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■ Abstract 
The phenomenon of pancreatic regeneration in mammals 
has been well documented. It has been shown that pancre-
atic tissue is able to regenerate in several species of mammal 
after surgical insult. This tissue is also known to have the 
potential to maintain or increase its β-cell mass in response 
to metabolic demands during pregnancy and obesity. Since 
deficiency in β-cell mass is the hallmark of most forms of 
diabetes, it is worthwhile understanding pancreatic regenera-
tion in the context of this disease. With this view in mind, 
this article aims to discuss the potential use in clinical strate-
gies of knowledge that we obtained from studies carried out 
in animal models of diabetes. Approaches to achieve this 
goal involve the use of biomolecules, adult stem cells and 

gene therapy. Various molecules, such as glucagon-like pep-
tide-1, β-cellulin, nicotinamide, gastrin, epidermal growth 
factor-1 and thyroid hormone, play major roles in the initia-
tion of endogenous islet regeneration in diabetes. The most 
accepted hypothesis is that these molecules stimulate islet 
precursor cells to undergo neogenesis or to induce replica-
tion of existing β-cells, emphasizing the importance of pan-
creas-resident stem/progenitor cells in islet regeneration. 
Moreover, the potential of adult stem cell population from 
bone marrow, umbilical cord blood, liver, spleen, or amni-
otic membrane, is also discussed with regard to their poten-
tial to induce pancreatic regeneration. 
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Introduction 
 

     nder normal healthy conditions, organisms main- 
    tain a dynamic β-cell mass throughout life, ensur-

ing a sufficient insulin secretion capacity. Critical β-cell 
mass is maintained as a result of three general mecha-
nisms: (1) replication of existing mature β-cells (2) dif-
ferentiation (or neogenesis) by ductal or intra-islet 
pancreatic precursor cells and (3) apoptosis of existing 
β-cells. An understanding of the critical factors and 
mechanisms involved in the maintenance of a func-
tional and sufficiently large β-cell mass may be of great 
value for developing more effective therapies to im-
prove metabolic control or even obtain a cure for dia-
betes. Many studies have been conducted within the 

last decade to examine in vitro and/or ex vivo expansion 
of islets by focusing on phenomena, such as differen-
tiation, trans-differentiation, neogenesis and regenera-
tion, which are illustrated in Figure 1. Several surgical 
and chemical stimuli have demonstrated islet regenera-
tion. Biomolecules, such as β-cellulin, a member of the 
epidermal growth factor (EGF) family, are known to 
trigger in vitro and in vivo replication or regeneration of 
islets from intra-islet or ductal non-pancreatic stem 
cells. During pancreatic development, stem cells have a 
central role in generating endocrine, acinar and duct 
cells [1]. Recently, the potential of adult stem cells for 
islet regeneration has been explored. Amongst the 
various therapeutic approaches, cell therapy is promis-
ing due to its possible curative potential. In this review, 



 
166  The Review of Diabetic Studies Banerjee, Kanitkar, Bhonde 

  Vol. 2 ⋅ No. 3 ⋅ 2005 
 

Rev Diabetic Stud (2005) 2:165-176  Copyright © by the SBDR 

we discuss the role of potential candidates capable of 
effecting endogenous islet regeneration along with 
their modes of action, and we highlight recent devel-
opments in this field. 

Role of biomolecules in β-cell regeneration 
Biomolecules are active agonists that are synthe-

sized in a biological system. These molecules exhibit 
tissue specificity, as well as autocrine and paracrine ef-
fects, on various cell populations. This may explain 
their ability to effectuate regeneration in intra- and ex-
tra-pancreatic environments. It is certainly desirable to 
restore damaged tissue by stimulating the regeneration 
of competent cells. Therefore, the use of biomolecules 
is an attractive option for β-cell regeneration. 

It was shown recently that the exon1 Cys7Gly 
polymorphism within the β-cellulin gene is associated 
with type 2 diabetes in African Americans [2]. In the 
context of this finding, Huotari and colleagues have 
suggested a role for β-cellulin in islet neogenesis and 
regeneration [3]. A combination of activin A and β-
cellulin, when tested on neonatal streptozotocin 
(STZ)-treated rats, resulted in the regeneration of pan-
creatic β-cells and improved glucose metabolism [4]. 
Furthermore, Li et al. showed that β-cellulin induces 

differentiation of intra-islet precursor cells (mainly 
from somatostatin-positive islet cells) into β-cells in 
STZ-treated mice, and causes a reduction in hypergly-
cemia [5]. 

Biomolecules also seem to have a di-
rect effect on the regulation of regen-
eration and the development of specific 
genes. Recently, Yoshikumi et al. [6] 
identified a novel mitochondrial trans-
porter, citrate transporter protein-like 
protein (CTPL) and its mouse ortholo-
gous Sfxn3, a member of the sidero-
flexin family, which were seen to be up-
regulated in STZ-induced diabetic rats 
in the early phase of differentiation into 
insulin-secreting cells. The function of 
some biomolecules from the epidermal 
growth factor (EGF) family of proteins, 
e.g. β-cellulin and activin A, during pan-
creas development is well documented. 
β-cellulin and activin A seem to be re-
sponsible for the up-regulation of these 
genes in STZ-induced diabetes. 

An alternative strategy to treat dia-
betes is the use of various plant extracts 
and herbal biomolecules, due to their 
hypoglycemic effects. Detailed investi-
gation into the modus operendi of these 
biomolecules has revealed that some of 
them cause a regeneration of β-cells, 
thus causing a reversal of diabetes in 

human and non-human subjects. For example, chard 
extract (Beta vulgaris L. var. cicla) has been used as a hy-
poglycemic agent by diabetic patients in Turkey [7]. It 
could also be observed that the number of β-cells and 
secretory granules increased in diabetic patients who 
received this herbal extract. The authors concluded 
that the extract is able to reduce blood glucose by re-
generating β-cells. Similarly, the effects of crude Epher-
drae herba, an alkaloid of epherdrae and 1-ephedrine (a 
major alkaloid component) promoted islet regenera-
tion following atrophy induced by STZ [8]. Another 
promising agent, nicotinamide, has been shown to pro-
tect islets from inflammation and to stimulate endo-
crine differentiation of rat β-cells in vivo. A dose of 
3g/day of nicotinamide was administered to humans 
for more than a year without any serious side-effects 
[9]. A stable and functional regeneration of pancreatic 
β-cells was obtained in neonatal STZ-treated rats that 
were administered sodium tungstate via drinking water 
[10]. Recently, Kim et al. have showed an up-regulation 
of clusterin expression after islet injury, suggesting that 
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Figure 1. Possible mechanisms of islet β-cell birth. New β-cells may 
emerge after injury, apoptosis as a result of inflammation, immune-
overreactivity or oxidation, or by exogenous stimuli emanating from differ-
ent cell sources. Neogenesis may originate from progenitor cells residing 
within the pancreas. Differentiation may be brought about by different sub-
sets of stem cells. Replication occurs when differentiated pancreatic cells 
duplicate while transdifferentiation is a process thought to be equipped by 
undifferentiated progenitors not necessarily preassigned to the pancreas. 
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clusterin might be involved in cytoprotection and the 
regeneration of islet cells [11]. Since clinical and epi-
demiological studies have suggested that reduced zinc 
status is associated with diabetes, investigators have 
searched for its role in pancreatic regeneration. A sig-
nificant correlation has been observed between zinc 
concentration in pancreatic tissue and the pancreatic 
regeneration rate [12]. Finally, zinc supplementation 
was shown to be effective in preventing and ameliorat-
ing diabetes in several animal models of type 1 and 
type 2 diabetes [13]. However, many issues need to be 
clarified, such as dose determination and side effects, 
before these agents may be considered for therapy. 

Relevance of hormones in β-cell regeneration 

The processes associated with pancreatic develop-
ment and regeneration are mostly controlled by 
growth-inducing (GI) hormones. One such hormone, 
cholecytokinin, has been extensively studied for its role 
in pancreatic regeneration. The infusion of cholecyto-
kinin octapeptide (CCK-8) into rats at a dose of 
600ng/kg/hour provoked an acceleration of the re-
generative process [14]. GRP-bombesin, another GI 
neuropeptide hormone, exerts marked growth-
promoting action in rodent pancreas [15]. Recently, 
Fiorucci and colleagues discovered that bombesin in-
duced pancreatic regeneration in pigs mediated by 
p46Shc/p52Shc and p42/p44 mitogen-activated pro-
tein kinase up-regulation [16]. Beside GI neuropep-
tides, there is another group of hormones, the thyroid 
hormones, which elicit diverse cellular and metabolic 
effects in various organs, including mitogenesis in rat 
liver. Experiments were carried out to investigate 
whether this group of hormones is able to stimulate 
cellular proliferation in other quiescent organs, such as 
the pancreas. In vivo treatment with the thyroid hor-
mone T3 demonstrated that this induced extensive cell 
proliferation in the exocrine pancreas [17]. 

Along with β-cellulin, EGF is known to elicit a 
growth and nesidioblastotic response in the pancreas. 
It is thus assumed that physiologically significant im-
provements in glucose tolerance can be achieved by 
stimulating β-cell regeneration with gastrin/EGF ad-
ministered systemically as a transgenic expression of 
gastrin and EGF receptor ligands [18]. Such “hormo-
nal treatments”, if proven non-deleterious in other 
metabolic processes, could be considered as a feasible 
strategy for the induction of β-cell growth and regen-
eration in humans. 

Interplay between biomolecules and endoge-
nous islet regeneration in pancreatic injury 
model 

The neogenesis of endocrine islets initiated by the 
ductal epithelium has been described in vivo in various 
experimental settings and in clinical pathologies. Ex-
periments in models of partially or subtotally pancre-
atectomized animals have demonstrated that injury is a 
trigger for tissue repair, thus leading to a kind of self-
healing and possibly normoglycemia. It is remarkable 
that the body appears to be capable of restoring almost 
full organs as long as there is some organ tissue left 
from which regeneration can emanate. Intercalated 
ductal cells and centro-acinar cells are speculated to be 
the major sources of neogenesis, as was deduced from 
a study involving 90% pancreatectomized animals [19]. 
Thus, organ regeneration and the restoration of nor-
moglycemia are possible only upon achieving ex-
tremely high levels of replication and/or regeneration 
of β-cells to ‘fill up’ the lost cell mass and volume. This 
dimension of cell mass renewal appears to be impossi-
ble if undertaken by one cell mass renewal process 
alone. In a partial pancreatectomy rat model of type 2 
diabetes, the daily administration of exendin 4 stimu-
lates pancreatic regeneration and β-cell expansion by 
two processes: neogenesis by progenitor cells, and pro-
liferation or replication of mature β-cells [20]. 

A role for endogenous glucagon-like peptide-1 
(GLP-1) has been suggested in β-cell regeneration after 
70% partial pancreatectomy. GLP-1, in combination 
with exendin-4, expands β-cell mass by stimulating 
neogenesis and proliferation [21]. Insulin receptor sub-
strate-2 (IRS-2) is known to play an important role in 
pancreatic regeneration and growth by mediating duct 
proliferation and maintenance of the differentiated β-
cells [22]. Agents such as exendin-4, GLP-1 and IRS-2 
are known to stimulate regeneration emanating from 
the existing precursor cell mass and replication of the 
existing, albeit depleted, β-cell mass; thus, both proc-
esses work together in organ regeneration. IRS-2 also 
adopts the important role of initiating duct prolifera-
tion (i.e. increasing the relative number of ductal pre-
cursor cells) and the maintenance of differentiated β-
cell mass. 

Several growth factors have been examined in the 
model of 90% pancreatectomized animals. Firstly, the 
expression of insulin-like growth factor-1 (IGF-1), 
which is known to have varied effects, such as growth 
promotion, insulin-like influence on glucose metabo-
lism, and neuroprotection resulting from cell-prolifer-
ative and antiapoptotic properties, could be observed 
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after 90% pancreatectomy, suggesting that this factor 
plays a critical role in regulating the regeneration 
and/or replication of β-cells [23]. β-cellulin (0.5 µg/g 
body weight) is another factor that was shown to im-
prove glucose metabolism by promoting β-cell regen-
eration in 90% pancreatectomized rats [24]. In the 
same model, rats treated with poly (ADP-ribose) po-
lymerase inhibitors (nicotinamide and 3 amino-
benzamide) showed islet β-cell regeneration along with 
expression of the Reg II gene [25]. The latter is as-
sumed to induce regeneration in injured tissue, as it 
prevented diabetes in other experimental animal mod-
els [26, 27]. 

Duct ligation is another model for the study of islet 
neogenesis. Duct ligation in fetal and adult pancreas 
induces islet neogenesis due to an up-regulation of 
netrin-1, a diffusible laminin-like protein, which is 
known to up-regulate neuronal cell migration via a 
chemokinetic effect in the pancreas. Netrin-1 expres-
sion was observed in regenerating exocrine and endo-
crine pancreatic tissue [28]. Rosenberg et al. have 
shown that, through partial obstruction of the hamster 
pancreas, STZ-induced diabetes could be reversed in 
more than 50% of the cases [29]. An extract termed as 
ilotropin, prepared from obstructed pancreata, seemed 
to reverse the disease. Ilotropin contains a protein that 
is capable of stimulating the proliferation of isolated 
duct cells in culture. Islet neogenesis-associated protein 
(INGAP) was expressed early in the neogenic process 
before the onset of ductal cell proliferation, suggesting 
that this peptide was involved in the initiation of the 
regenerative process [29]. 

Local injury induces a complex orchestrated re-
sponse to stimulate the healing of injured tissues, cellu-
lar regeneration and phagocytosis. Our own study has 
demonstrated that the induction of a regenerative 
stimulus (pancreatectomy) in conditions of STZ-
induced diabetes is indeed able to trigger the pancreatic 
regenerative process, thereby restoring a functional 
pancreas [30]. Our experiments in this area of research 
have led the hypothesis that factors observed during 
the process of regeneration carry the potential to in-
duce islet neogenesis and normoglycemia. Upon inject-
ing cytosolic extract of regenerating pancreas into 
STZ-diabetic animals, these animals returned to nor-
moglycemia [31]. Hence, we hypothesized that culture 
from pancreatic cells is also capable of provoking in 
vitro regeneration starting from intra-islet precursor 
cells and leading to the restoration of sustained nor-
moglycemia after injection of the extract into STZ-
diabetic mice [32]. This indicated that factors inducing 
regeneration were secreted into the culture medium 

upon local injury in terms of islet isolation. A more ex-
tensive analysis to identify these factors and their exact 
functions may one day allow us to harness this strategy 
for the induction of islet neogenesis. It is evident from 
the wealth of literature available that there is no short-
age of biomolecules that may be able to bring about 
pancreatic regeneration and, thus, restore normogly-
cemia. Although this perspective appears extremely 
positive, it remains highly experimental so far. Most of 
these biomolecules have been investigated in animal 
studies, yet they have not reached the stage of clinical 
trials. Further extensive studies must be carried out be-
fore they can be safely extrapolated to humans. It is 
prudent, therefore, to look at further avenues that may 
potentially lead to the goal of β-cell self-replication 
and/or regeneration. 

Contribution of β-cell self-replication and re-
generation for the maintenance of a critical 
pancreatic cell mass 

We know that regeneration processes are needed to 
maintain the critical cell mass which is necessary to 
maintain organ homeostasis. Each cell in the body, 
even after terminal differentiation and commitment to 
a particular lineage, preserves a kind of replicative ca-
pacity. This capacity of replication or self-duplication 
allows cells to survive and save their particular func-
tions for several cycles. The potential of replication is 
limited in the case of pancreatic β-cells. However, in a 
population of normal adult pancreatic islet cells, the 
number of β-cells actually undergoing cell division is 
small, measured to be between 0.5 and 2 % [33]. In 
normal scenarios with limited apoptosis and natural 
cell death, organs are able to maintain homeostasis, 
even if the cellular component of one of their tissues 
has a restricted replication rate. Imagine a situation of 
infection or disease with an accelerated damage or 
death of β-cells. Then the question arises as to which 
forces come into play in order to augment the cell 
mass and to restore the full organ function. Only in 
recent years has it been revealed that the pancreas can 
indeed undergo repair following damage, a process 
known today as regeneration. Several findings have 
now proved that β-cells, although they do not exhibit a 
particularly high replicative potential, are able to regen-
erate their own cell mass under disease conditions. In 
this context, Asanuma et al. [34] proposed a transplan-
tation model to study the in vivo regeneration machin-
ery of the pancreas and liver, where functional cells 
were transplanted directly into these organs. This re-
port established the fact that, similar to the liver, the 
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fetal and the adult pancreas is a regenerative compe-
tent organ. A study by Yamamoto et al. showed that 
the fetal pancreas treated with STZ has the ability to 
regenerate β-cells in vivo [35]. Their morphometric 
studies of STZ-treated diabetic rats demonstrated that 
the increase in β-cell mass was not due to β-cell hyper-
trophy but to hyperplasia, accompanied by an increase 
in islet density in the treatment group of rats. Once it 
was established that pancreas can regenerate, research-
ers started to look at the factors and stimuli that in-
struct pancreatic tissue to undergo regeneration. Inves-
tigators have examined both pancreatic as well as non-
pancreatic proteins that notionally possess islet neo-
genesis potential. Therefore, it seemed obvious to test 
the islet neogenesis potential of insulin, the pancreas’ 
own secretory protein. In their study, Guz et al. tested 
whether the restoration of normoglycemia by exoge-
nously administered insulin can enhance β-cell differ-
entiation and maturation [36]. They found that β-cell 
regeneration improved in STZ-treated mice. Thus, 
they concluded that β-cell neogenesis occurred in adult 
islets and is regulated by insulin-mediated normaliza-
tion of circulating blood glucose levels. Furthermore, 
Brand et al. observed that treatment with gastrin, to-
gether with EGF, both of which are non-pancreatic 
proteins, stimulated β-cell regeneration in chronic insu-
lin-dependent diabetes [12]. The EGF/gastrin-treated 
group exhibited a significantly greater number of BrdU 
labeled β-cells, which indicated the stimulation of β-
cell replication or neogenesis. Thus, their study showed 
that physiologically significant improvement in glucose 
tolerance can be achieved through stimulating β-cell 
regeneration with gastrin/EGF as a conventional 
pharmacological therapy. 

Do pancreas-resident stem cells exist? 
Of crucial importance in the development of diabe-

tes, both in type 1 and type 2, is the insufficient β-cell 
replication after the onset of disease. This is why we 
are always in search of new sources of β-cells to be 
generated by neogenesis or for factors to induce en-
dogenous β-cell replication. In this regard, pancreatic 
stem or progenitor cells may offer a promising thera-
peutic approach for diabetes. It is clear that pancreatic 
progenitor cells exist and play a major role during the 
embryonic development of the pancreas, as well as in 
adult life, evidenced by the study of Guz et al. which 
was successful in identifying two presumptive precur-
sor cell types that appear in regenerating islets [36]. 
One cell type expressed the glucose transporter-2 
(Glut-2), and the other one co-expressed insulin and 
somatostatin. Although further intensive studies need 

to be carried out to learn about the mechanisms and 
molecules that control these cells and processes, an 
elegant genetic lineage study demonstrated recently 
that, following partial pancreatectomy to trigger regen-
eration, the replication of existing β-cells is a dominant 
pathway for formation of new β-cells in adult mice 
[37]. Other than studies assessing cell position, gene 
and/or protein expression and proliferative states, 
which can change rapidly, Dor and colleagues used 
methods to track the fate of islet β-cells. They used a 
genetic method to indelibly mark the DNA of adult 
mouse β-cells, such that they could definitively track 
the cells and their descendants during normal and 
stimulated cell turnover. The authors added a hybrid 
gene into mice that contained the insulin promoter 
linked to a gene for a recombinase, an enzyme that is 
able to rearrange specific DNA sequences in a cell. 
The insulin regulatory sequence caused the recombi-
nase to be expressed only in β-cells and not in duct 
cells or other non-β-cell types. An additional twist was 
that the recombinase was inactive unless the animal 
was treated with a synthetic hormone. When Dor et al. 
administered a pulse of this hormone to the mice, it 
activated the recombinase, which led to a labeling of 
the cells by genetic rearrangement. After the hormone 
pulse, all of these marked cells examined were insulin-
positive β-cells. In a second step, the authors tracked 
descendants of the marked cells for up to a year and 
determined their fate during both normal cell turnover 
and after partial pancreatectomy. Surprisingly, the au-
thors found that the percentages of labeled β-cells, 
during both normal turnover and pancreatic regenera-
tion, remained stable and were not superseded by β-
cells that could have arisen from insulin-negative pro-
genitors (duct or stem cells). In other words, many of 
the β-cells generated over the study period were la-
beled cells, indicating that they originated from cells 
that expressed the recombinase at the time the hor-
mone pulse was given and these cells were β-cells. The 
authors’ quantification showed that the contribution of 
non-β-cells (duct or stem cells) was minimal. They also 
failed to find new, unmarked islets during normal β-
cell turnover; such unmarked islets would be predicted 
if other cell types could generate β-cells. 

Another study demonstrated clonal derivation of 
multipotent precursor cells of both islet and ductal ori-
gin [38]. All major islet endocrine cell types could be 
derived from these precursors, even if the insulin-
producing cells cannot be considered bona fide, fully 
differentiated β-cells at this stage. How can the appar-
ent conflict between these two studies be resolved? A 
fundamental difference of obvious significance for re-



 
170  The Review of Diabetic Studies Banerjee, Kanitkar, Bhonde 

  Vol. 2 ⋅ No. 3 ⋅ 2005 
 

Rev Diabetic Stud (2005) 2:165-176  Copyright © by the SBDR 

generative or cell-based therapy in diabetes is that the 
first was performed in vivo [37] and the second in vitro 
[38]. 

A substantial amount of evidence has accumulated 
over the last ten years supporting the hypothesis that 
islet neogenesis in the mature pancreas occurs via cells 
which are located in, or which are associated with, the 
ductal epithelium. These cells have been phenotypically 
defined in human and animal models through expres-
sion patterns of specific cytokeratin intermediate fila-
ment proteins. It has thus become increasingly evident 
that early pancreatic development from the endoder-
mal bud progresses via a kind of “branching morpho-
genesis” of cytokeratin-expressing ductal structures 
[39, 40] and that cells within these structures possibly 
lose cytokeratin expression and develop into both the 
endocrine and exocrine compartments [40]. Similarly, 
in the adult pancreas, individual β-cells, as well as in-
tact islets, have been observed in close contact with the 
cytokeratin-positive ductal epithelium [41, 42]. In addi-
tion, the same authors described the appearance of 
transitional cells expressing both insulin and CK19 in 
adult human pancreatic sections [42]. These data sug-
gest that pancreatic stem cells appear to be of ductal 
origin or to reside in close association with the ductal 
epithelium. 

Data from both in vivo and in vitro experiments sup-
port the hypothesis that islet neogenesis in the mature 
pancreas emanates from ductal cells. In 1991, it was 
shown that the co-transplantation of adult rat pancre-
atic epithelium and fetal-derived mesenchyme into the 
epididymal fat pads of rats resulted in the appearance 
of cells expressing islet hormones [43]. Furthermore, 
Bonner-Weir et al. [44] cultured human ductal cells as a 
monolayer overlaid with Matrigel™, and observed the 
formation of “islet buds” containing CK19-expressing 
cells, as well as insulin-positive cells. Although these 
studies showed convincing evidence that ductal cells 
contribute to islet neogenesis in the adult pancreas in 
vitro, the low proportions of differentiating cells sug-
gested that either the methods were as yet inefficient, 
or that only a specific sub-population of ductal cells 
are true islet progenitors. 

Contribution of adult stem cells to islet neo-
genesis 

Adult stem cells are often known as tissue-specific 
stem cells. Since they are tissue-restricted they have a 
lower plasticity in terms of crossing borders of cells 
types, as compared to embryonic stem cells. Hemato-
poietic and mesenchymal stem cells are considered to 

be the most plastic stem cells as they can not only dif-
ferentiate into mesodermal cell lineages but may also 
transdifferentiate to capture the phenotypes of ecto-
dermal and endodermal lineages. Several researchers 
have shown the potential of bone marrow stem cells to 
differentiate into pancreatic islet cells. Apart from 
blood and bone marrow stem cells, other tissue-
resident stem/progenitor cell resources have also been 
demonstrated to have islet neogenesis potential. 

Bone marrow stem cells 
Bone marrow has tremendous clinical implications, 

since it is relatively easy to collect bone marrow stem 
cells for further in vitro manipulations. Bone marrow 
transplantation has already become a powerful strategy 
for the treatment of hematologic and metabolic disor-
ders and is also considered to be effective in autoim-
mune diseases. There is a great debate on the issue of 
the fate of transplanted bone marrow stem cells, 
whether they undergo cell fusion or transdifferentia-
tion into pancreatic β-cells, or if they induce endoge-
nous pancreatic regeneration in vivo by stimulating neo-
vascularization. Autoimmune diabetes in non-obese 
diabetic (NOD) mice can be prevented by allogeneic 
bone marrow transplantation (BMT) from diabetes-
resistant murine strains [45]. Hess et al. reported a low-
ering of blood glucose levels within a week after intra-
venous infusion of green fluorescence protein (GFP)-
tagged allogenic bone marrow into STZ-induced dia-
betic mice [46]. Only a low frequency of donor-derived 
insulin-producing cells was found in the host; islets 
were found to be largely replenished by endogenous 
cells. The authors suggested that donor GFP-positive 
bone marrow stem cells “only” guided the endogenous 
growth of islets. The phenomenon of islet cell deriva-
tion from bone marrow stem cells in vivo has also been 
observed by Ianus et al. [47]. The group showed that 
bone marrow-derived cells can differentiate into insu-
lin-producing islet cells with glucose-dependent and 
incretin-enhanced insulin secretion when transplanted 
into lethally irradiated mice. However, other groups 
working on bone marrow stem cells have not observed 
such an anti-diabetic effect after bone marrow infusion 
[48, 49, 50]. Thus the issue of restoration of pancreatic 
cell function by bone marrow transplantation still re-
mains debatable. 

If we leave aside the discussion regarding the fate 
of infused bone marrow cells within the pancreas and 
try to establish a correlation between allogenic chimera 
formation in the host after bone marrow infusion and 
the recovery of physiologically adequate endogenous 
insulin regulation, we find that as little as 1% of the 
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initial allogenic chimerism can reverse the diabetogenic 
processes in the islets of Langerhans in pre-diabetic 
NOD mice [51]. The restoration of endogenous β-cell 
function to physiologically sufficient levels is achiev-
able even though the allogenic bone marrow transplan-
tation is performed after the clinical onset of diabetes. 
Thus, authors claim that, if the same patterns of islet 
regeneration would appear in humans, the induction of 
an autoimmunity-free status by the establishment of a 
low level of chimerism might become a new therapy 
for type 1 diabetes. Bone marrow is not the only 
source of hematopoietic stem cells (HSC), it also in-
cludes other stem cells such as mesenchymal stem cells 
(MSC) and endothelial progenitor cells (EPC). Beside 
exploring the role of HSC in pancreatic regeneration 
scenarios, researchers have also explored the islet neo-
genesis potential of EPC. Recently, Mathews et al. pro-
vided evidence that bone marrow-derived EPC could 
be recruited to the pancreas in response to islet injury 
[52]. Although bone marrow-derived EPC contribute 
to neovascularization, they do not differentiate into 
insulin-expressing cells. Attempts have been made to 
apply bone marrow transplantation, either by using 
whole unfractionated bone marrow, or with one of its 
major stem cell fractions. Our own study showed that 
unfractionated bone marrow derived from experimen-
tal diabetic mice, when transplanted into STZ diabetic 
mice, contributed significantly to blood glucose im-
provement. This study also demonstrated that multiple 
injections of bone marrow restore normoglycemia in 
experimental diabetic mice by retaining the potential to 
induce endogenous pancreatic regeneration [53]. We 
succeeded recently in tracing the path of infused bone 
marrow cells in vivo, employing LacZ-labeled bone 
marrow of ROSA26 transgenic mice. Beilhack et al. 
employed a purified hematopoietic stem cell fraction 
of the bone marrow to test if the development of hy-
perglycemia could be prevented in NOD mice [54]. 
The data demonstrated that the purified HSC grafts 
block the development of autoimmune diabetes and 
illuminate how HSC grafts alter thymic and peripheral 
T cell responses against auto- and allo-antigens. Several 
studies have conclusively demonstrated that both ma-
jor stem cell components of the bone marrow (HSC 
and EPC) have the ability to home to the damaged 
pancreas to induce endogenous regenerative processes. 
In this regard, recently Izumida et al. proposed a possi-
ble mechanism supporting the recovery of β-cells after 
bone marrow transplantation [55]. They provided evi-
dence for the involvement of the c-Met/HGF pathway 
in the recovery of β-cells after injury. Thus, they claim 
that the induction of the c-Met/HGF-signaling path-

way following bone marrow transplantation promotes 
pancreatic regeneration in diabetic rats. Although these 
approaches are promising due to their potential to in-
duce regeneration of the diabetic pancreas, more in-
formation is needed to fully understand how stem cells 
mediate endogenous regeneration. 

Liver stem cells 
The liver is an organ with a tremendous regenera-

tive capacity. Therefore, liver oval cells may be a prom-
ising source of islet cells, as they develop in close rela-
tion to the pancreas [56]. c-Met+CD49f+/-c-Kit-CD45-

TER119- cells have been identified as hepatic stem 
cells in the murine fetal liver. These cells possess multi-
lineage differentiation potential and self-renewing ca-
pability. They can differentiate in vivo into some epithe-
lia capable of reconstituting tissues within the liver, 
pancreas and intestine following appropriate transplan-
tation [57]. Kojima et al. reported islet neogenesis in 
the liver and a reversal of diabetes in mice by adenovi-
rus delivery of neuro D and β-cellulin [58]. 

Intestinal stem cells 
The gut contains one of the largest stem cell popu-

lations in the body, yet has been largely overlooked as 
a source of potentially therapeutic cells. The stem cells 
reside in the crypts located at the base of the protrud-
ing villi, reproduce themselves, and repopulate the gut 
lining as differentiated cells by sloughing off into the 
lumen [59]. Identity, distribution and regulation of 
small intestinal epithelial stem cells and their immedi-
ate progeny have been discussed by Kodama et al. [60]. 

Spleen cells 
The spleen is an organ that has been disregarded 

for long. Only few recent studies on this source are 
available, but they provide evidence of the existence of 
spleenic stem cells. The studies suggest that the spleen 
may be a reservoir of HSC. Recent studies where 
spleenic stem cells were shown to differentiate into 
cells of other organs, including pancreatic β-cells, have 
opened up an avenue for the spleen to be a target for 
cell-based therapy to treat diabetes. Kodama et al. 
demonstrated that NOD mice with end-stage disease 
administered with live labeled donor male splenocytes 
rapidly differentiate into islet and ductal epithelial cells 
within the pancreas [61]. In addition, this data sug-
gested a role for complete Freund’s adjuvant together 
with the injection of donor splenocytes to eliminate 
autoimmunity and restore stable normoglycemia. The 
return of endogenous insulin secretion was accompa-
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nied by the reappearance of pancreatic β-cells. More-
over, the recovered islets were persistent and func-
tional. In these experiments, the authors identified a 
marker, Hox11, expressed by spleen stem cells, a 
highly conserved transcription factor that plays a major 
role in the development of organs in vertebrate and 
invertebrate embryos. These stem cells obviously have 
the capacity to effectively regenerate into insulin-
producing islet cells in diabetic mice or genetically al-
tered mice that lack a pancreas. Although the authors 
call for reappraisal of the spleenic cells for treating dia-
betes, it should be noted that no other group has been 
able to successfully reproduce these studies. Another 
study describing pancreatic agenesis [62] reported that 
the endocrine pancreatic cells originate in the spleen. 
No lineage studies have yet demonstrated the transdif-
ferentiation of spleenic cells into hormone-producing 
cells of the pancreatic islets of Langerhans. 

Cord blood stem cells 
Several studies have shown that cord blood stem 

cells are a source of putative hematopoietic and endo-
thelial stem cells. Researchers have made use of these 
cord blood-specific HSC and EPC to investigate 
whether they can play a role in blood glucose lowering 
by protecting islets in a diseased or damaged pancreas. 
It was found that intravenous transplantation of a 
mononuclear cell (MNC) fraction of the cord blood in 
NOD mice resulted in a significant lowering of blood 
glucose levels and a significant reduction of insulitis. 
Further investigations led to the conclusion that these 
cells actually improve type 1 diabetes by protecting is-
lets in NOD mice [63]. The beneficial effects of cord 
blood MNC are not restricted to type 1 diabetes, they 
are also found to be effective in type 2 diabetes. Upon 
transplantation of human umbilical cord blood MNC 
in obese mice with spontaneous development of type 2 
diabetes, the mice exhibited beneficial effects on blood 
glucose levels, survival and renal pathology [64]. Not 
only MNC, but also one of the purified fractions of 
cord blood, namely EPC, have been shown to improve 
circulation to ischemic tissues. Naruse et al. examined 
whether therapeutic neo-vascularization using human 
umbilical cord blood-derived EPC reverse diabetic 
neuropathy [65]. Their findings suggest that transplan-
tation of EPC from cord blood may be a useful treat-
ment for diabetic neuropathy. Thus, cord blood stem 
cells offer another option of stem cell therapy in diabe-
tes mellitus. 

Amniotic membrane stem/progenitor cells 
The amniotic membrane is part of the fetal mem-

brane and is composed of amniotic epithelium and 

mesenchymal cells. Since amniotic membrane epithe-
lium and mesenchymal cells are derived from the inner 
cell mass of the blastocyst, they are expected to pos-
sess the potential to differentiate into various cell line-
ages. In this regard, Wei et al. demonstrated that amni-
otic membrane epithelial cells are capable of normaliz-
ing the blood glucose level of STZ-induced diabetic 
mice after several weeks of implantation [66]. Hence, 
these cells have therapeutic potential for the treatment 
of type 1 diabetes. It is indeed difficult to estimate the 
ability of this versatile “warehouse” of non-pancreatic 
stem cells to contribute to the course of a cure for dia-
betes. However, the presence of such ectopic sites of 
β-cell neogenesis is suggestive of their possible contri-
bution towards β-cell regeneration. Future investiga-
tions of cell therapeutic approaches for provoking en-
dogenous islet regeneration for their contribution 
would therefore be worthwhile. 

Gene therapy and β-cell replication and re-
generation 

Gene therapy holds a tremendous therapeutic po-
tential to improve glycemic control by restoring en-
dogenous insulin production. Insulin gene therapy is 
thought to overcome the hurdles of islet transplanta-
tion and β-cell regeneration with respect to their vul-
nerability to autoimmune attack. The major issues 
when dealing with gene therapy approaches for diabe-
tes refer to the use of a system that would allow for 
efficient transcription, translation, post-translational 
modifications, packaging and secretion of mature insu-
lin in a glucose-dependent fashion. Luo et al. investi-
gated whether systemic TGF-β1 gene therapy can 
block islet-destructing autoimmunity and facilitate the 
regeneration of β-cell function in overtly diabetic 
NOD mice [67]. For this purpose NOD mice with es-
tablished diabetes were transplanted with 500 synge-
neic islets under the kidney capsule after 7-14 days of 
receiving an intravenous injection of Ad-hTGF-β1. 
The results demonstrated that systemic TGF-β1 gene 
therapy blocks islet-destructing autoimmunity, facili-
tates islet regeneration, and cures diabetes in NOD 
mice. Due to its capacity of activin to regulate the 
growth and differentiation of a variety of cells, and due 
to its assumed role in the specialization of pancreatic 
precursors from the gut endoderm during mid gesta-
tion, Zhang et al. tested the role of activin signaling 
during pancreatic islet cell development and regenera-
tion [68]. Their results documented the up-regulation 
of both activins and activin receptors in duct epithelial 
cells during islet differentiation while the inhibition of 
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activins significantly enhanced the expansion of pan-
creatic epithelial cells but decreased the number of dif-
ferentiated β-cells. Another study carried out by 
Chaorui et al. is of clinical significance in the context of 
islet transplantation and prevention of the recurrence 
of autoimmunity after transplantation [69]. Their data 
suggested that the introduction of diabetes-resistant 
MHC class II β-chain in bone marrow-derived cells is 
sufficient to prevent the development of functional is-
let-reactive T cells, and to mediate the intra-thymic de-
letion of these cells. The expression of diabetes-
resistant MHC class II β-chains prevented the devel-
opment of functional T cells that respond to specific 
islet self-antigens which are targets of T cell-mediated 
destruction of pancreatic β-cells. Morral reviewed the 
recent advances directed at producing insulin in an ec-
topic tissue, as well as inducing pancreatic β-cell neo-
genesis [70]. The discussed strategies include constitu-
tive and promoter-regulated insulin expression in the 
liver; increasing hepatic glucose oxidation, insulin pro-
duction from intestinal cells and islet cell neogenesis in 
the liver and the pancreas. 

 

Although the pancreas has the capacity to re-
generate, why does it not happen in diabetes? 

We have discussed so far that the pancreas has re-
generative potential in embryonic, neonatal and adult 
life. However, this potential does not seem to help 
during progression to diabetes. The diabetic environ-
ment, viz hyperglycemia, changes the lipid profile and, 
coupled with glycemic and high fat diet, precipitates 
the disease, preventing regenerative processes. Any 
conditions that may disturb β-cell birth and the death 
balance result in overt diabetes. The critical balance 
between exogenous acceleration and inhibitory factors, 
which maintain cell health in vivo and the imbalance of 
any of these results in diabetes, are summarized in Fig-
ure 2. Most of the physiological processes are coordi-
nated by homeostasis which maintains the status quo. 
It is of interest as to why this replicative capacity and 
the ability to maintain total pancreatic cell mass cannot 
be channeled by the body to bring about regeneration 
of the pancreas without an external stimulus. We un-
derstand the phenomenon of organ homeostasis, 
where each tissue or organ has an inherent ‘regulatory 
machinery’ that regulates its own cell mass. The pan-
creas traces the damage in its milieu and responds by 
triggering limited islet neogenesis and replication [38]. 
However, this mechanism of cell mass maintenance is 
insufficient in cases of extreme damage, requiring ex-
ternal stimuli to initiate regeneration. 

What are the external stimuli and when are 
they actually needed? 

External stimuli are the inductive factors that trig-
ger the cell machinery into replication/expansion of 
precursor cell populations and influence β-cell differ-
entiation. In pancreatectomy, for instance, tissue injury 
induces a response to stimulate tissue healing and cel-
lular regeneration. As is evident from current literature, 
the regeneration of any organ is a process where cells 
of varied lineages and undecided and decided cell fates 
together compensate for the lost cell mass. However, 
the existing sources of cell mass maintenance are in-
adequate to justify the regeneration of an entire organ 
in vivo. Hence it appears plausible to assume the pres-
ence of a yet unidentified stem cell population, which 
we would like to call naive precursor cells (NPC). 
These NPC may possess functional plasticity and repli-
cative capacity to respond to appropriate stimulation, 
helping in regeneration to compensate for the lost β-
cell mass. There are studies where the presence of 
similar types of cell populations has been illustrated, 
such as pancreatic multipotent progenitors [71] and 
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Figure 2. Critical balance between accelerating and in-
hibitory factors affecting adult stem cell expansion and 
differentiation for triggering pancreatic regeneration. 
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small cells [72]. It is likely that these cells would un-
dergo a steady change of state before adopting the fate 
of the mature β-cell population. 

Taken together, these findings imply that the β-cell 
function may be restored endogenously and that the 
residual β-cell mass may be expanded in the diabetic 
host pancreas after the onset of disease. In recent 
years, cell-based therapy and regenerative medicine has 
been providing new therapeutic approaches for restor-
ing organ functions lost due to trauma, disease or ag-
ing. To enhance tissue and organ regeneration, pro-
genitor cells must be mobilized and provided with an 
appropriate niche to advance their development. To 
harness the power of regenerative medicine for diabe-

tes therapy, more information is needed to define po-
tential candidates and their niches. Investigating the 
cellular and molecular mechanisms regulating β-cell 
turnover and identifying potential therapeutic targets 
capable of enhancing human β-cell regeneration in 
vivo may help in translating research from bench to 
bedside. Such approaches will provide the necessary 
insights required to induce endogenous pancreatic re-
generation. 
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