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ABSTRACT

The authors previously established a transgenic mouse line in the type 1 diabetes model, NOD mouse, in which
thioredoxin (TRX), a redox protein, is overexpressed in pancreatic � cells, and found that TRX overexpres-
sion slows the progression of type 1 diabetes. Recent reports on type 2 diabetes suggest that oxidative stress
also degrades the function of � cells. To elucidate whether TRX overexpression can prevent progressive �
cell failure from oxidative stress in type 2 diabetes, the authors transferred the TRX transgene from the NOD
mouse onto a mouse model of type 2 diabetes, the db/db mouse. The progression of hyperglycemia and the re-
duction of body weight gain and insulin content of the db/db mouse were significantly suppressed by the TRX
expression. Furthermore, TRX suppressed the reduction of Pdx-1 and MafA expression in the � cells, which
may be one of the cellular mechanisms for protecting � cells from losing their insulin-secreting capacity. These
results showed that TRX can protect � cells from destruction not only in type 1 but also in type 2 diabetes,
and that they provide evidence that oxidative stress plays a crucial role in the deterioration of � cell function
during the progression of type 2 diabetes. Antioxid. Redox Signal. 10, 43–49.
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INTRODUCTION

PROLONGED EXPOSURE TO ELEVATED GLUCOSE levels after
meals, referred to as glucose toxicity, has an adverse im-

pact on cells and tissues. Hyperglycemia can be deleterious, es-
pecially for � cell function, and contributes to the progressive
impairment of insulin secretion. Thus, during the progression
of type 2 diabetes, glucose toxicity is an important factor in
progressive � cell failure and the development of overt diabetes
(20). Evidence that chronic hyperglycemia is associated with
oxidative stress is available from many studies in humans with
the disease, in whom markers for oxidative stress, measured by
a wide variety of methods, are elevated. The harmful effects of
oxidative stress are considered especially relevant for � cells,
because these cells express only low levels of antioxidant en-

zymes, including superoxide dismutase (SOD), which converts
superoxide radicals to H2O2, catalase and cellular glutathione
peroxidase (Gpx-1), which detoxify H2O2, and thioredoxin
(TRX) (9). Thus, the production of increased reactive oxidative
intermediates (ROIs) in the face of low antioxidant defenses
could result in the accumulation of ROIs and cause oxidative
stress in � cells. In fact, in an animal model of type 2 diabetes,
high glucose concentrations caused an increase in the intracel-
lular peroxide level in the islets. Elevated ROIs affect the func-
tion and survival of � cells through the direct oxidization of
cellular macromolecules, such as DNA and lipids, and through
the activation of stress-sensitive signaling pathways. Although
convincing data from human trials is lacking, antioxidant drugs
can protect � cell function in rodent models of type 2 diabetes.
Overexpressing antioxidant enzymes such as SOD, catalase,
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and Gpx-1 provides rodent �-cell lines with various degrees of
protection from exogenous oxidants and inflammatory cyto-
kines (17, 24). Although these data suggest that hyperglycemia
causes � cell damage through oxidative stress, there has been
no direct evidence for it in vivo.

TRX is a low-molecular-mass redox-active protein found in
both prokaryotic and eukaryotic cells (8). Various stressors, in-
cluding viral infection, ischemic insult, UV light, X-ray irradi-
ation, and hydrogen peroxide, can induce the expression of TRX
(8, 18). The most distinctive role of TRX is its repair of pro-
teins oxidized by reactive oxidative intermediates (ROIs). TRX
is also implicated in the intracellular signaling that protects cells
from oxidative stress and apoptosis through the regulation of a
set of transcription factors, including NF-�B, activator protein-
1 (AP-1), cAMP response element-binding protein (CREB),
polyomavirus enhancer-binding protein 2/core-binding factor
(PEBP2/CBF), estrogen receptor, glucocorticoid receptor, and
p53 (18, 25). In addition, TRX has a chaperon-like activity and
regulates apoptosis signal-regulating kinase-1 (ASK-1) (18, 25).

Type 1 diabetes mellitus is caused by the autoimmune de-
struction of insulin-producing pancreatic � cells. We previously
produced transgenic mice overexpressing TRX in pancreatic �
cells on the genetic background of the non-obese diabetic
(NOD) mouse, an animal model of type 1 diabetes mellitus.
Analysis of these mice showed that TRX overexpression
markedly reduced the incidence of diabetes, although the de-
velopment of insulitis was not prevented (9). This result sug-
gested that the autoimmune destruction of pancreatic � cells in
type 1 diabetes is at least partially mediated by ROIs and that
this mechanism can be blocked by TRX.

Recent reports revealed that Txnip/TBP2, a negative regula-
tor of TRX (22), is increased in the pancreas of diabetic ani-
mals (17). Txnip exerts a proapoptotic effect, at least in part by
inhibiting the activity of thioredoxin and inducing oxidative
stress. Thus, hyperglycemia reduces TRX activity by increas-
ing Txnip levels, which leads to an increase in oxidative stress
in pancreatic � cells, and it is suggested that progression of type
2 diabetes and deterioration of insulin secretary response
evoked by glucose toxicity may be caused by the reduction of
TRX activity in pancreatic � cells.

In this report, we transferred the � cell-specific TRX ex-
pression to a mouse model of type 2 diabetes, the C57BL/KsJ-
db/db mouse, and examined the effects of the TRX expression
on the progression of diabetes in this mouse. We found that
TRX expression suppressed the progressive impairment of �
cell function, suggesting that hyperglycemia causes � cell dam-
age through oxidative stress.

MATERIALS AND METHODS

Animals

Human TRX gene (mouse homologue of Thioredoxin 1) was
isolated from human T cell line (23). Transgenic NOD mouse
lines expressing human TRX under the human insulin promoter
were reported previously (9). One of these lines (Line 21),
which expresses high levels of TRX in the islets, was back-
crossed with C57BL/KsJ-db/� mice (CLEA Japan, Tokyo,
Japan). In the N5 generation, the mice with the most enriched
C57BL/KsJ-type microsatellite markers were selected using the

speed congenic approach, as described elsewhere (26). A male
mouse was found to have C57BL/KsJ-type microsatellite mark-
ers on all chromosomes, and was used to produce the next gen-
eration. The resulting TRX-transgenic progeny from the N6–N7
generations were crossed to C57BL/KsJ-db/� mice to gener-
ate TRX-transgenic C57BL/KsJ-db/db mice (db/db-TRX(�)).
Their littermates (db/db-TRX(�), db/�-TRX(�), and db/�-
TRX(�)) served as controls. Mice were kept under specific
pathogen-free conditions in the animal facility of Osaka Uni-
versity Graduate School of Medicine. The genotype of the TRX
transgene was determined by PCR analysis using genomic DNA
prepared from tail biopsies as the template, as described (2).
The expression of TRX was confirmed by RT-PCR of the pan-
creas and Western blot analysis of the isolated islets in the db/�-
TRX(�) mouse (data not shown).

Measurement of insulin content and serum 
insulin concentration

Pancreata were removed from mice, weighed, and homoge-
nized in an acid-ethanol solution. The homogenate was spun in
a centrifuge, and the supernatant was assayed for insulin by
ELISA (Insulin ELISA kit, Mercodia, Uppsala, Sweden). Its
protein concentration was measured by the Bradford method
using protein assay kit according to the manufacturer’s in-
struction (BioRad, Hercules, CA) and used to normalize the in-
sulin content. Blood samples from fasting mice were obtained
from the tail vein. Blood glucose levels were determined using
Glutest-Ace (Sanwa Kagaku, Nagoya, Japan), and the serum
insulin concentration was measured by ELISA (Mercodia).

Histological analysis

The pancreas was removed from each mouse, fixed in 10%
formaldehyde, and embedded in paraffin. Thin sections at five
levels, 100 �m apart, were cut for staining with hematoxylin-
eosin and observed by light microscopy. For insulin immuno-
histochemical staining, deparaffinized and dehydrated sections
were incubated with 10% normal swine serum in PBS to block
nonspecific staining, and then incubated with diluted guinea pig
anti-human insulin antibody (Oriental Yeast Company, Tokyo,
Japan). Negative controls were incubated with 10% normal
swine serum without the first antibody. The sections were then
incubated with swine polyclonal anti-rabbit immunoglobu-
lin/biotin (Dakocytomation, Glostrup, Denmark), and then with
diluted peroxidase-conjugated streptavidin (Dakocytomation).
After incubation with a DAB solution (20 mg of 3,3�-di-
aminobenzidine tetrahydrochloride and 20 �l of 30% hydrogen
peroxidase in 100 ml PBS), the sections were dehydrated and
examined.

For frozen sections, pancreatic tissue was embedded in OTC
compound (Tissue-TEK, Miles, Elkhart, IN) and frozen in liq-
uid nitrogen. Ten-micrometer-thick frozen sections were cut
with a cryostat, placed on slides, and fixed in 4% paraformal-
dehyde for 10 min. The sections were then rinsed in PBS, in-
cubated for 5 min in 1% Triton X-100, and after a second rinse,
incubated in the appropriate blocking serum. The sections were
incubated for 60 min at room temperature with the first anti-
body, washed with PBS, and then incubated for 60 min at room
temperature with the fluorescein-conjugated second antibody.
The first antibodies were guinea pig anti-porcine insulin anti-
body (Dakocytomation), rabbit anti-mouse Pdx-1 antibody
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(Transgenic Co., Kumamoto, Japan), and rabbit anti-MafA
(Bethyl, Montgomery, TX). The second antibodies were Alexa
Fluor 488-conjugated anti-guinea pig IgG, Alexa Fluor 488-
conjugated anti-rabbit IgG, and Alexa Fluor 594-conjugated
anti-guinea pig IgG (Molecular Probes, Eugene, OR). After the
sections were washed, specimens were observed with a fluo-
rescence microscope (Olympus, Tokyo, Japan).

Statistical analysis

Results are presented as the mean � SD. Differences in body
weight, serum insulin concentration, and insulin content were
analyzed using the Student’s t-test. A value of p � 0.05 was
considered statistically significant.

RESULTS

Changes in body weight, blood glucose levels,
and plasma insulin levels

In the db/db-TRX(�) mice, body weight rapidly increased
until 15 weeks of age, when the rate of weight gain began a
gradual decrease (Fig. 1). The body weight gain of db/db-

TRX(�) male mice was always higher than that of the db/db-
TRX(�) males (Fig. 1A). The average weight of the db/db-
TRX(�) mice was significantly higher than that of the db/db-
TRX(�) mice in the males after 20 weeks of age and in the
females at 30 weeks of age, when the body weight of the non-
transgenic mice began to decrease (Fig. 1A and B). No differ-
ence in body weight was observed between db/�-TRX(�) and
db/�-TRX(�) mice.

Blood glucose levels gradually increased in an age-depen-
dent manner in both male and female db/db mice, although the
onset of diabetes was earlier in the males (Fig. 2). TRX ex-
pression lowered blood glucose levels or retarded their eleva-
tion. In db/� mice, blood glucose levels did not change sig-
nificantly during the observation period, regardless of TRX
transgene expression. The plasma insulin concentration was
monitored at 30 weeks of age (Fig. 3). It was significantly higher
in male and female TRX transgenic mice than in their non-
transgenic littermates.

The results using male siblings of the N7 generation [db/db-
TRX(�) and db/db-TRX(�); n � 5 each] at 15 weeks of age
were consistent with the above observations. The average body
weight of the db/db-TRX(�) mice was significantly higher than
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FIG. 1. Changes in body weight. Body weight was moni-
tored for db/db-TRX(�), db/db-TRX(�), db/�-TRX(�), and
db/�-TRX(�) male (A) and female (B) mice in the N8 gen-
eration from 5 to 30 weeks of age. Values are means � SD.
*p � 0.05, db/db-TRX(�) vs. db/db-TRX(�) mice.

FIG. 2. Changes in blood glucose levels. Blood glucose lev-
els were monitored for db/db-TRX(�), db/db-TRX(�), db/�-
TRX(�), and db/�-TRX(�) male (A) and female (B) mice in
the N8 generation from 5 to 30 weeks of age. Blood glucose
levels of db/db-TRX(�) mice were always lower than those of
db/db-TRX(�) mice. Values are means � SD. *p � 0.05,
db/db-TRX(�) vs. db/db-TRX(�) mice.
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that of the db/db-TRX(�) mice [48.4 � 2.1 and 43.8 � 2.2 g
for db/db-TRX(�) and db/db-TRX(�) mice, respectively; p �
0.05]. The blood glucose levels were significantly lower in the
db/db-TRX(�) mice than in the db/db-TRX(�) mice [247 �
73 and 390 � 64 mg/dl for db/db-TRX(�) and db/db-TRX(�)
mice, respectively; p � 0.05]. The plasma insulin levels of
db/db-TRX(�) mice were also significantly higher than those
of the db/db-TRX(�) mice [7.0 � 0.9 and 3.4 � 1.0 ng/ml for
db/db-TRX(�) and db/db-TRX(�) mice, respectively; p �
0.05].

Histological analysis of the pancreatic islets

Histological analysis of the pancreas of 16-week-old male
mice showed only a few small islets in the db/db-TRX (�) pan-
creas, compared with the pancreas of db/� mice (Fig. 4). In
contrast, islet hyperplasia was often observed in the pancreas
of db/db-TRX(�) mice. Moreover, cystic lesions observed in
the pancreas of db/db-TRX(�) mice were less prominent in
db/db-TRX(�) mice. Immunohistochemical staining showed
that only a subset of the islets in the db/db-TRX(�) pancreas
stained with the anti-insulin antibody. Obviously more insulin-
positive cells were observed in the db/db-TRX(�), although the
anti-insulin antibody labeling was heterogeneous, and weaker
than that in islets of the db/� mice.

Pdx-1 and MafA protein staining in islets

Pdx-1 is an essential transcription factor for pancreatic de-
velopment. It also plays an important role in the maintenance
of � cell function. Recently, Pdx-1 protein was reported to
translocate from the nucleus to the cytoplasm in response to ox-
idative stress in a pancreatic � cell line (13). Therefore, if TRX
exerts its protective effects against � cell destruction in db/db
mice through the reduction of oxidative stress, TRX expression

could affect the location of Pdx-1 in the � cells of these mice.
We therefore used immunohistochemistry to label Pdx-1 in the
pancreatic islets of TRX-transgenic and nontransgenic db/db
mice (Fig. 5). In the db/� control mice, Pdx-1 was located in
the nucleus even at 30 weeks of age (Fig. 5D), but in 16-week-
old db/db-TRX(�) mice, Pdx-1 was detected in the cytoplasm
of the islet cells (Fig. 5F), and in 30-week-old mice, it was
hardly detectable in any of the islet cells (Fig. 5H). In contrast,
in 16-week-old db/db-TRX(�) mice, most islet cells retained
the Pdx-1 protein in the nucleus (Fig. 5J), and nuclear local-
ization persisted in most of the Pdx-1-positive islet cells at 30
weeks (Fig. 5L).

MafA is a transcription factor that binds to the RIPE-3b1 site
of the insulin gene, and its levels decrease via a post-transla-
tional mechanism in glucotoxic � cells (5). Thus, MafA is an-
other candidate for involvement in the pancreatic � cell dys-
function evoked by oxidative stress. In db/db-TRX(�) mice at
30 weeks of age, MafA immunoreactivity was not detected in
the nuclei of the islet cells (Fig. 6H). In contrast, MafA immuno-
reactivity was detected in the islet cells of the db/db-TRX(�)
mice (Fig. 6K). Note, though, that most of the insulin-positive
cells were also MafA-positive in both the TRX-transgenic and
-nontransgenic mice (Figs. 6I and L), suggesting MafA plays
an essential role in the maintenance of insulin production.

Insulin content of pancreata

The above observations from immunostaining suggested that
TRX expression protected the transcription of the insulin gene
from being downregulated by oxidative stress. To further con-
firm this, the insulin content of the pancreas of the male mice
was measured. The pancreatic insulin content of db/� mice at
30 weeks of age was 142 � 17 ng/mg pancreas (n � 3). In
db/db-TRX(�) mice, it was lower than this value, but was still
�1.5-fold higher at 30 weeks of age than in db/db-TRX(�)
mice (p � 0.05) (Fig. 7). Thus, although TRX gene could par-
tially restore the insulin content, it could not prevent the de-
crease of insulin content of the db/db mouse.

To confirm the above observation, male siblings from the N7
generation (db/db-TRX(�) and db/db-TRX (�); n � 5 each)
were examined at 15 weeks of age. The pancreatic insulin con-
tent of the db/db-TRX(�) mice was significantly higher than
that of TRX(�) mice, even at this age (Fig. 7).

DISCUSSION

Several reports show that an antioxidant drug can prevent the
progression of type 2 diabetes in the db/db mouse model (12,
13). However, because the effects of antioxidant drugs are not
organ-specific, it was possible that the drugs worked by ame-
liorating insulin resistance rather than by protecting the � cells
(1, 2). Therefore, it has not been clear whether oxidative stress
affects the progression of type 2 diabetes through the injury of
� cells. On the other hand, in vitro studies showed that the over-
expression of an antioxidant enzyme protects � cell lines from
oxidative stress (20, 21). Therefore, if oxidative stress on � cells
plays a major role in the progression of type 2 diabetes, � cell-
specific expression of antioxidant enzymes should ameliorate
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FIG. 3. Comparison of plasma insulin levels. Plasma in-
sulin concentration was measured for db/db-TRX(�) and
db/db-TRX(�) male and female mice in the N8 generation at
30 weeks of age. *p � 0.05, db/db-TRX(�) vs. db/db-TRX(�)
mice.
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FIG. 4. Histological analysis of pancreatic
sections. Sections of pancreas from 16-
week-old db/�-TRX(�), db/db-TRX(�), and
db/db-TRX(�) mice stained with hema-
toxylin-eosin (HE) (A–C) or immunostained
with an anti-insulin antibody (D–F). The cys-
tic lesions and small islets observed in the
db/db-TRX(�) sections (B, arrow) were less
prominent in the db/db-TRX(�) sections (C).
More insulin-positive cells were observed in
the db/db-TRX(�) islets (F) than in the db/db-
TRX(�) islets (E).

FIG. 5. Immunofluorescence
analysis of Pdx-1 expression in
islets. Pancreas sections of
db/�-TRX(�) (A–D), db/db-
TRX(�) (E–H), and db/db-
TRX(�) (I–L) mice at 16 (left)
and 30 (right) weeks of age were
stained with anti-insulin (red) and
anti-Pdx1 (green) antibodies. In
the 16-week-old db/db-TRX(�)
mice, most islet cells relegated
Pdx-1 protein to their nucleus (J).
In contrast, Pdx-1 was mostly de-
tected in the cytoplasm of the islet
cells in db/db-TRX(�) mice of the
same age (F).

FIG. 6. Immunofluorescence analysis of MafA
expression in islets. Pancreas sections of db/
�-TRX(�) (A–C), db/�-TRX(�) (D–F), db/db-
TRX(�) (G–I), and db/db-TRX(�) (J–L) mice at
30 weeks of age were stained with anti-insulin
(red) and anti-MafA (green) antibodies. The islets
of the db/db-TRX(�) mice were clearly stained
with the anti-MafA antibody (K) in contrast to the
weak staining of the islets of db/db-TRX(�) mice
(H).

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1586&iName=master.img-003.jpg&w=288&h=154
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1586&iName=master.img-004.jpg&w=330&h=199
http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1586&iName=master.img-005.jpg&w=276&h=256


the disease progression in this mouse model. Our present study
confirmed this hypothesis by showing that the transgenic over-
expression of TRX in pancreatic � cells ameliorated glucose
intolerance and helped to preserve � cell function in the db/db
mouse.

We previously produced three transgenic NOD mouse lines in
which the human TRX gene was expressed with the regulatory
sequence of the human insulin gene. Among these, Line 21 pro-
duced the highest levels of TRX protein, exclusively in the pan-
creatic islets, and without any toxic effects on pancreatic � cell
functions, including glucose-induced insulin secretion (9). In this
transgenic mouse line, the expression of TRX in � cells suc-
cessfully protected � cells from destruction by the autoimmune
mechanism. Therefore, we used Line 21 as the parental line in
crosses over several generations with db/� mice on the
C57BL/KsJ background, to establish mice with � cell-specific
TRX expression on the db/db-C57BL/KsJ genetic background.
In these mice, as in the NOD mice, the exogenous TRX protected
the � cells from injury. Thus, our results indicate that the levels
of exogenous TRX obtained in transgenic mice not only pro-
tected � cells from oxidative stress caused by the autoimmune
mechanism during the progression of type 1 diabetes, but also
suggested to protect them against the oxidative stress induced by
glucose toxicity during the progression of type 2 diabetes.

Pdx-1 is a homeodomain-containing transcription factor that
plays an essential role in both insulin gene regulation and pan-
creatic development. Several lines of evidence have shown that
the reduced insulin gene expression observed as a result of glu-
cose toxicity is at least partly due to decreased Pdx-1 tran-
scriptional activity (4, 6, 12, 14, 19, 20, 24). Here, we found

that the nuclear Pdx protein levels in � cells were reduced dur-
ing oxidative stress evoked by chronic hyperglycemia, result-
ing in the deterioration of the insulin secretory capacity of the
� cells. In TRX transgenic db/db mice, Pdx-1 expression was
maintained at a higher level and was readily detectable in islet
cell nuclei compared with the nontransgenic db/db mice (Fig.
5). Similar phenomena were observed in db/db mice treated
with antioxidant therapy (20). Thus, the overexpression of TRX
supported the expression of Pdx-1 in the nuclei of � cells, which
may be one of the cellular mechanisms for protecting � cells
from losing their insulin-secreting capacity.

MafA is another transcription factor that is crucial for regu-
lating the insulin gene. Harmon et al. recently reported that ox-
idative stress mediates the post-translational loss of MafA pro-
tein in glucotoxic HIT-T15 cells, leading to reduced insulin
gene expression; they also showed that an antioxidant, NAC,
could prevent the loss of MafA (5). Likewise, Kitamura et al.
showed that MafA levels were decreased in the pancreatic �
cells of a diabetes model mouse (15). In accord with these re-
sults, we observed that the MafA protein was lost from the �
cells of db/db mice, and that TRX overexpression in � cells
substantially prevented this loss. Therefore, the regulation of
MafA expression may be another cellular mechanism for pre-
serving the insulin-secreting function of � cells.

The hyperinsulinemia seen in young db/db mice may be an
adaptive response to insulin resistance. There are several lines
of evidence showing that the long-term hypersecretion of in-
sulin in response to glucose may lead to enhanced production
of ROSs. The DBA/2 mouse is a model of pancreatic islet sus-
ceptibility. Unlike the resistant C57BL/6 mouse strain, the
DBA/2 mouse islets fail when stressed with insulin resistance
or when exposed to chronic high glucose concentrations. Koop-
tiwut et al. showed that the DBA/2 mouse has increased glu-
cose-mediated insulin secretion from a very early age, which is
associated with higher glycolysis and glucose oxidation, and
thus suggests a link between insulin hypersecretion and subse-
quent � cell failure (16). Furthermore, Fridlyand and Philipson
showed that the same pathway used in the activation of glu-
cose-dependent insulin secretion can dramatically enhance ROS
production and manifestation of oxidative stress and, possibly,
apoptosis (3). Thus, hypersecretion of insulin leads to ROS pro-
duction and accelerates � cell failure. Recently, Ivarsson et al.
also reported that the overexpression of TRX in � cells sup-
pressed insulin exocytosis by inhibiting the NADPH effect (11).
Therefore, it is possible that TRX exerts its protective effect in
part by suppressing insulin hypersecretion in response to hy-
perglycemia and ROS production in response to glucose tox-
icity in the early phase of � cell failure.

Our previous and present studies show that the overexpres-
sion of TRX protects � cells and ameliorates the progression
of both types 1 and 2 diabetes. In other words, TRX can pro-
tect the pancreatic � cells from the oxidative stress triggered
by the immune response and by glucose toxicity. Thus, oxida-
tive stress may be a common factor in the progression of both
forms of diabetes. It is interesting to note that type 1 and type
2 diabetes have some susceptibility genes in common (10).
These genes influence the susceptibility of pancreatic � cells
to oxidative stress. The analysis of these common susceptibil-
ity genes will contribute to a better understanding of � cell fail-
ure during the progression of diabetes.
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FIG. 7. Insulin content of the pancreas. The pancreatic in-
sulin content was measured for db/db-TRX(�) and db/db-
TRX(�) male mice in the N7 generation at 15 weeks of age
and in db/db-TRX(�), db/db-TRX(�), and db/� male mice in
the N8 generation at 30 weeks of age. Values are mean � SD.
*p � 0.05.
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Our present study suggests that the administration of drugs that
help protect � cells from oxidative stress should be an effective
treatment for suppressing the progression of diabetes from the in-
sulin-resistance stage to the overt diabetes stage. There are sev-
eral agents, such as geranylgeranylacetone (GGA), that are known
to induce the TRX expression (7). Thus, therapy with increased
TRX expression as its target is a promising novel strategy for pre-
venting both type 1 and type 2 diabetes mellitus.
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