako) diluted 1:1,000 in PBS containing 1% bovine serum albumin.
This was also followed by 1-h incubation with biotinylated anti-rabbit
IgG diluted 1:200. The sections were then incubated with ABC reagent
for 1 h, and positive reactions were visualized by incubation with the
peroxidase substrate solution containing 3,3’-diaminobenzidine
tetrahydrochloride.

RESULTS

MafA Expression in the Liver, together with PDX-1 and Neu-
roD, Markedly Induces Insulin Gene Expression—To evaluate
the effect of MafA, PDX-1, and NeuroD expression on insulin
gene transcription in the liver, we examined insulin gene pro-
moter activity in HepG2 cells after transfection of each expres-
sion plasmid. As shown in Fig. 1A, basal insulin promoter
activity was increased by MafA alone (~80-fold increase),
which was much more significant after overexpression of
PDX-1 or NeuroD alone (~5-fold increase). As shown in Fig.
1B, insulin promoter activity was further increased by MafA in
the presence of PDX-1 or NeuroD (~300- and ~400-fold in-
crease, respectively). Furthermore, MafA, together with PDX-1
plus NeuroD, drastically increased insulin promoter activity
(~1,200-fold increase). These results clearly show that MafA,
PDX-1, and NeuroD exert strong synergistic effect on insulin
promoter activity.

Next, to evaluate the effect of ectopic expression of MafA,
PDX-1, and NeuroD in the liver, we prepared MafA-, PDX-1-,

GFP
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and NeuroD-expressing adenoviruses (Ad-MafA, Ad-PDX-1,
and Ad-NeuroD) and a control adenovirus (Ad-GFP), then in-
jected each adenovirus into the cervical vein of 8-week-old male
C57BL6 mice. To confirm that infected adenoviruses can ex-
press the target protein in the liver, we performed immuno-
staining for MafA, PDX-1, and NeuroD. As shown in Fig. 24,
MafA was clearly detected in the liver 3 days after infection
with Ad-MafA. Similarly, PDX-1 and NeuroD were also clearly
detected in the liver after infection with Ad-PDX-1 and Ad-
NeuroD, respectively (data not shown). Also, to confirm that
the adenovirus infected only the liver, we examined GFP ex-
pression in various tissues (brain, heart, lung, liver, spleen,
pancreas, kidney, fat, and muscle). GFP was expressed only in
the liver, but not in any other tissues (data not shown). After
the adenovirus infection, we evaluated insulin mRNA levels by
reverse transcriptase-PCR. Since it is known that rodents have
two insulin genes: insulin 1 and insulin 2, we examined which
insulin gene is induced by such adenoviruses. As shown in Fig.
2B, neither insulin 1 nor 2 gene expression was induced by
Ad-MafA alone, but both insulin 1 and 2 were induced by
Ad-MafA plus Ad-PDX-1 or Ad-MafA plus Ad-NeuroD. It is
noted that insulin 1 gene expression was induced only in the
presence of MafA, suggesting that MafA plays a crucial role in
inducing insulin gene expression. Larger amounts of insulin 1
and 2 mRNA expression were clearly observed in the liver after
the triple infection (Ad-MafA, Ad-PDX-1, plus Ad-NeuroD).
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positive cells (brown cells) can be clearly
observed in the liver. Similar results were
obtained in three independent experi-
ments. D, male C57BL6 mice were made
diabetic by intraperitoneal injection of
streptozotocin (STZ) (220 mg/kg) and 1
week later were infected with Ad-MafA,
Ad-PDX-1, Ad-NeuroD, or Ad-GFP. After
a 6-h fast, we determined serum insulin
levels in the mice. Data are expressed as
mean * S.E. (n = 3).

The effect of the triple infection was more profound compared
with that of Ad-PDX-1 plus Ad-NeuroD infection. We further
evaluated insulin mRNA levels by Northern blot analysis. As
shown in Fig. 2C, insulin mRNA expression was detected at all
3 days after the injection of Ad-MafA plus Ad-PDX-1 or
Ad-MafA plus Ad-NeuroD. Furthermore, a much larger
amount of insulin mRNA expression was induced by the triple
infection (Ad-MafA, Ad-PDX-1, plus Ad-NeuroD).

In addition, to examine various pancreas-related gene ex-
pression caused by ectopic expression of MafA, PDX-1, and/or
NeuroD, we evaluated the mRNA expression of various pan-
creas-related genes. First, we examined the expression of
B-cell-related genes: islet-type glucokinase, sulfonylurea recep-
tor 1, and Kir6.2. As shown in Fig. 2D, mRNA expressions of
various B-cell-related genes such as glucokinase, SUR1, and
Kir6.2 were detected in the liver after treatment with Ad-MafA
in the presence of PDX-1 and/or NeuroD but not detected after
treatment with Ad-MafA alone. Similarly, mRNA expressions

Serum Insulin Levels {ng/ml)

GFP
MafA

MafA + PDX-1
MafA + NeuroD
PDX-1 + NeuroD

MafA + PDX-1 +NeuroD |0 .

of various endocrine hormones such as glucagon and pancreatic
polypeptide were also detected in the liver after treatment with
Ad-MafA in the presence of PDX-1 and/or NeuroD but not
detected after treatment with Ad-MafA alone. Somatostatin
mRNA expression was detected only in the presence of PDX-1,
highlighting the crucial role of PDX-1 in somatostatin gene
expression.

MafA Expression in the Liver, together with PDX-1 and Neu-
roD, Markedly Induces Insulin-producing Cells in the Liver—
To examine whether insulin protein was synthesized and
stored in the liver, we examined insulin protein expression in
the liver after treatment with such adenoviruses. First, we
measured insulin content in the liver after the adenovirus
infection. As shown in Fig. 34, insulin content was not detected
in the liver treated with Ad-MafA alone but was detected after
treatment with Ad-MafA in the presence of PDX-1 or NeuroD.
Insulin content in the liver induced by MafA in the presence of
PDX-1 or NeuroD was even larger than that by PDX-1 plus
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NeuroD. Also, as shown in Fig. 3B, insulin content in the liver
was markedly increased after the triple infection (Ad-MafA,
Ad-PDX-1, and Ad-NeuroD). In addition, to reconfirm insulin
protein expression in the liver, we performed immunostaining
for insulin. As shown in Fig. 3C, many insulin-positive cells
(brown cells) were clearly observed in the liver after the triple
infection. Such effects were not observed after any double in-
fection (Ad-MafA plus Ad-PDX-1, Ad-MafA plus Ad-NeuroD, or
Ad-PDX-1 plus Ad-NeuroD) (data not shown).

Furthermore, to determine whether the produced insulin is
secreted into the bloodstream, we measured serum insulin
levels after the adenovirus infection. We injected 220 mg/kg
STZ into C57BL6 mice, and 1 week later we treated the mice
with the adenoviruses. As shown in Fig. 3D, serum insulin
levels were moderately increased after treatment with Ad-
MafA plus Ad-PDX-1 or Ad-MafA plus Ad-NeuroD and were
markedly increased after the triple infection (Ad-MafA, Ad-
PDX-1, and Ad-NeuroD). Taken together, MafA expression,
together with PDX-1 and NeuroD, drastically induces insulin
content (Fig. 3, A-C) and secretion (Fig. 3D), in addition to
induction of insulin promoter activity (Fig. 1, A and B) and
mRNA expression (Fig. 2, B and C).

MafA Expression in the Liver, together with PDX-1 and Neu-
roD, Dramatically Ameliorates Glucose Tolerance in Diabetic
Model Animals—We examined whether hepatic insulin produc-
tion induced by combination of MafA, PDX-1, and NeuroD is
capable of controlling blood glucose levels in STZ-induced dia-
betic mice. As shown in Fig. 44, 3 days after adenovirus injec-

tion, blood glucose levels were decreased by MafA plus PDX-1,
MafA plus NeuroD, or PDX-1 plus NeuroD, although no such
effect was observed after infection of Ad-MafA alone. Further-
more, blood glucose levels were dramatically decreased by the
triple infection (Ad-MafA, Ad-PDX-1, and Ad-NeuroD). The
effects of triple infection were much more pronounced com-
pared with those in any single or double infection. It is noted
that, despite the marked effects of MafA expression, together
with PDX-1 and NeuroD, the mice did not become hypoglyce-
mia. In addition, we performed the intraperitoneal glucose
tolerance test at 3 and 14 days after the adenovirus injection.
As shown in Fig. 2B, there was a marked difference in glucose
tolerance at any time point after glucose load between Ad-GFP-
treated mice and the mice treated with Ad-MafA, Ad-PDX-1,
and Ad-NeuroD.

DISCUSSION

In this study we examined the effects of adenovirus-mediated
expression of a recently identified pancreatic B-cell-specific tran-
scription factor MafA on insulin gene expression and glucose
tolerance with and without PDX-1 and/or NeuroD) and found that
MafA overexpression, together with PDX-1 and NeuroD, drasti-
cally induces insulin production in the liver (Figs. 2 and 3) and
ameliorates glucose tolerance in diabetic animal models (Fig. 4).
The marked effects of MafA expression, together with PDX-1 and
NeuroD, on insulin production and glucose tolerance indicate
that MafA plays an important role in inducing insulin-producing
cells and thus should be a novel therapeutic target for diabetes
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and that combination therapy should be very efficient and useful
for replacing the reduced insulin biosynthesis found in diabetes
and for amelioration of glucose tolerance. In addition, despite the
marked effects of MafA expression, together with PDX-1 and
NeuroD, the mice did not become hypoglycemia. These results
imply that some glucose-mediated regulation of insulin produc-
tion and/or secretion is achieved by the triple infection.

There are several possible reasons to explain why the triple
infection (Ad-MafA, Ad-PDX-1, plus Ad-NeuroD) is much more
effective compared with any single or double infection. One pos-
sibility is that marked induction of insulin mRNA expression by
the triple infection is simply due to increase of insulin promoter
activity because insulin promoter activity per se is most signifi-
cantly increased by the triple transfection (Fig. 14). Another is
that the transcription partners are recruited to the insulin pro-
moter region by MafA, together with PDX-1 and NeuroD, which
would enable these transcription factors to exert strong synergis-
tic effects and to markedly induce insulin gene expression. Both
PDX-1 and NeuroD are known to associate functionally with the
co-activator p300 and thereby exert strong effects on the insulin
gene transcription (22-26). Thus, although not examined in this
study, we assume that some transcriptional partner such as p300
contributes to the marked effects of triple overexpression on
insulin gene expression. In addition, since p300 is known to
interact with transcriptional adaptors such as a particular his-
tone acetyltransferase and to be involved in chromatin remodel-
ing complexes (27, 28), it is possible that recruited p300 to the
insulin gene promoter region facilitates histone acetylation and
thus contributes to the marked effects of triple overexpression on
insulin gene expression.

In conclusion, MafA overexpression, together with PDX-1
and NeuroD, drastically induces insulin production in the liver
and ameliorates glucose intolerance in diabetic animal models,
indicating that MafA plays an important role in inducing in-
sulin-producing cells and thus should be a novel therapeutic
target for diabetes and that combination therapy should be
very efficient and useful for replacing the reduced insulin bio-
synthesis found in diabetes and for amelioration of glucose
intolerance.
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Abstract Pancreatic 3-cell dystunction and insulin resis-
tance are observed in type 2 diabetes. Under diabetic con-
ditions, oxidative stress and ER stress are induced in various
tissues, leading to activation of the INK pathway. This JNK
activation suppresses insulin biosynthesis and interferes
with insulin action. Indeed, suppression of the JNK path-
way in diabetic mice improves insulin resistance and ame-
liorates glucose tolerance. Thus, the JNK pathway plays a
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central role in pathogenesis of type 2 diabetes and may be a
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Introduction

The development of type 2 diabetes is associated with a
combination of pancreatic f3-cell dysfunction and insulin
resistance [ 1, 2]. Normal (3-cells can compensate for insulin
resistance by increasing insulin secretion or 3-cell mass, but
insufficient compensation leads to the onset of glucose in-
tolerance. Chronic hyperglycemia is a cause of impairment
of insulin biosynthesis and secretion; once hyperglycemia
becomes apparent, f-cell function gradually deteriorates
and insulin resistance aggravates [3~7]. This process is
called “glucose toxicity”. Under such conditions, oxidative
stress and endoplasmic reticulum (ER) stress are provoked
and the c-jun N-terminal kinase (JNK) pathway is activated
in various tissues. Here we show a role of oxidative stress,
ER stress, and the INK pathway in diabetes.

Oxidative stress and pancreatic B-cell dysfunction

Oxidative stress is provoked in various tissues under dia-
betic conditions, and is involved in the development of
diabetic complications [8—13]. Pancreatic 3-cells are also
thought to be a target of oxidative stress-mediated tissue
damage [14-26]. B-cells express the high K,, glucose
transporter GLUT2 and thereby display highly efficient
glucose uptake when exposed to high glucose concen-
trations. Indeed, it has been shown that expression of the
oxidative stress markers 8-hydroxy-2'-deoxyguanosine (8-
OHdAG) and 4-hydroxy-2,3-nonenal (4-HNE) is increased in
islets under diabetic conditions {12, 13]. In addition, due to
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their relatively low expression of antioxidant enzymes such
as catalase and glutathione peroxidase [27, 28], p-cells are
rather vulnerable to oxidative stress. Thus, it is likely that
oxidative stress is involved in p-cell deterioration in type 2
diabetes. There are several sources of reactive oxygen
species (ROS) productions in cells: the non-enzymatic
glycosylation reaction [14, 15], the mitochondrial electron
transport chain [10, 11], and the hexosamine pathway [21].
In diabetic animals, glycation is observed in various tissues
and organs, and various kinds of glycated proteins are pro-
duced through the glycation reaction. During this reaction
which in turn produces Schiff bases, Amadori products and
advanced glycosylation end products (AGE), ROS are also
produced [14]. Superoxide anions(O;) are initially pro-
duced, and then hydrogen peroxide (H,O,) and hydroxyl
radicals are produced. The electron transport chain in the
mitochondria is also likely to be an important pathway for
the production of ROS (Fig. 1). In the clectron transport
chain, the superoxide anion (O) is initially produced. It
has been suggested that mitochondrial overwork, which
results in an induction of ROS generation, is a potential
mechanism causing the impairment of the first phase of
glucose-stimulated insulin secretion found in the early stage
of diabetes [23] as well as diabetic complications [10, 11].

As shown previously, the glycation reaction suppresses
transcription of the insulin gene in P-cells by provoking
oxidative stress. When f-cell-derived HIT cells were ex-
posed to D-ribose, a strong reducing sugar, insulin gene
promoter activity and mRNA expression were suppressed,
whereas no such changes were observed for the (3-actin
gene [15]. These effects were neutralized by aminoguani-
dine, an inhibitor of the glycation reaction, or N-acetyl-L-
cysteine (NAC), an antioxidant, indicating that D-ribose
suppresses insulin gene transcription by provoking oxida-
tive stress via the glycation reaction. Pancreatic and duo-
denal homeobox factor-1 (PDX-1), also known as IDX-1/
STF-1/IPF1 [29-31], is a member of the homeodomain-
containing transcription factor family. PDX-1 is expressed
in the pancreas and the duodenum and plays a crucial role
in pancreatic development {32-40], 3-cell differentiation/
regeneration [41-51], and in maintaining normal f{3-cell
function by regulating multiple important 3-cell genes, in-

Fig. 1 Mechanisms contribut- Glucose

stress under diabetic conditions

cluding insulin, GLUT?2, and glucokinase [52-60]. Clin-
ically, mutations in PDX-1 are known to cause some cases of
maturity-onset diabetes of the young (MODY) [61]. The
DNA-binding activity of PDX-1 is rather sensitive to oxi-
dative stress, which may explain the reduction in the insulin
gene promoter activity by oxidative stress; when HIT cells
were exposed to D-ribose, PDX-1 binding to the insulin
gene was markedly reduced, which was prevented by ami-
noguanidine or NAC [15]. Taken together, chronic hyper-
glycemia suppresses insulin biosynthesis and secretion by
provoking oxidative stress through various pathways, ac-
companied by a reduction of PDX-1 DNA binding activity
(Fig. 2).

Next, to evaluate the potential usefulness of antioxidants
in treatment for type 2 diabetes, obese diabetic C57BL/
KsJ-db/db mice were treated with antioxidants (NAC plus
vitamins C and E) and the effects were assessed [16]. The
antioxidant treatment resulted in retained glucose-stimu-
lated insulin secretion and moderately decreased blood
glucose levels. The 3-cell mass was significantly greater in
the mice treated with the antioxidants. Antioxidant treat-
ment also suppressed apoptosis in the 3-cell population
without changing the rate of $-cell proliferation. The insu-
lin content and insulin mRNA levels were also preserved
by the antioxidant treatment. Furthermore, PDX-1 expres-
sion was more clearly visible in the nuclei of islet cells after
the antioxidant treatment [16]. Similar effects were ob-
served with Zucker diabetic fatty (ZDF) rats, another ani-
mal model of type 2 diabetes [17]. Taken together, these
data indicate that antioxidant treatment can protect B-cells
against glucose toxicity. In addition, as a step to clinical
trial of antioxidant for type 2 diabetes, we investigated the
possible anti-diabetic effects of probucol, an antioxidant
widely used as an anti-hyperlipidemic agent, on preserva-
tion of f3-cell function in diabetic C57BL/KsJ-db/db mice
[13]. Immunostaining for oxidative stress markers such as
4-hydroxy-2-nonenal (HNE)-modified proteins and heme
oxygenase-1 revealed that probucol treatment decreased
reactive oxygen species (ROS) levels in pancreatic islets of
diabetic animals. Probucol treatment preserved the f-cell
mass, the insulin content, and glucose-stimulated insulin
secretion, leading to improvement of glucose tolerance

ing to the increase of oxidative l
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Fig. 2 Involvement of oxida-
tive stress in pancreatic -cell
dysfunction
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[13]. These data suggest a potential use for antioxidants in
diabetes therapy and provides further support for the im-
plication of oxidative stress in the (3-cell glucose toxicity
found in diabetes (Fig. 2).

The INK pathway and pancreatic B-cell dysfunction

Several signal transduction pathways, including the c-Jun
N-terminal kinase (JNK) [also known as stress-activated
protein kinase (SAPK)] [62-65], p38 mitogen-activated
protein kinase (p38 MAPK), and protein kinase C (PKC)
cascades are activated by oxidative stress in various cell
types, including pancreatic (3-cells. It has been reported
that activation of JNK is involved in the oxidative stress-
induced reduction of insulin gene expression and that sup-
pression of the JNK pathway can protect P-cells fiom
oxidative stress [66]. When isolated rat islets wetre exposed
to oxidative stress, the JNK, p38 MAPK, and PKC path-
ways were activated preceding the decrease in insulin gene
expression. Adenovirus-mediated overexpression of dom-
inant-negative type JNK1 (DN-JNK), but neither the
p38 MAPK inhibitor SB203580 nor the PKC inhibitor
GF109203X, protected insulin gene expression and se-
cretion from oxidative stress. Moreover, wild type JNK1
(WT-JNK) overexpression suppressed both insulin gene
expression and secretion [66]. These results were corre-
lated with changes in the binding of the transcription factor
PDX-1 to the insulin promoter; adenoviral overexpression
of DN-JNK preserved PDX-1 DNA binding activity in the
face of oxidative stress, while WT-JNK overexpression
decreased PDX-1 DNA binding activity [66]. Thus, it is
likely that JNK-mediated suppression of PDX-1 DNA
binding activity accounts for some of this suppression of
insulin gene transcription and p-cell function, which fits
with the phenomenon that PDX-1 expression and DNA
binding activity is decreased in association with the reduc-
tion of insulin gene transcription seen after chronic expo-
sure to a high glucose concentration. Taken together, it is
likely that activation of the JNK pathway leads to decreased
PDX-1 activity and subsequent suppression of insulin gene
transcription in the diabetic state (Fig. 3). Furthermore, as a

Secretion

potential mechanism for JNK-mediated PDX-1 inactiva-
tion, it has recently been reported that PDX-1 is translocated
from the nucleus to the cytoplasm in response to oxidative
stress. When f-cell-derived HIT cells were subjected to
oxidative stress, both the endogenously expressed PDX-1
and the exogenously introduced green fluorescent protein
(GFP) tagged PDX-1 moved from the nuclei to the cyto-
plasm [67] (Fig. 3). Addition of DN-JNK inhibited this
oxidative stress-induced PDX-1 translocation, suggesting
an essential role for JNK in mediating this phenomenon.
Whereas the nuclear localization signal in PDX-1 was not
affected by oxidative stress, leptomycin B, a specific in-
hibitor of the classic leucine-rich nuclear export signal,
inhibited the nuclear-cytoplasmic translocation of PDX-1
induced by oxidative stress. Indeed, we have identified a
nuclear export signal at position 82-94 of the mouse PDX-1
protein [67].

To examine whether DN-JNK can protect 3-cells from
the toxic effects of hyperglycemia and to explore its poten-
tial therapeutic application for islet transplantation, trans-
plantation into diabetic mice was performed [66]. Isolated
rat islets were infected with an adenoviral vector expres-
sing dominant-negative JNK (Ad-DN-JNK) or Ad-GFP
and cultured for 2 days, then 500 islets were transplanted
under the kidney capsules of STZ-induced diabetic Swiss
nude mice. Blood glucose levels were not significantly
decreased by transplantation of islets infected with Ad-
GFP, which was probably due to the toxic effects of hyper-
glycemia upon a marginal islet number, but were markedly
decreased by Ad-DN-JNK. Four weeks after transplanta-
tion of islets infected with Ad-GFP, the insulin mRNA
levels in the islet grafts were clearly decreased compared to
those seen before transplantation, but were relatively well
preserved by DN-JNK overexpression [66]. These results
suggest that DN-JNK can protect -cells from some of
the toxic effects of hyperglycemia during the transplant
period, providing new insight into the mechanism by which
oxidative stress suppresses insulin gene transcription in f3-
cells. Also, the finding that this adverse outcome can be
prevented by DN-JNK overexpression suggests that the {3-
cell INK pathway could become a new therapeutic target
for diabetes. It has been reported that 3-cell destruction by
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Fig. 3 Involvement of the INK
pathway in pancreatic f3-cell
dysfunction
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cytokines such as interleukin-13 (IL-1) [68~70] can be
prevented by inhibition of the JNK pathway [71-74], im-
plying that JNK plays a role in the autoimmune f3-cell
destruction observed in early stages of type 1 diabetes. It
has also been reported that levels of 8-OHdG, a marker of
oxidative stress, are increased in the blood of type 2 dia-
betic patients as well as in the islets of type 2 diabetic
animal models [8, 12, 13] and that activation of JNK by
oxidative stress in islets actually reduces PDX-1 DNA
binding activity and insulin gene transcription [66]. In
addition, the significance of JNK in the development of
diabetes has also been shown in the results of a genetic
analysis in humans; while islet-brain-1 (IB1), the human
and rat homolog of mouse JNK-interacting protein-1 (JIP-
1)[75,76], is known to selectively inhibit the JNK signaling
[74], it was reported that a missense mutation within the
IB1-encoding MAPKIPI gene (S59N) is associated with
late onset type 2 diabetes [77]. Thus, we propose that INK is
involved in the deterioration of 3-cell function in both type
2 diabetes and the early stage of type 1 diabetes.

Endoplasmic reticulum stress and insulin resistance

The endoplasmic reticulum (ER) is an organelle which syn-
thesizes various secretory and membrane proteins. These
proteins are correctly folded and assembled by chaperones
in the ER. Under stressful conditions such as an increase in
the level of misfolded proteins, the chaperones become
overloaded and the ER fails to fold and export newly syn-
thesized proteins, leading to ER stress [78-82]. Once ER
stress is provoked in the cells, various pathways are acti-
vated (Fig. 4). It has been previously reported that ER
stress 1s involved in pancreatic f-cell apoptosis [83-87]. In
Akita mice with a spontaneous mutation in the insulin 2
gene, the misfolded insulin increases ER stress, leading to
decrease of f3-cell mass. It has also been reported that ER
overload in f-cells causes ER stress and leads to apoptosis
through CHOP induction [87]. Therefore, it is likely that

P-1 activity
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!
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once ER stress is increased by appropriate stimuli, ER
stress triggers apoptosis in f3-cells and thus ER stress is
involved in the progression of f-cell dysfunction and/or
death found in diabetes.

To examine whether ER stress is increased in the liver
under diabetic conditions, the ER stress level in the liver of
10-week-old obese diabetic CS7BL/KsJ-db/db mice was
evaluated. The expression levels of the immunoglobulin
binding protein (Bip) and Lys-Asp-Glu-Leu (KDEL), both
of which are ER stress markers, were much higher in the
obese diabetic mice compared to 10-week-old non-diabetic
C57BL6 mice, indicating that ER stress is actually in-
creased under diabetic conditions {88]. It was also reported
about the expression of several ER stress markers in dietary
(high-fat diet-induced) and genetic (ob/ob) models of obe-
sity. The pancreatic ER kinase (or PKR-like kinase) (PERK)
is an ER transmembrane protein kinase that phosphorylates
the o subunit of translation initiation factor 2 (elF2«) in
response to ER stress (Fig. 4). Therefore, phosphorylation
status of PERK and elF2« is a key indicator of the pres-
ence of ER stress [89-91]. PERK and elF2« phosphor-
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Fig. 4 ER stress signaling
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ylation were increased in the liver of obese mice compared
with lean controls. It is known that JNK activity is in-
creased by ER stress (Fig. 4) [92]. Indeed, total JNK ac-
tivity is also dramatically elevated in the obese mice [93].
When Fao liver cells were treated with tunicamycin or
thapsigargin, both of which induce ER stress, insulin-stim-
ulated tyrosine phosphorylation of insulin receptor sub-
strate 1 (IRS-1) was significantly decreased. IRS-1 is a
substrate for insulin receptor tyrosine kinase, and serine
phosphorylation of IRS-1, particularly when mediated by
INK, reduces insulin receptor signaling. Indeed, pretreat-
ment of Fao cells with tunicamycin produced a significant
increase in serine phosphorylation of IRS-1. Tunicamycin
pretreatment also suppressed insulin-induced Akt phos-
phorylation (Fig. 5) [93]. Furthermore, inhibition of JNK
activity with the synthetic inhibitor SP600125 reversed the
ER stress-induced serine phosphorylation of IRS-1. Pre-
treatment of Fao cells with a highly specific inhibitory
peptide derived from the JNK-binding protein, JIP, also
completely preserved insulin receptor signaling in cells
exposed to tunicamycin. Similar results were obtained with
the synthetic JNK inhibitor, SP600125. These results in-
dicate that ER stress promotes a JNK-dependent serine
phosphorylation of IRS-1, which in turn inhibits insulin
receptor signaling (Fig. 5) [93].

Oxygen-regulated protein 150 (ORP150), a molecular
chaperone found in the ER, has been shown to protect cells
from ER stress [94, 95]. To examine the role of ER stress in
insulin resistance in vivo, ORP150-expressing adenovirus
(Ad-ORP) and a GFP-expressing control adenovirus (Ad-
GFP) were delivered to 8-week-old CS7BL/KsJ-db/db
obese diabetic mice through the cervical vein. An approx-
imately three-fold increase in ORP150 expression was seen
in the liver, but not in other tissues such as muscle and
adipose tissue, upon adenovirus injection. In addition, the
expression levels of KDEL and Bip in Ad-ORP treated
mice were lower compared to those in Ad-GFP treated db/
db mice, indicating that ORP150 is acting to decrease ER
stress in the liver. There was no difference in body weight
and food intake between the Ad-ORP treated and the Ad-
GFP treated db/db mice. When C57BL/KsJ-db/db mice
were treated with Ad-ORP, their nonfasting blood glucose
levels were markedly reduced, whereas no such effect was

Fig. 5 lnvolvement of ER

stress in insulin resistance .
Liver
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observed in the Ad-GFP treated mice. The fasting blood
glucose concentrations were also significantly lower in
Ad-ORP treated mice compared to Ad-GFP treated mice,
although there was no difference in plasma insulin concen-
trations between the two groups. To examine the effects of
ORP150 overexpression in the liver on insulin resistance,
intraperitoneal insulin tolerance tests were performed. The
hypoglycemic response to insulin was larger in the Ad-
ORP treated C57BL/KsJ-db/db mice compared to the Ad
GFP treated mice. To investigate this point further, eugly-
cemic hyperinsulinemic clamp tests were performed. The
glucose infusion rates {(GIR) of Ad-ORP treated mice were
significantly higher compared to Ad-GFP treated mice, in-
dicating that ORP150 overexpression in the liver reduces
insulin resistance and thus ameliorates glucose tolerance in
C57BL/KsJ-db/db mice. Endogenous hepatic glucose pro-
duction (HGP) in Ad-ORP treated mice was also evaluated
using tracer methods. The HGP was significantly lower in
the Ad-ORP treated mice compared to the Ad-GFP treated
mice. These results indicate that the reduction of insulin
resistance and amelioration of glucose tolerance by Ad-
ORP overexpression are mainly due to the suppression of
the HGP (Fig. 5) [88].

To examine the molecular mechanism involved in the
alteration of insulin action by ER stress, the phosphory-
lation state of IRS-1 and Akt, which are key molecules
for insulin signaling, was evaluated in the liver. IRS-1
tyrosine phosphorylation was markedly increased in the
Ad-ORP treated C57BL/KsJ-db/db mice compared to the
Ad-GFP treated mice. Concomitantly, an increase in Akt
serine 473 phosphorylation was observed in the Ad-ORP
treated C57BL/KsJ-db/db mice compared to the Ad-GFP
treated mice (Fig. 5). Expression levels of phosphoenol-
pyruvate carboxykinase (PEPCK) and glucose-6-phospha-
tase (G6Pase), key gluconeogenic enzymes regulated by
insulin signaling, were markedly decreased by Ad-ORP
treatment in C57BL/KsJ-db/db mice. These results indicate
that reduction of ER stress enhances insulin signaling,
which Ieads to a decrease in gluconeogenesis and an ame-
lioration of glucose tolerance [88]. Taken together, ORP150
overexpression decreased insulin resistance and marked-
ly improved glycemic control in diabetic model animals

(Fig. 5).
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It has been reported that mice deficient in X-box binding
protein-1 (XBP-1), a transcription factor that meodulates the
ER stress response, develop insulin resistance [93]. The
spliced form of XBP-1 is a key factor in the regulation of
ER stress via transcriptional regulation of various genes,
including molecular chaperones (Fig. 4). In mouse embryo
fibroblasts (MEFs) derived from XBP-1""" mice, tunica-
mycin treatment resulted in increase of PERK phosphor-
ylation. In these cells, there was also a marked activation of
JNK in response to ER stress. When spliced XBP-1 ex-
pression was induced, there was a dramatic reduction in
both PERK phosphorylation and JNK activation after
tunicamycin treatment, indicating that XBP-1""" cells are
vulnerable to ER stress. Thus, it is likely that alteration of
the level of spliced XBP-1 protein results in alterations in
the ER stress response. Furthermore, tunicamycin-induced
IRS-1 serine phosphorylation was significantly reduced in
fibroblasts exogenously expressing spliced XBP-1. The
extent of IRS-1 tyrosine phosphorylation was significantly
higher in cells overexpressing spliced XBP-1. In contrast,
IRS-1 serine phosphorylation was strongly induced in
XBP-1""" MEFs compared with XBP-I""" controls even at
low doses of tunicamycin treatment. Also, the amount of
IRS-1 tyrosine phosphorylation was significantly decreased
in tunicamycin treated XBP-1""" cells compared with tuni-
camycintreated wild-type controls [93].

Since complete XBP-1 deficiency results in embryonic
lethality, BALB/c-XBP-1""" mice with a null mutation in
one XBP-1 allele were used in order to investigate the role
of XBP-1 1n insulin resistance and diabetes in vivo [93].
XBP-I""" mice fed a high fat diet developed continuous and
progressive hypermsulinemia. Blood glucose levels were
also increased in the XBP-I1""" mice fed a high fat diet.
During insulin tolerance tests, the hypoglycemic response
to insulin was also significantly lower in XBP-I""" mice
compared with their XBP-1 ** littermates [93]. PERK phos-
phorylation was increased in the liver of obese XBP-1"""
mice compared with wild type controls fed a high fat diet.
There was also a significant increase in JNK activity in
XBP-I'" mice compared with wild type controls. Serine
307 phosphorylation of IRS-1 was consistently increased
in the XBP-I""" mice compared with wild type controls.
There was no detectable difference in any of the insulin
receptor signaling components in the liver and adipose
tissues of the mice of either genotype taking a regular diet.
However, after treatment with the high fat diet, the major
components of insulin receptor signaling in the liver, in-
cluding IRS-1 tyrosine phosphorylation and Akt serine
phosphorylation, were all decreased in the XBP-1""" mice
compared with the wild type controls. A similar suppres-
sion of insulin receptor signaling was also observed in the
adipose tissues of the XBP-1"" mice compared with the
XBP-I""" mice [93). Taken together, these results show that
induction of ER stress leads to a suppression of insulin
receptor signaling in intact cells via IRE-1x-dependent
activation of the JNK pathway. Furthermore, deletion of
an XBP-/ allele in mice leads to systemic insulin resis-
tance and type 2 diabetes. Thus, ER stress is involved in the

progression of insulin resistance and thus could be a po-
tential therapeutic target for diabetes (Fig. 5).

The JNK pathway and insulin resistance

The INK pathway is known to be activated under diabetic
conditions and is possibly involved in the progression of
mnsulin resistance. The effects of modulation of the INK
pathway in the liver on insulin resistance and glucose tol-
erance hiave been studied by Nakatani et al. [96]. Overex-
pression of Ad-DN-JNK in the liver of obese diabetic mice
dramatically improved their insulin resistance and mark-
edly decreased their blood glucose levels. When C57BL/
KsJ-db/db mice were treated with Ad-DN-JNK, their non-
fasting blood glucose levels were markedly reduced, where-
as no such effect was observed in Ad-GFP treated mice.
Intraperitoneal insulin tolerance tests revealed that the hy-
poglycemic response to insulin was larger in the Ad-DN-
INK  treated C57BL/KsJ-db/db mice compared to the
Ad-GFP treated mice. To further investigate this point, the
euglycemic hyperinsulinemic clamp test was performed.
The GIR in Ad-DN-JNK treated mice was higher than that
in Ad-GFP treated mice, indicating that suppression of
the INK pathway in the liver reduces insulin resistance
and thus ameliorates glucose tolerance in C57BL/KsJ-db/
db mice. Furthermore, HGP was significantly lower in
Ad-DN-JNK treated mice. In contrast, there was no dif-
ference in the glucose disappearance rate between these
two groups [96]. These results indicate that reduction of
insulin resistance and amelioration of glucose tolerance
by DN-JNK overexpression are mainly due to suppression
of hepatic glucose production (Fig. 5).

1t has been reported that serine phosphorylation of IRS-
1 inhibits the insulin-stimulated tyrosine phosphorylation
of IRS-1, leading to an increase in insulin resistance [97,
98]. The level of IRS-1 serine 307 phosphorylation was
markedly decreased in the Ad-DN-JNK treated mice. An
increase in IRS-1 tyrosine phosphorylation was also ob-
served in Ad-DN-JNK treated mice compared to the con-
trol mice. Reduction of Akt serine 473 phosphorylation
was also observed in Ad-DN-JNK treated C57BL/KsJ-db/
db mice [96]. Therefore, an increase in IRS-1 serine phos-
phorylation may be closely associated with the develop-
ment of insulin resistance induced by JNK overexpression.
The expression levels of PEPCK and G6Pase, key gluco-
neogenic enzymes regulated by insulin signaling, were
markedly decreased by Ad-DN-JNK treatment in C57BL/
KsJ-db/db mice. These results indicate that suppression of
the JNK pathway enhances insulin signaling, which leads
to a decrease in gluconeogenesis and an amelioration of
glucose tolerance. Similar effects were observed in mice
suffering diabetes induced by feeding a high-fat/high-su-
crose diet. Conversely, expression of wild type JNK in the
liver of normal mice decreased insulin sensitivity [96].
Taken together, these findings suggest that suppression of
the INK pathway in the liver exerts a beneficial effect on
insulin resistance status and glucose tolerance in both ge-
netic and dietary models of diabetes (Fig. 5).
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Fig. 6 Involvement of the INK
pathway in insulin resistance
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It has also recently been reported that JINK activity is
abnormally elevated in the liver, muscle and adipose
tissues of obese type 2 diabetic mice and that insulin re-
sistance is substantially reduced in mice homozygous for a
targeted mutation in the JNKI gene (JNK-KO mice) [97].
When the JNK-KO mice were placed on a high-fat/high-
caloric diet, obese wild type mice developed mild hyper-
glycemia compared to lean wild type mice. In contrast, the
blood glucose levels of the obese JNK-KO mice were
significantly lower than those of the obese wild type mice.
In addition, the serum insulin levels of the obese JINK-KO
mice were significantly lower compared to those of the
obese wild type mice. Intraperitoneal insulin tolerance
tests showed that the hypoglycemic response to insulin in
obese wild type mice was lower than that of obese JNK-
KO mice. Also, intraperitoneal glucose tolerance tests re-
vealed a greater degree of hyperglycemia in obese wild
type mice than in obese JNK-KO mice. These results in-

dicate that the JNK-KO mice are protected from the de- .

velopment of dietary obesity-induced insulin resistance.
Furthermore, targeted mutations in JNK were introduced
into genetically obese mice (0b/ob) [97]. Blood glucose
levels in the 0b/0H-INK-KO mice were lower than those in
ob/ob wild type mice, and the ob/ob wild type mice dis-
played a severe and progressive hyperinsulinemia. Thus,
JNK deficiency can provide partial resistance to obesity,
hyperglycemia and hyperinsulinemia in both genetic and
dietary models of diabetes. Taken together, obesity-in-
duced type 2 diabetes is associated with activation of the
INK pathway, and the absence of JNK activity results in
substantial protection from obesity-induced insulin resis-
tance. These results strongly suggest that INK plays a cru-
cial role in the progression of insulin resistance found in
type 2 diabetes. It is should be noted that there are three
isozymes of JNK: JNK1, JNK2, and JNK3, and that only
JNK1 has been shown to be implicated in type 2 diabetes
[97]. Thus, it is likely that INK1 is a crucial mediator of the
progression of both insulin resistance and (3-cell dysfunc-
tion found in type 2 diabetes. In addition, the JNK pathway
is known to be activated by several factors such as oxi-
dative stress, free fatty acids (FFAs), tumor necrosis fac-
tor-oc (TNF-ov), all of which are known to be increased under
diabetic conditions. Under diabetic conditions, ROS are

produced in various tissues and are involved in the devel-
opment of insulin resistance as well as the progression of
f3-cell deterioration. FFAs and TNF- are also likely to be
involved in the development of insulin resistance; levels of
FFAs and TNF-u are increased under obese diabetic con-
ditions with insulin resistance, which leads to a further
increase in insulin resistance. Thus, we assume that im-
provement of insulin resistance by suppression of the JNK
pathway may at least in part counterbalance the deleterious
effects of several factors such as oxidative stress, FFAs, and
TNF-« (Fig. 6).

Protein transduction domains such as those of the TAT
protein of the human immunodeficiency virus (HIV-1),
the VP22 protein of Herpes simplex virus, and the third
a-helix of the homeodomain of Antennapedia, a Drosoph-
ila transcription factor, are known to efficiently deliver
various proteins and peptides into cells through the plasma
membrane, and thus there has been increasing interest in
their potential usefulness for the delivery of bioactive pro-
teins and peptides into cells [99—104]. It has recently been
reported that the cell-permeable JNK inhibitory peptide
(amino acid sequence GRKKRRQRRRPPRPKRPTTLNL
FPQVPRSQDT) is effective for the treatment of diabetes.
This peptide is derived from the INK binding domain of the
JNK-interacting protein-1 (JIP-1), also known as islet
brain-1 (IB-1), and has been reported to function as a
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dominant inhibitor of the JNK pathway [74]. To convert the
minimal JNK-binding domain into a bioactive cell-perme-
able compound, a 20-amino acid sequence derived from
the INK-binding domain of JIP-1 (RPKRPTTLNLFPQVP
RSQDT) was covalently linked to a 10-amino acid carrier
peptide derived from the HIV-TAT sequence (GRKKRRQ
RRR), thén to monitor peptide delivery this JIP-1-HIV-
TAT peptide was further conjugated to fluorescein isothio-
cyanate (FITC). First, to examine the effectiveness of the
JNK inhibitory peptide in vivo, C57BL/KsJ-db/db obese
diabetic mice were intraperitoneally injected with the JIP-
I-BIV-TAT-FITC peptide. The FITC-conjugated peptide
showed fluorescent signals in the insulin target organs
(liver, fat, muscle) and in the insulin secreting tissue (pan-
creatic islets). In various tissues (liver, fat, and muscle),
JNK activity was also suppressed by JIP-1-HIV-TAT-FITC
in a dose-dependent manner [105].

To investigate whether suppression of the JNK pathway
exerts a beneficial effect on diabetes, CSTBL/KsI-db/db
mice were treated with intraperitoneal injections of JIP-1-
HIV-TAT-FITC or a scramble peptide as a control. There
was no difference in body weight and food intake between
the JIP-1-HIV-TAT-FITC treated and control mice. The
non-fasting blood glucose levels in mice treated with JIP-
1-HIV-TAT-FITC were significantly decreased compared
with those of the untreated or the scramble peptide treated
mice. Also, glhicose tolerance tests showed that the glu-
cose tolerance of the JIP-1-HIV-TAT-FITC treated mice
was significantly ameliorated compared that of the un-
treated or the scramble peptide treated mice [105]. These
data indicate that the JNK pathway is involved in the exa-
cerbation of diabetes and that suppression of the INK path-
way may be a therapeutic target for diabetes (Fig. 7). To
investigate the possible effects of the JNK inhibitory pep-
tide on insulin action, insulin tolerance tests were per-
formed. The reduction of blood glucose levels in response
to insulin injection was much larger in the JIP-HIV-TAT-
FITC treated mice compared to the untreated mice, indicat-
ing that the peptide treatment improves insulin sensitivity.
In contrast, no such effect was observed when non-dia-
betic C57BL6 mice were treated with JIP-1-HIV-TAT-
FITC. These results imply that the JNK pathway is activated
under diabetic conditions and thus the JNK inhibitory
peptide exerts beneficial effects on nsulin action and glu-
cose tolerance. To further investigate the effect of the pep-
tide on insulin resistance, euglycemic hyperinsulinemic
clamp tests were performed. The steady-state GIR in JIP-1-
HIV-TAT-FITC treated mice was significantly higher than
that of the untreated mice, indicating that JIP-1-HIV-TAT-
FITC reduces insulin resistance in C57BL/KsJ-db/db mice.
The endogenous HGP and glucose disappearance rate in
the JNK inhibitory peptide treated mice were also eval-
uated. It should be noted that the glucose disappearance
rate reflects glucose utilization in the peripheral tissues. In
the JIP-1-HIV-TAT-FITC treated mice, HGP was signifi-
cantly lower than in the untreated mice, and the glucose
disappearance rate was significantly higher in the treated

than in the untreated mice [105]. These results indicate that
JIP-1-HIV-TAT-FITC treatment reduces insulin resistance
through decreasing HGP and increasing the glucose dis-
appearance rate. These data provide strong evidence that
JNK is indeed a crucial component of the biochemical
pathway responsible for insulin resistance in vivo. In ad-
dition, the insulin mRNA levels and insulin content were
significantly higher in the peptide treated mice. Thus, we
assume that the JNK inhibitory peptide exerted some ben-
eficial effects on the pancreatic islets. To explore the mo-
lecular mechanism of how JIP-1-HIV-TAT-FITC treatment
improves insulin sensitivity and ameliorates glucose toler-
ance, IRS-1 serine 307 phosphorylation was evaluated in
various insulin target tissues (liver, fat, and muscle) of JIP-
1-HIV-TAT-FITC treated mice. IRS-1 serine 307 phosphor-
ylation was decreased in the JIP-1-HIV-TAT-FITC treated
mice compared to the control mice. An increase in IRS-1
tyrosine phosphorylation was observed in the peptide
treated mice compared to the control mice. Concomitantly,
an increase of Akt serine 473 and threonine 308 phosphor-
ylation, both of which are known to be important for
activation of the Akt pathway, was observed in the JIP-1-
HIV-TAT-FITC treated mice [105]. In conclusion, the cell-
permeable JNK inhibitory peptide, JIP-1-HIV-TAT-FITC,
improves insulin resistance and ameliorates glucose intol-
erance, indicating that the INK pathway plays a crucial role
and could be a potential therapeutic target for diabetes

(Fig. 7).

Conclusions

Oxidative stress and ER stress are induced in various tissues
under diabetic conditions, leading to activation of the JNK
pathway. Activation of this pathway is involved in the pro-
gression of insulin resistance as well as the deterioration of
pancreatic 3-cell function. Indeed, suppression of the JINK
pathway in obese diabetic mice markedly improves insulin
resistance and f3-cell function, leading to an amelioration
of glucose tolerance. Taken together, these observations
suggest that the INK pathway plays a crucial role in the
progression of insulin resistance as well as in 3-cell dys-
function and thus could be a potential therapeutic target for
diabetes.
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Oxidative Stress and Pancreatic B-Cell Dysfunction

Hideaki Kaneto,* Dan Kawamori, Taka-aki Matsuoka, Yoshitaka Kajimoto,
and Yoshimitsu Yamasaki

Oxidative stress is induced under diabetic conditions through various pathways, including the
electron transport chain in mitochondria and the nonenzymatic glycosylation reaction, and is likely
involved in progression of pancreatic f-cell dysfunction developing in diabetes. B-Cells are
vulnerable to oxidative stress, possibly due to low levels of antioxidant enzyme expression. When
oxidative stress was induced in vitro in f cells, the insulin gene promoter activity and mRNA levels
were suppressed, accompanied by the reduced activity of pancreatic and duodenal homeobox factor-1
(PDX-1) (also known as IDX-1/STF-1/IPF1), an important transcription factor for the insulin gene.
The suppression of oxidative stress by a potent antioxidant, N-acetyl-L-cysteine or probucol, led to
the recovery of insulin biosynthesis and PDX-1 expression in nuclei and improved glucose tolerance
in animal models for type 2 diabetes. As a possible cause of this, we recently found that PDX-1 was
translocated from the nucleus to the cytoplasm in response to oxidative stress. Furthermore, the
addition of a dominant-negative form of c-Jun N-terminal kinase (JNK) inhibited the oxidative stress-
induced PDX-1 translocation, suggesting an essential role of JNK in mediating the phenomenon.
Taken together, the oxidative stress—-mediated activation of the JNK pathway leads to nucleocyto-
plasmic translocation of PDX-1 and thus is likely involved in the progression of B-cell dysfunction

“found in diabetes.

Keywords: glucose toxicity, oxidative stress, insulin, PDX-1, JNK

PANCREATIC B-CELL GLUCOSE
TOXICITY AND OXIDATIVE STRESS

The development of type 2 diabetes is usually
associated with a combination of B-cell dysfunction
and insulin resistance. Normal § cells compensate for
insulin resistance by an increasing insulin secretion or
B-cell mass, whereas insufficient compensation leads to
the onset of glucose intolerance. Once hyperglycemia
becomes apparent, the B-cell function further deterio-
rates. This B-cell dysfunction is caused at least in a part
by the adverse effects of chronic hyperglycemia. This
process is called B-cell glucose toxicity, which has been
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demonstrated in various in vivo and in vitro studies,
with a key characteristic being the suppression of in-
sulin gene transcription and secretion.™® Histologi-
cally, such damaged B cells often reveal an extensive
insulin degranulation, which is clinically associated with
the development of type 2 diabetes.

Under diabetic conditions, reactive oxygen species
(ROS) are produced in various tissues, such as nerve
cells and vascular endothelial cells, and are involved in
the development of diabetic con’mplications.7'8 There are
several sources of ROS productions in cells: the electron
transport chain in mitochondria,® the nonenzymatic
glycosylation reaction,” and the hexosamine pathway.'’
Recently, pancreatic B cells emerged as a target of
oxidative stress-mediated tissue damage (Fig. 1)."*"
Due to the relatively low expression of antioxidant
enzymes, such as catalase and glutathione peroxi-
dase, " B cells are rather sensitive to the ROS attack
when exposed to oxidative stress. Thus, it is likely that
oxidative stress plays a major role in B-cell deteriora-
tion in type 2 diabetes.
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