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Abstract

The hallmarks of type 2 diabetes are pancreatic B-cell dysfunction and insulin resistance. It has been suggested that Rho/Rho-kinase is
a mediator of insulin signaling, and thereby involved in the development of insulin resistance, regulation of insulin action, and glucose
homeostasis, but the role of Rho/Rho-kinase in B-cells remained unknown. The aim of this study was to examine the possible role of
Rho/Rho-kinase in B-cell function. Immunostaining showed that RhoA was expressed in mature B-cells, with higher expression observed
in B-cells of diabetic C57BL/KsJ-db/db mice compared to non-diabetic mice. In addition, to examine the functional role of Rho/Rho-
kinase in B-cells, we evaluated the effect of Rho-kinase inhibitors on insulin biosynthesis. Northern blot analysis showed that insulin
mRNA levels were markedly increased by Rho-kinase inhibitors, Y-27632 and fasudil, in B-cell-derived HIT-T15 cells. Furthermore,
using the luciferase reporter gene assay, insulin promoter activity was also dramatically increased by Y-27632, which was associated with
an increase in the insulin mRNA level. These results suggest that suppression of Rho/Rho-kinase increases insulin promoter activity,
which leads to an increase in insulin mRNA level. Taken together, Rho/Rho-kinase is activated in B-cells under diabetic conditions
and suppression of the Rho/Rho-kinase pathway increases insulin gene transcription. These results imply that Rho/Rho-kinase activa-
tion is involved in the suppression of insulin expression found in diabetes and that suppression of the Rho/Rho-kinase pathway could be
a useful tool to augment insulin gene transcription.
© 2006 Elsevier Inc. All rights reserved.
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Rho-kinase is a serine/threonine kinase which is activat-
ed by the small G protein Rho. It is well known that Rho/
Rho-kinase is involved in various cellular functions such as

betes, it has been suggested that Rho/Rho-kinase is a
mediator of insulin signaling via interaction with insulin
receptor substrate-1 (IRS-1) and thereby involved in the

actin cytoskeleton organization, cell adhesion, cell motility,
and vascular, and smooth muscle contraction [1,2]. It has
been suggested that suppression of the Rho/Rho-kinase
pathway could be a novel therapeutic strategy for various
cardiovascular diseases such as hypertension and arterio-
sclerosis [3,4]. Regarding a role of Rho/Rho-kinase in dia-
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development of insulin resistance, regulation of insulin
action, and glucose homeostasis [5-9]. It was shown that
activation of the Rho/Rho-kinase pathway increased
IRS-1 serine phosphorylation, leading to inhibition of
downstream insulin signaling by blocking IRS-1 tyrosine
phosphorylation in vascular smooth muscle cells [6]. On
the other hand, it was shown that suppression of the
Rho/Rho-kinase pathway in mice caused insulin resistance
by reducing insulin-stimulated glucose uptake in skeletal
muscle cells in vivo [8]. These results suggest that the
Rho/Rho-kinase pathway is an important mediator of
insulin signaling.
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The number of patients with type 2 diabetes is markedly
increasing worldwide, and nowadays type 2 diabetes is rec-
ognized as the most prevalent and serious metabolic dis-
ease. Insulin plays a crucial role in maintaining blood
glucose levels by facilitating glucose uptake into muscle
and adipose tissue and suppressing gluconeogenesis in the
liver. Normal B-cells can compensate for insulin resistance
by increasing insulin secretion or B-cell mass, but insuffi-
cient compensation leads to the onset of glucose intoler-
ance. Chronic hyperglycemia causes impairment of
insulin biosynthesis and secretion, and once hyperglycemia
becomes apparent, insulin biosynthesis and secretion are
gradually decreased, eventually resulting in deterioration
of B-cell function. This process is called ““B-cell glucose tox-
icity”” and is clinically often observed in type 2 diabetic sub-
jects. B-Cell glucose toxicity is often accompanied by
reduction of expression and/or activity of pancreatic tran-
scription factors PDX-1 (pancreatic and duodenal homeo-
box factor-1) and MafA. It is well known that PDX-1 and
MafA are important transcription factors for the insulin
gene. PDX-1 is expressed in the pancreas and duodenum
[10-12] and plays a crucial role in pancreas development,
B-cell differentiation, and maintenance of mature B-cell
function by regulating several B-cell related factors. MafA
controls P-cell specific expression of the insulin gene
through a cis-regulatory element called RIPE3b, and func-
tions as a potent transactivator for the insulin gene [13-15].

Pancreatic B-cell dysfunction and insulin resistance are
the hallmarks of type 2 diabetes, but a role of Rho/Rho-
kinase in f-cell function remained unknown. In this
study, we show that Rho/Rho-kinase is activated under
diabetic conditions and that suppression of the Rho/
Rho-kinase pathway markedly increases insulin gene
transcription.

Materials and methods

Preparation of pancreas sections and immunohistochemical analysis.
Diabetic C57BL/KsJ-db/db mice were purchased from Clea Japan
(Tokyo, Japan). The mice were allowed free access to food and water in
a specific pathogen-free environment. For the preparation of pancreas
sections mice were anesthetized using pentobarbital sodium, a midline
abdominal incision was made, and pancreata were removed and fixed
overnight in a solution of 4% paraformaldehyde. Fixed tissues were
processed routinely for paraffin embedding, and 5 pum sections were
prepared and mounted onto slides. Before incubation with each anti-
body, the mounted sections were rinsed 3 times with phosphate-buffered
saline (PBS). For immunohistochemistry, the avidin—biotin complex
(ABC) method was performed using the Vectastain Elite ABC Kit
(Vector Laboratories). The mounted sections were incubated overnight
at 4 °C with a rabbit anti-RhoA antibody (Santa Cruz Biotechnology) at
a dilution of 1:100, followed by incubation for 30 min with biotinylated
anti-rabbit IgG antibody (Vector Laboratories) at a dilution of 1:200.
Sections were then incubated with ABC reagent for 30 min and positive
reactions were visualized by incubation with peroxidase substrate solu-
tion containing 3, 3’-diaminobenzidine tetrahydrochloride (DAB)
(Zymed Laboratories), and the nuclei were counterstained with hema-
toxylin. Double immunofluorescence was performed by using rabbit anti-
RhoA and guinea pig anti-PDX-1 primary antibodies (kindly provided
by Dr. Christopher V.E. Wright, Vanderbilt University School of
Medicine) at a dilution of 1:50 and 1:250, respectively. Secondary anti-

bodies were anti-rabbit and anti-guinea pig antibodies used at a dilution
of 1:200 (Molecular Probes). Fluorescent images were obtained using
DXM1200F (Nikon Instech).

Cell culture. HIT-T15 cells (American Type Culture Collection No.
1777) were grown in RPMI-1640 medium containing 11.1 mmol/I glucose,
10% FCS, 100 pg/ml streptomycin, and 100 U/ml penicillin at 5% CO,
and 37 °C. The HIT-T15 cells used in this study were between passages 80
and 100.

Northern blot analysis. Total RNA was isolated from HIT-T15 cells,
and Northern blot analyses were performed. Six micrograms of total RNA
was size-fractionated and transferred to a Hybond-N" membrane
(Amersham Biosciences). The insulin probe was labeled with [o32P] dCTP
using the Rediprime labeling system kit (Amersham Biosciences). After
overnight hybridization with a **P-labeled probe at 42 °C, the membrane
was washed twice with 1x SSPE (180 mmol/l NaCl, 10 mmol/l sodium
phosphate, and 1 mmol/l EDTA, pH 7.4) and 0.1% SDS at 42 °C. The
membrane was exposed on Kodak XAR film with an intensifying screen at
—80°C.

Gene transfection and luciferase assay. The plasmids used in the
reporter gene analyses were pA3InsLuc containing a 326-bp 5'-flanking
sequence of the human insulin gene and the rat insulin II promoter-re-
porter (luciferase) plasmid containing a 238-bp 5’-flanking sequence of the
rat insulin IT promoter region [16].

Twenty-four hour before transfections, HIT-T15 cells were re-
plated in 12-well tissue culture plates. Cells were transfected with each
reporter plasmid (0.5 pg) by the lipofection method using Lipofect-
AMINE reagent (Invitrogen, Tokyo, Japan) under the conditions
recommended by the manufacturer. The luciferase activity from phRL-
TK served as an internal transfection control. The preparation of cell
extracts and luciferase measurements were carried out 48 h after
transfection according to the manufacture’s protocol (Promega, Mad-
ison, WL.).

Isolation of nuclear and whole cell extracts. HIT-T15 cells were cultured
in 60-mm diameter culture dishes until ~80% confluency. For isolation of
whole-cell extracts, cells were collected into microtubes, centrifuged for
20 s in a microcentrifuge, and resuspended in 200 pl of 10.0 mM Hepes,
pH 7.9, containing 10.0mM KCI, 1.5mM MgCl,, and 0.5mM
dithiothreitol. After incubation at 4 °C for 15 min, the cells were lysed by
passing 10 times through a 22-gauge needle. Next, the cells were
centrifuged for 20 s in a microcentrifuge, and the supernatant (cytoplasmic
fraction) was removed and frozen in small aliquots. The pellet, which
contained the nuclei, was resuspended in 150 pl of 20 mM Hepes, pH 7.9,
containing 20% v/v glycerol, and 0.1 M KCIl, 0.2 mM EDTA, 0.5 mM
dithiothreitol, and 0.5 mM phenylmethylsulfonyl fluoride and then
centrifuged at 4 °C in a microcentrifuge. The supernatant was collected,
aliquoted into small volumes, and stored at —80 °C.

Western blot analysis. Western blot analyses were performed fol-
lowing standard procedures as described below. Nuclear proteins
derived from each cell sample were fractionated by SDS-PAGE and
transferred to a PVDF membrane (Bio-Rad Laboratories), and incu-
bated overnight at 4 °C with a rabbit anti-PDX-1 antibody (1:2000
dilution) or a rabbit anti-MafA antibody (1:1000) (Bethyl). The mem-
brane was then incubated at room temperature for 60 min in PBS with
a 1:2000 dilution of anti-rabbit IgG horseradish peroxidase-conjugated
secondary antibody (Zymed Laboratories). The antibody complex was
visualized by incubation with chemiluminescence reagent (PerkinElmer
Life Sciences).

Gel-mobility shift analysis. Nuclear protein extract (5 pg) was prein-
cubated in mobility shift buffer (10 mM Hepes (pH 7.4), 100 mM NaCl,
2 mM DTT, 10% (v/v) glycerol, and 1 pg of poly (dI-dC)) for 15 min at
4 °C (total volume, 50 pl). The binding reaction was initiated by addition
of a double-stranded **P-labeled probe (1 ng, 1 x 10° cpm) containing C1
(T'TGGAAACTGCAGCTTCAGCCCCTCTG Y or A3 (7CCTC
TTAAGACTCTAATTACCCT '*?) element sequences from the rat
insulin II gene, followed by incubation for 30 min at 4 °C. The complexes
were resolved by electrophoresis through a 6% nondenaturing polyacryl-
amide gel using high ionic strength polyacrylamide gel electrophoresis
(PAGE) conditions.
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Results

Rho expression in the pancreas of non-diabetic C57BL6 and
diabetic C57BL/KsJ-dbldb mice

It has been reported that Rho has a wide tissue distribu-
tion. First, to examine Rho expression in the pancreas,
immunostaining for RhoA was performed using paraffin-
embedded pancreas sections of non-diabetic C57BL6 and
diabetic C57BL/KsJ-db/db mice at 16 weeks of age. As
shown in Fig. 1A, RhoA was detected in pancreatic islets
of C57BL6 mice. Furthermore, a larger amount of RhoA
expression was observed in pancreatic islets of diabetic
C57BL/KsJ-db/db mice. Next, to examine whether RhoA
is expressed in B-cells, we performed double immunostain-
ing for RhoA and PDX-1 using anti-RhoA and anti-PDX-
1 antibodies, because it is known that PDX-1 is expressed
only in B-cells in the adult pancreas. As shown in
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Fig. 1B, RhoA was co-localized with PDX-1, indicating
that RhoA is indeed expressed in B-cells. Furthermore,
an increase in RhoA expression was observed in PDX-1-ex-
pressing cells, indicating that RhoA expression is increased
in B-cells under diabetic conditions.

Marked increase of insulin promoter activity and mRN A
level in a [(-cell-derived cell line by Rho-kinase inhibitors

To examine the effect of suppression of the Rho/Rho-ki-
nase pathway on insulin mRNA levels, HIT-T15 cells, a -
cell-derived cell line, were treated with the Rho-kinase
inhibitor, Y27632 (Calbiochem), for 48 h, followed by
Northern blot analyses. As shown in Fig. 2A, insulin
mRNA levels were markedly increased by Y27632 in a
dose-dependent manner. To further examine the effect of
suppression of the Rho/Rho-kinase pathway on insulin
mRNA levels, HIT-T15 cells were treated with another
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Fig. 1. Increase of RhoA expression in B-cells of diabetic C57BL/KsJ-db/db mice. (A) Immunostaining for RhoA was performed using paraffin-embedded
pancreas sections of non-diabetic C57BL6 and diabetic C57BL/KsJ-db/db mice at 16 weeks of age. RhoA is expressed in islets of both non-diabetic and
diabetic db/db mice, and a larger amount of RhoA expression is observed in islets of diabetic db/db mice. (B) Co-immunostaining for RhoA and PDX-1
was performed using paraffin-embedded pancreas sections of C57BL6 and diabetic C57BL/KsJ-db/db mice at 12 weeks of age. RhoA is co-localized with
PDX-1, indicating that RhoA is expressed in B-cells of both non-diabetic and diabetic db/db mice. In addition, a larger amount of RhoA expression is

observed in B-cells of diabetic db/db mice.
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Fig. 2. Marked increase in insulin mRNA level by Rho-kinase inhibitors. A B-cell-derived cell line, HIT-T15 cells, was treated with the Rho-kinase
inhibitors Y27632 (A) and fasudil (B) for 48 h, followed by Northern blot analyses using a mouse insulin II probe.

Rho-kinase inhibitor, fasudil (Asahi Kasei, Tokyo, Japan),
for 48 h. As shown in Fig. 2B, insulin mRNA levels were
also markedly increased by fasudil in a dose-dependent
manner, as observed with Y27632. These results indicate
that suppression of the Rho/Rho-kinase pathway leads to
augmentation of insulin mRNA levels. Next, to examine
the effect of suppression of the Rho/Rho-kinase pathway
on insulin promoter activity, a human insulin promoter-lu-
ciferase plasmid was transfected into HIT-T15 cells, and
Y27632 was added to the medium. The luciferase assay
was performed 48 h after the transfection. As shown in
Fig. 3A, insulin promoter activity was also markedly
increased by Y27632 in a dose-dependent manner, which
was associated with an increase in insulin mRNA level.
These results suggest that suppression of the Rho/Rho-ki-
nase pathway markedly increases insulin promoter activity,
which leads to a significant increase in insulin mRNA level.

It is well known that PDX-1 and NeuroD are important
transcription factors for the insulin gene and that insulin
enhancer elements, A3-box (PDX-1 binding site) and El-
box (NeuroD binding site), play an important role in regu-
lating cell-specific expression of the insulin gene. To exam-
ine whether activation of the A3-box and/or El-box region
is involved in the increase of insulin promoter activity by
Y27632, an A3-box or El-box-mutated insulin promoter-
luciferase plasmid (rat insulin II promoter) was transfected
into HIT-T15 cells, and Y27632 was added to the medium.
The luciferase assay was performed 48 h after the transfec-
tion. As shown in Fig. 3B, A3-box or El-box-mutated
insulin promoter activity was also increased by Y27632
as observed with the wild type insulin promoter. These
results suggest that the increase of insulin promoter activity
by suppression of the Rho/Rho-kinase pathway is indepen-
dent of A3-box or El-box activation.

Rho-kinase inhibitor does not affect PDX-1 and MafA
expression or their DNA binding activities to insulin gene
promoter region

In the diabetic state, chronic hyperglycemia decreases
insulin gene expression and secretion, which is often
accompanied by a reduction of PDX-1 and MafA expres-
sion and their DNA binding activities to the insulin gene
promoter region. These pancreatic transcription factors
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Fig. 3. Marked increase of insulin promoter activity by Rho-kinase
inhibitors. (A) The wild type insulin promoter-luciferase plasmid was
transfected into HIT-T15 cells, and Y27632 was added to the medium. The
luciferase assay was performed 48 h after transfection. Data are shown as
relative luciferase activities with the insulin promoter activity without
treatment being arbitrarily set at 1. (B) A3-box or El-box-mutated insulin
promoter-luciferase plasmid was transfected into HIT-T15 cells, and
Y27632 was added to the medium. The luciferase assay was performed
48 h after transfection. Data are shown as relative luciferase activities with
the insulin promoter activity without treatment being arbitrarily set at 1.
All data are shown as means 4 SD of at least four individual experiments.

are very important for insulin gene transcription. There-
fore, to examine the molecular mechanism as to how sup-
pression of the Rho/Rho-kinase pathway leads to a
marked increase in insulin gene transcription, we examined
the effect of a Rho-kinase inhibitor on PDX-1 and MafA
expression and their DNA binding activities to the insulin
gene promoter region. To examine the effect of suppression
of the Rho/Rho-kinase pathway on PDX-1 and MafA pro-
tein levels, HIT-T15 cells were treated with Y27632 for 48 h
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Fig. 4. Treatment of HIT-T15 cells with a Rho-kinase inhibitor does not
affect PDX-1 and MafA expression levels and DNA binding activities to
the insulin gene promoter region. (A) HIT-T15 cells were treated with
Y27632 for 48 h, followed by nuclear protein extraction. PDX-1 and
MafA expression levels in nuclei were subsequently evaluated by Western
blot analyses. (B,C) HIT-T15 cells were treated with Y27632 for 48 h,
followed by nuclear protein extraction. Subsequently, PDX-1 (B) and
MafA (C) DNA binding activities to the insulin gene promoter region
were evaluated by the gel-mobility shift assay. Similar results were
obtained in two independent experiments.

and Western blot analyses were performed using nuclear
extracts. As shown in Fig. 4A, PDX-1 and MafA protein
levels were not affected by Y27632. We also examined the
effect of Y27632 on mRNA levels of another important
transcription factor, NeuroD, by RT-PCR, but there was
no change in NeuroD mRNA levels (data not shown).
We also examined the effect of suppression of the Rho/
Rho-kinase pathway on the DNA binding activity of
PDX-1 and MafA to the insulin gene promoter region.
HIT-T15 cells were treated with Y27632 for 48 h and gel-
mobility shift analyses were performed using nuclear
extracts. As shown in Fig. 4B and C, PDX-1 and MafA
DNA binding activities were not affected by Y27632. These
results suggest that the increase in insulin gene transcrip-
tion by suppression of the Rho/Rho-kinase pathway is
independent of PDX-1 and/or MafA expression and their
DNA binding activities to the insulin gene promoter
region.

Discussion

In this study, we examined how Rho/Rho-kinase is
involved in B-cell function and found that RhoA was
expressed in pancreatic B-cells and that RhoA expression
was increased in B-cells of diabetic db/db mice compared
to non-diabetic mice. Furthermore, interestingly, treatment
with Y27632 markedly increased insulin promoter activity

and insulin mRNA level. These results suggest that Rho/
Rho-kinase is involved in the B-cell dysfunction found in
type 2 diabetes and that suppression of the Rho/Rho-ki-
nase pathway may be a useful tool to augment insulin gene
transcription.

In addition, to examine the molecular mechanism
responsible for the marked increase of insulin promoter
activity and mRNA level, we examined the effect of
Y27632 on PDX-1 and MafA expression and their
DNA binding activities to the insulin gene promoter
region. However, PDX-1 and MafA expression and
activity were not influenced by Y27632. Thus, although
the molecular mechanism by which suppression of the
Rho/Rho-kinase pathway increases insulin promoter
activity remains unknown, there are a number of possi-
bilities. For example, expression of several transcription
factors such as c-Jun and/or c-Myc might be involved
in the increase in insulin gene transcription by suppres-
sion of the Rho/Rho-kinase pathway. It was shown that
RhoA activates the c-jun promoter and induces c-jun
expression [17], and that c-Jun suppresses insulin gene
transcription in B-cells [18,19]. Therefore, suppression
of the Rho/Rho-kinase pathway might increase insulin
promoter activity by reducing c-Jun expression. In addi-
tion, it was shown that c-Myc is a target of the Rho/
Rho-kinase pathway [20] and that c-Myc also suppresses
insulin gene transcription [21,22]. Therefore, suppression
of the Rho/Rho-kinase pathway might increase insulin
promoter activity by reducing c-Myc expression. Another
possibility is that some other transcription factors which
are important for maintaining insulin promoter activity
are influenced by Rho-kinase inhibition, which leads to
the increase in insulin gene transcription. To further
examine the detailed molecular mechanism involved in
the increase in insulin promoter activity by suppression
of the Rho/Rho-kinase pathway, it will be useful to
examine which part of the insulin promoter region is
required for its activation by the Rho-kinase inhibitor.
This point can be addressed by using various deletion
constructs of the insulin promoter region.

In conclusion, we have demonstrated that RhoA expres-
sion is increased in B-cells under diabetic conditions and
that suppression of the Rho/Rho-kinase pathway marked-
ly increases insulin promoter activity and its mRNA level.
These results imply that Rho/Rho-kinase activation is
involved in the suppression of insulin biosynthesis and B-
cell dysfunction found in type 2 diabetes, and that suppres-
sion of the Rho/Rho-kinase pathway could be a useful tool
to augment insulin gene transcription.
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