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Regenerative medicine of the pancreatic b cells
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levels can be controlled to some extent by multiple
injections of insulin or by oral hypoglycemic agents, but
the ideal glycemic control has not yet been perfectly
achieved by these conventional treatments. Most of all,
type 1 diabetes is a chronic metabolic disorder in which
pancreatic islet b-cells are irreversibly destroyed by au-
toimmunity. In these patients, an almost complete loss
of functional islet b cells leads to a long-lasting, absolute
deficiency of insulin secretion. They are suffering from
unstable glycemic control, and incomplete compensa-
tion for glucose homeostasis leads to irreversible dia-
betic complications. Frequent, recurrent hypoglycemia
unawareness is extremely dangerous and can be fatal.
The real cure for type 1 diabetes is the replacement of
pancreatic b cells. In this regard, the surgical treatment
of diabetes, i.e., successful pancreas transplantation, has
the possibility to cure diabetes. In a recent report, the
worldwide, 3-year organ survival rate for simultaneous
kidney and pancreas transplantation had improved to
approximately 70%–80%.1 These results were obtained
in a highly selected group of type 1 diabetic patients
who had severe difficulties in achieving glycemic
control. Nowadays, the American Diabetes Association
recommends pancreas transplantation for patients with
unacceptably poor metabolic control and quality of life
despite optimum medical treatment. An innovative suc-
cess for pancreatic islet transplantation (the Edmonton
protocol) was reported in 2000,2 and islet transplanta-
tion has also been considered to be a new therapeutic
option for the treatment of diabetes. Ryan et al.3

summarized the best outcomes of reproductive
Edmonton treatment in 2002. In 17 consecutive
Edmonton protocol-treated subjects, all became insulin-
independent, and 14 subjects have maintained demon-
strable C-peptide secretion and kept stable glycemic
control. No death or life-threatening infection occurred.
This new protocol is relatively safe and efficient for the
reduction of exogenous insulin and the prevention of
recurrent hypoglycemia, and as a result an improvement

Abstract
Diabetes mellitus is a metabolic disorder that affects millions
of people. The number of patients suffering from diabetes
continues to increase all over the world. Both type 1 and type
2 diabetes result from an inadequate mass of functioning b
cells. To achieve the ultimate goal of curing diabetes in the
future, the mechanism of the regenerative process of the adult
human pancreas must be elucidated. In this review, we first
summarize the regenerative processes of the pancreas ob-
served in animal models in vivo, and approaches to promote
the regeneration of the pancreas in vivo. Next we consider
other new approaches, such as stem cell research and cell-
based therapy, for the cure of diabetes in the future. Based on
the innovative success of the Edmonton protocol, islet trans-
plantation has been considered to be a new therapeutic option
for the treatment of diabetes. However, a serious shortage of
donor pancreata is a critical problem. We suggest that the
following issues should be solved in order to realize cell-based
therapy. The first is to establish a source of stem/progenitor
cells that will multiply easily in vitro and maintain their prop-
erty as progenitor cells. The probable use of adult stem cells
will circumvent potential ethical problems, and autotrans-
plantation will become possible. The most difficult and as yet
unsolved issue is how to differentiate these cells and acquire
fully functional islets. Further investigations to understand the
regenerative process of the adult pancreas and the appropri-
ate induction of stem cell differentiation will help to establish
cell-based therapy in diabetes.

Key words Diabetes · Regenerative process of pancreas · Cell-
based therapy

Introduction

The number of patients suffering from diabetes is now
increasing rapidly all over the world. Blood glucose
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in the quality of life. However, the major remaining
problem is that the minimum number of islets required
for insulin independence is large: about 9000 islets/kg.
The demand for pancreas and islet transplantation far
exceeds the number available, even if the indication is
limited to adult patients with type 1 diabetes who have
recurrent hypoglycemia with poor symptom recogni-
tion. This limited supply restricts the availability of this
promising treatment. Physiologically competent substi-
tutes for human pancreatic islets are required.

In recent promising studies, substantial evidence has
been accumulated demonstrating that stem cells must
also exist in adult organs, and which are capable of
differentiating into various cell types beyond tissue lin-
eage boundaries.4 The isolation and expansion of stem/
progenitor cells and their subsequent differentiation
into pancreatic islet cells will help to meet the demand
for cell-based therapy, and the goal of a permanent cure
for diabetes will be realized.

In this review, we describe the mechanism of regen-
eration of pancreatic b cells, and then focus on the
possible candidates for adult stem/progenitor cells
found to date and discuss cell-based therapy for diabe-
tes in the near future.

The regeneration process of pancreatic bbbbb cells

Pancreatic b cells always turn over even in normal
conditions.5 The pancreas senses the functional mass of
b cells by some means, and maintains the total b cell
number by balancing the loss and proliferation of these
cells. When the demand for insulin increases (as in
the case of pregnancy, obesity, and various pancreatic
injuries), a compensatory mechanism operates by
promoting the proliferation or hypertrophy of the b
cells. In persons with a risk of diabetes, these compensa-
tory mechanisms are impaired, and the functioning b
cell mass is a critical factor for the onset of diabetes.6

Understanding the precise mechanism for the regula-
tion of regeneration and maintenance of the pancreatic
b cell mass is one of the most important issues for
the establishment of new therapeutic approaches for
diabetes.

Experimental models for pancreatic regeneration
have been examined in the rodent pancreas, which has
a strong b cell regenerative potential. Several models
have been studied as models of diabetes: ex. 90% pan-
createctomy,7–13 treatment with streptozotocin (STZ, a
toxin that induces hyperglycemia due to rapid and mas-
sive b cell death),14–16 duct ligation,17 cellophane wrap-
ping,18,19 and overexpression of interferon-g.20 Several
differences have been observed between these models,
but b cell neogenesis does occur in numerous sites even
in the adult pancreas.

In summary, regenerative processes of the pancreas
observed in animal models in vivo are composed of four
complex mechanisms. These are: (1) b cell neogenesis in
residual islets (by intraislet progenitor cells or by de-
differentiation of somatostatin-expressing d cells), (2)
the proliferation of duct cells and subsequent differen-
tiation into new b cells, which may include progenitor
cells in and/or around the expanding duct, (3) de-
differentiation of acinar cells and differentiation into b
cells or transdifferentiation of acinar cells to islet cells,
and (4) replication and proliferation of preexisting b
cells in the residual islets. Based on the observations in
these in vivo regeneration models, it is clear that pan-
creatic stem/progenitor cells exist within the adult pan-
creas (ducts, acini, and islets). In this regard, using a
genetic lineage tracing method, Dor et al.21 recently
showed that adult pancreatic b cells are formed by self-
duplication rather than by stem cell differentiation.
Their experiment showed that the normal turnover of b
cells occurs through replication of preexisting b cells.
More intriguingly, newly formed beta cells are also de-
rived from preexisting b cells after 70% pancreatec-
tomy. They postulate that mature b cells have important
roles in b cell regeneration. It should be noted, however,
that 70% pancreatectomy does not cause a severe re-
duction of the b cell mass. Therefore, their results do
not rule out the existence of the pancreatic stem cells
and the involvement of the stem cells in more severe
pancreatic injury and diabetes.

Approaches to promote regeneration of the pancreas
in vivo

To search for growth and/or differentiation factors that
can expand pancreatic stem/progenitor cells and differ-
entiate them into mature pancreatic islet cells is the
most imperative task for the establishment of a curative
treatment for diabetes. To date, a large number of in-
vestigations have used these in vivo pancreatic regen-
eration models.

Glucagon-like peptide-1 (GLP-1) is an intestine-
derived insulinotropic hormone that stimulates glucose-
dependent insulin secretion from pancreatic b cells.22

GLP-1 has more diverse pleiotropic actions that
are favorable for diabetic states. List and Habener22

summarized the action of GLP-1 in the development
and growth of pancreatic b cells. They confirmed
that GLP-1 possesses properties that can stimulate b
cell proliferation and increase the b cell mass via the
inhibition of b cell apoptosis, stimulation of b cell prolif-
eration, and stimulation of stem/progenitor cell differ-
entiation into endocrine cells. The biological half-life
of GLP-1 is short, and a long-acting analog of GLP-1
excendin-4,23 or inhibitors of dipeptidyl peptidase
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IV (which rapidly cleaves and inactivates GLP-1)24 are
the most promising factors for the treatment of diabe-
tes, although their mechanisms of actions remain to be
fully elucidated.

Activin, a member of the transforming growth factor-
b (TGF-b) superfamily, is well known to regulate the
growth and differentiation of cells in multiple organs.25

In the development of the pancreas, activin-bB secreted
from the notochord, together with fibroblast growth
factor-2 (FGF2), suppresses the expression of sonic
hedgehog (Shh), permits the expression of PDX-1 in the
dorsal endoderm, and regulates the prepancreatic endo-
derm to form pancreatic buds at E8.5.26 Activin and its
receptors ActRIIA and ActRIIB are broadly expressed
in the pancreatic epithelium at E12.5.27 Activin pro-
motes the development and differentiation of endocrine
cells via both autocrine and paracrine mechanisms.28

Follistatin from mesenchymal tissue suppresses endo-
crine differentiation and promotes exocrine differentia-
tion via blockage of the activin signal.29 Moreover, in
pancreatic AR42J cells, which possess both endocrine
and neuroendocrine properties, activin A induces mor-
phological changes and converts them into pancreatic
polypeptide (PP)-expressing neuron-like cells.30 We
also examined the expression of activin in the adult
pancreas.31 Both bA and bB subunits of activins and
ActIIB receptor are expressed in the pancreatic duct
epithelium in adult mice. The expression of both activin
subunits is markedly up-regulated after pancreatic in-
jury by streptozotocin injection or partial pancreatec-
tomy. These observations strongly suggest that activins
are involved in the process of differentiation and regen-
eration of the pancreatic endocrine cells.

Betacellulin (BTC) is a polypeptide growth factor
originally isolated from a conditioned medium of
insulinoma cells.32 BTC has been shown to be a mitogen
for retinal eptihelial cells and vascular smooth muscle
cells. Immunoreactive BTC is expressed in endocrine
cells in the fetal pancreas33 as well as in the regenerating
pancreas.34 We have reported that BTC, acting in coor-
dination with activin A, converted pancreatic AR42J
cells into insulin-producing cells.30 Because AR42J cells
resemble amphicrine transitional cells in the regenerat-
ing pancreas, we strongly suggest that BTC can also
promote the growth and differentiation of pancreatic
b cells in the regenerative pancreas. For these reasons,
we have systematically investigated the effect of BTC
on pancreatic regeneration models.16,35,36 In the 90%-
pancreatectomized rat model, the numbers of islet cell-
like clusters (ICCs) and BrdU/insulin double-positive
cells in ICCs and islets were significantly higher in BTC-
treated rats.35 The b cell mass and the insulin content of
the pancreas were also greater. However, the number of
the PDX-1-positive cells in the ducts soon after pancre-
atectomy was not significantly different. We suggest

that BTC increased the replication of preexisting b cells
in the islet and the promotion of the early steps of b cell
differentiation from PDX-1-positive duct/progenitor
cells. In the STZ-treated mice model, BTC mainly acts
on intraislet precursor cells.16 BrdU/insulin double-
positive cells, PDX-1/somatostatin double-positive
cells, and the number of b cells in the islet were
significantly increased in BTC-treated mice. In neonatal
STZ-treated rats, we investigated the effects of activin
A and/or BTC.36 Combined treatment with activin
A and BTC significantly increased the DNA synthesis
in preexisting b cells, ductal cells, and d cells. The num-
bers of ICCs, islets, and insulin/somatostatin-positive
cells were significantly increased. The combination of
activin A and BTC showed a greater increase. The
presumptive sites of action of activin A and BTC are
as follows: promotion of b cell replication, ductal cell
proliferation, b cell neogenesis from duct cells, and
transdifferentiation of d cells to b cells. These in vivo
studies indicate that BTC can promote the regeneration
of b cells by acting in multiple steps, and the combina-
tion of activin A and BTC may be a more effective
treatment.

However, because activins and BTC have pleiotropic
actions in various organs,25 the clinical application of
these differentiation-promoting factors seems difficult.
The induction of apoptosis in various cells is an unfavor-
able action of activin. Recently, Umezawa et al.37

screened the compounds that can induce insulin expres-
sion in AR42J cells and identified a low-molecular
weight (794) compound conophylline. Conophylline
is a vinca alkaloid extracted from the tropical plant
Ervatamia microphylla. Like activin A, conophylline
can differentiate AR42J cells into cells with a neuron-
like morphology, and eventually into insulin-positive
cells in the presence of HGF. In particular, the viability
of differentiated cells treated by conophylline is better
than of those treated by activin A. We investigated the
effect of conophylline on the differentiation of pancre-
atic progenitor cells in in vitro organ culture of the fetal
pancreas and in in vivo neonatal STZ-induced diabetes
rats.38 In organ culture, pancreatic epithelium expansion
was scarce, but the expression of the insulin gene and
the numbers of insulin- and PDX-1-positive cells were
markedly increased in conophylline-treated tissues.
This differentiation-promoting effect of conophylline
was stronger than that of activin A. In the neonatal
STZ-induced diabetes rat model, the insulin content
and the b-cell mass, and the presence of PDX-1-
positive ductal cells were significantly increased by
sthe conophilline treatment. However, the numbers of
BrdU-positive duct cells and b cells were not affected.
We suggest that conophylline mimics the effect of
activin A and promotes the differentiation of pancreatic
progenitor cells into b cells.
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With regards to BTC, Dunbar and Goddard39 re-
cently cloned and characterized a novel BTC splicing
variant. In this variant, a 147bp deletion preceding the
fifth cysteine of the EGF motif led to the generation of
an unusual BTC precursor in which the C-loop of the
EGF domain and the transmembrane domain are de-
leted. In a preliminary study, we investigated the effect
of BTC-d4 in AR42J cells (Ogata et al., submitted for
publication). Treatment with activin A and BTC-d4 in-
duced insulin-positive cells, but a large number of the
differentiated cells became apoptotic. It is suggested
that BTC-d4 lacks antiapoptotic action, presumably
owing to the lack of the EGF motif. The differentiation-
promoting action of BTC-d4 may not be exerted via the
EGF or a related receptor.

For the establishment of a permanent cure for diabe-
tes in the future, one hopeful approach is to promote an
in vivo regenerative process in the pancreas. One way to
do this is by using favorable growth and differentiation
factors in combination. The plausible site that could
enhance the regenerative process of the pancreas may
be divided into several steps: (1) a triggering step to
initiate the replication of pancreatic stem progenitor
cells, (2) the proliferation of progenitor cells for
physiological demand, and (3) differentiation of the
progenitors into fully functional b cells. The precise
mechanisms of step (1) have not yet been elucidated,
and the factors which act on this step have not been
identified. Several factors enhancing steps (2) and (3)
have been elucidated, but further investigations of ef-
fective factors are needed in future studies.

Another approach involves a gene delivery method
which has attempted to promote in vivo regeneration.
Taniguchi et al.40 performed adenoviral vector-
mediated gene delivery of transcription factors PDX-1
and ngn3 in the mouse pancreas by retrograde
intracommon bile ductal injection. The gene delivery of
PDX-1 in the duct induced the proliferation of pancre-
atic ductal cells and neogenesis of insulin-producing
cells. This new approach may provide a potential new
method for the treatment of diabetes.

Approaches to cell-based therapy in diabetes

Recent progress in islet transplantation has brought
about the possibility of a cure for diabetes. However,
the scarcity of donor islet b-cells still remains a major
obstacle. Vast numbers of functional b cells will be re-
quired to produce any significant therapeutic effect.
Although preexisting b cells may be the major source of
new b cells in vivo (Dor et al.21), mature b cells have a
very low proliferative capacity and it is difficult to make
them maintain their mature function during in vitro
expansion. As a result, to establish methods to isolate

and expand stem/progenitor cells and subsequently
differentiate these cells into fully functional pancreatic
endocrine cells should be the major strategy for the
supply of cell-based therapy in the future.

Stem cells are defined by their dual capacity for self-
replication and differentiation into multiple specialized
cell lineages. They can be classified into two main cat-
egories, embryonic stem (ES) cells and adult stem cells.
Understanding the process of stem cell differentiation
and identifying the markers of adult stem cells will lead
to the isolation and establishment of pancreatic stem
cells.

Embryonic stem cells

Embryonic stem cells (ES cells) are derived from the
inner mass of the mammalian blastocyst.41 They can
proliferate in unlimited numbers in an undifferentiated
state, and differentiate into all lineages of cells under
appropriate conditions and thus are pluripotent. It
has been reported by many groups that ES cells can
differentiate into insulin-producing cells in vitro.42–44

After selection for nestin-expressing ES cells, the treat-
ment of growth inhibitors45 or the induction of PDX-1,46

for example, promoted them to differentiate into
insulin-producing cells. Moreover, a feeder-free ES
cell line-harboring system has recently been developed
which can avoid possible contamination by murine
feeder cells.47 Recent reports have stated that the
method based on the selection of nestin-positive cells
irreproducible (because the cells are already committed
to a neural fate) and therefore is not suitable for the
generation of pancreatic b-cells from ES cells.48 A
new strategy to generate insulin-producing cells without
nestin-expressing cells has been shown. In either case,
ES cells may be able to serve as a potential source of
insulin-producing cells. However, a significant number
of problems still remain unsolved in terms of their clini-
cal applications: for example, how to optimize the
conditions to generate more insulin-positive islet cells,
at the same time how to stop the cells differentiating
into another lineage, and how to avoid the risk of ter-
atoma formation if they are implanted in vivo. The ethi-
cal issue is another major obstacle to the clinical use of
ES cells.

Adult pancreatic stem cells

As mentioned above, there exist many lines of substan-
tial evidence demonstrating that adult pancreatic stem/
progenitor cells are retained in or around the pancreatic
duct and in the islets. In practice, several in vitro studies
have shown that insulin-producing cells can be generated
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from adult pancreatic ductal tissues. Ramiya et al.49 first
reported that functioning islets could be produced from
the long-term culture of isolated mouse adult duct epi-
thelial cells. The transplantation of these islets into dia-
betic mice could reverse insulin-dependent diabetes
for about 2 months. Bonner-Weir et al.50 also cultured
human adult ductal tissues as a monolayer with a
thin layer of Matrigel and observed the formation of
islet-like buds consisting of CK19-positive duct cells and
insulin-positive cells. The islet buds showed glucose-
dependent insulin secretion to some extent. In another
study reported by Heremans et al.,51 adult human pan-
creatic duct cells were converted into insulin-expressing
cells after the ectopic adenovirus-mediated expression
of neurogenin 3, which is a critical transcription factor in
the determination of differentiation into the endocrine
lineage in pancreas development. These studies show
that adult pancreatic duct cells might be a potential
source for cell-based therapy. However, several prob-
lems still remain unsolved. Are there true pancreatic
stem cells in the duct tissue which differentiate
into endocrine cells? Or do adult duct cells have the
potential to lose their ductal phenotype and then convert
into insulin-positive cells? The specific markers that can
identify pancreatic stem cells have not yet been estab-
lished. Gao et al.52 tried to characterize the endocrine
progenitor cells as follows: some of the CK19-positive
duct epithelial cells differentiated into endocrine cells,
and a serum-free culture was an absolute requirement
for differentiation. By combining flow cytometry and
clonal analysis, Suzuki et al.53 showed that a possible
candidate for the pancreatic progenitor cells might ex-
press HGF receptor c-met, but will not express CD45,
TER119, c-kit, or Flk-1. The identification and isolation
of pancreatic stem cells have remained elusive.

Substantial evidence suggests that other potential
stem cells might be in the islets. To date, nestin-positive
cells54 and small cells55 have been reported as possible
candidates. Zulewski et al.54 isolated nestin-positive
cells within rat and human islets that could proliferate in
vitro and differentiate into multiple cell lineages (liver,
exocrine pancreas, ductal/endocrine phenotype).
Whether or not nestin is a possible marker for
pancreatic stem cells is still under debate. Nestin is an
intermediate filament protein involved in cytoskeletal
formation, cell migration, and mitosis. It has been re-
ported that nestin can be used as a marker for neuronal
stem cells. In the pancreas, nestin is expressed heterolo-
gously in the pancreatic duct, acini, islets, mesenchyme,
and vessels. For these reasons, nestin is not a suitable
marker for pancreatic stem cells, although it may have
some functional roles in islet differentiation. In human
and canine pancreatic islets, novel cells called “small
cells” were identified by Petropavlovskaia and
Rosenberg.55 These cells formed small clusters and were

positive for all endocrine hormonses and PDX-1, but
negative for CK19 or nestin. Intraislet precursor cells
are also of interest, but their capacity for growth and
proliferation might be insufficient for cell expansion.

Seaberg et al.56 clonally identified pancreas-derived
multipotent precursors (PMPs) from adult mouse pan-
creatic islet and duct cells which could generate neural
and pancreatic lineages. PMPs derived from nestin+ and
nestin- cells ultimately coexpressed markers of both
neural (nestin) and pancreatic precursors (PDX-1).
They can differentiate into all types of neural progeny
and both pancreatic endocrine and exocrine cells. The
problems which still remain to be solved are that
the self-renewal capacity of PMPs is limited, and how
the differentiation of PMPs toward b-cells can be prop-
erly regulated. Recently, Gershengorn et al.57 reported
that human islet precursor cells (hIPCs) derived from
adult human postmortems that exhibit a mesenchymal
phenotype donated islets. Rather surprisingly, hIPCs
are derived directly from the transition of insulin or
glucagon-expressing epithelial islet cells into mesenchy-
mal phenotype. Removal of serum from the culture
medium leads to a re-differentiation of hIPCs into
proinsulin-expressing endocrine cells. This study shows
that even differentiated adult endocrine cells have re-
markable plasticity and may be a putative source for
generating more b-cells in vitro.

Pancreatic acinar cells are not classified as stem cells.
Nevertheless, as shown in a rat duct ligation model,
acinar cells dedifferentiate into cells forming duct-like
structures and new b cells are produced from them.17

This suggests that pancreatic acinar cells are also a
probable source of b cells. Rooman et al.58 also observed
direct acinoductal transdifferentiation in vitro. Cultured
rat exocrine cells lost their acinar phenotype and began
to express ductal cell markers CK7, CK20, and Flk-1,
and also PDX-1 and PGP9.5. This suggests that
transdifferentiated cells showed similar characteristics
to pancreatic endocrine precursor cells. Recent reports
by Song et al.59 showed a few insulin-positive cells
coexpressing cytokeratins in cultured adult pancreatic
acinar cells. This represents the first evidence that
adult pancreatic acinar cells differentiate into insulin-
expressing cells in vitro. Adult exocrine tissues are
useful sources of b cells.

Adult hepatic and intestinal stem cells

During embryogenesis, the pancreas, liver, and gas-
trointestinal tract are all derived from the anterior
endoderm. In particular, the ventral foregut endoderm
differentiates into the ventral pancreas as a default
pathway, except that it differentiates into liver when
FGF signaling from cardiac mesoderm acts on it.60
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Transdifferentiation of the pancreas to liver (and vice
versa) has been observed in several pathological con-
ditions in adult humans and animals.61,62 In addition,
PDX-1-expressing endodermal cells differentiate into
intestinal cells in the absence of Ptf1a.63 Given these
data, common stem/progenitor cell populations may
exist in the adult and differentiate into each tissue.

Hepatic oval cells appear in severe liver injury
when mature hepatocytes cannot proliferate to repair
the liver damage.64 Oval cells express immature liver
cell marker a-fetoportein (AFP), and also express
hepatocyte lineage marker albumin and biliary epithe-
lium marker CK19. Given that these cells can differen-
tiate into both types of mature liver cells, they are
considered to be hepatic stem cells. Yang et al.65 re-
ported that oval cells can transdifferentiate into pancre-
atic endocrine cells when cultured in high glucose. They
can synthesize and secrete insulin when stimulated with
glucose. However, since oval cells can only be induced
by severe liver injury, they may not be suitable candi-
dates for a b cell source. We used another type of adult
hepatic stem-like cell, namely HSL cells, and converted
them to insulin-producing cells.66 HSL is an epithelial
cell line obtained from normal adult rat liver which can
be converted to both hepatocytes67 and biliary epithelial
cells. We consider HSL cells to be more immature pro-
genitor cells. This is because HSL cells do not express
albumin and CK19. The rapid growth and easy handling
of HSL cells are their major merit for future clinical use.
More committed hepatocyte progenitor cells, called
small hepatocytes, can also be induced to generate
insulin-producing cells.68 Rat hepatic cell line named
WB-1 which stably expressed the active form of PDX-1
can differentiated into functional insulin-producing
cells.69 Adult liver stem cells obtained from normal liver
will be probable sources for autologous cell transplanta-
tion therapy for diabetes.

Suzuki et al.70 induced insulin production in fetal in-
testinal epithelial progenitors by using GLP-1 (1-37).
PDX-1 and/or Isl-1 induction of immature rat intestinal
stem cells, IEC-6, into insulin-producing cells has also
been reported.71,72 In the adult gastrointestinal tract,
there is substantial evidence that multipotential stem
cells reside within gastric glands and the intestinal
crypt.73 These adult intestinal stem cells are also
probable candidates for generating b cells based on the
advantages of access to these cells.

Multipotent adult progenitor cells

Bone marrow is an important source of easily accessible
adult stem cells. Bone marrow-derived stem cells can
reconstitute the hematopoietic system, and a significant
number of bone marrow transplantations have been

performed over many years. Several recent studies sug-
gest that transplanted bone marrow-derived stem cells
can generate into multiple lineage cells, including liver,
brain, lung, gastrointestinal tract, and skin.74,75 Ianus
et al.76 observed that bone marrow-derived cells popu-
late pancreatic islets 4–6 weeks after transplantation.
They identified male donor-derived insulin-positive
cells by EGFP expression by using a CRE-LoxP system
when the insulin gene is actively transcribed in the re-
cipient female mice. Isolating these EGFP+/Y chromo-
some+ cells showed glucose-dependent insulin secretion
and incretin-enhanced insulin secretion. This suggests
that bone marrow-derived stem cells may contribute to
islet neogenesis under physiological conditions. They
also showed that these b cells were generated
from transdifferentiation of bone marrow-derived
donor cells, not by cell fusion. Many controversial
observations still exist. Hess et al.77 showed that the
transplantation of c-kit (stem cell marker)+-bone
marrow-derived stem cells initiated endogenous pan-
creatic regeneration and improved blood glucose level
in STZ-induced diabetic mice via enhanced endothelial
proliferation by donor cells. On the other hand, inde-
pendent studies by Choi et al.78 and Lechner et al.79

showed little evidence for a significant transdifferen-
tiation of bone marrow cells into pancreatic b cells, even
in pancreatic injury models of mice. They established
stable bone-marrow chimerism first, and then induced
pancreatic injury. Given all these data, b cell neogenesis
from only bone marrow-derived cells might be rare, but
the existence of multipotent adult stem cells that can
differentiate into b cells has never been denied. Jiang et
al.80 proposed the existence of pluripotent mesenchymal
stem cells derived from adult marrow. Recent studies
showed that adult bone marrow-derived cells obtained
from mice81 and rats82 could differentiate into pancreatic
b cells both in vitro and in vivo. Bone marrow cells may
also provide a potential source for the future treatment
of diabetes.

In addition to the above-mentioned cells, other types
of tissue-derived stem cells, including salivary gland
progenitor cells83,84 and amnion cells,85 can also be used
for the generation of insulin-producing cells. Potent
adult stem cells reported to be able to differentiate
insulin-producing cells are summarized in Table 1.

Cell-based therapy in diabetes for the future

To establish cell-based therapy for diabetes in the
future, we propose that the following issues be solved
and some goals be clarified. The first is to establish
the source of stem/progenitor cells that can easily be
expanded in vitro while maintaining their properties as
progenitor cells. The probable use of adult tissue stem
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cells will become possible for autotransplantation. The
most difficult and unsolved issue is how to differentiate
them and acquire fully functional islets. For clinical
applications, many more problems, including, for ex-
ample, autoimmunity and tumorigenesis, remain to be
carefully investigated.

Recently, it has been reported that islet regeneration
can lead to the permanent reversal of diabetes in NOD
mice. An injection of live male donor splenocytes and
complete Freund’s adjuvant eliminates autoimmunity
and permanently restores normoglycemia in diabetic
NOD female mice.86 Donor splenocytes contain cells
that can rapidly differentiate into islet and ductal cells
within the pancreas. This report shows another intrigu-
ing possible cure for autoimmune diabetes without the
need to generate exogenous functional islets.

In either case, a new age is now dawning which will
bring about a cure for diabetes by new approaches.
Further studies to understand the mechanisms of adult
human pancreatic regeneration and the appropriate in-
duction of stem cell differentiation will help to establish
more effective cell-based therapy.
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