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Embryonic stem cells (ESC) can be differentiated into
insulin-producing cells by manipulating culture con-
ditions. In-vitro differentiation of mouse ESC can gen-
erate embryoid bodies, which, after selection for nestin-
expressing ESC, were stimulated to differentiate towards
a �-cell-like phenotype.1 The addition of phosphoinositide
kinase inhibitors promoted differentiation of larger
numbers of ESC towards functional � cells.2 Variations in
ESC-culture conditions generate cells with properties of
� cells.3–5 With manipulation of culture conditions and
use of pax4 or pdx-1, transcription factors associated with
�-cell lineage6,7 yield promising results.

Some doubt has been cast on whether ESC different-
iation protocols truly yield cells that produce insulin, or
cells that merely absorb insulin from the medium.8 These
differentiated cells must actively synthesise and secrete
insulin rather than insulin being detected. Functioning
molecular components of regulated secretion of insulin
and insulin-containing vesicles are additional features
that indicate a �-cell phenotype. Transplantation of ESC-
derived insulin-producing cells reverses diabetes in rod-
ents,2,6 indicating that these cells do synthesise and
release insulin. The early and uncontrolled introduction
of transcription factors into ESC during in-vitro differ-
entiation might not yield the desired results.5 Regulated
expression of introduced transcription factors that can be
turned on during in-vitro differentiation of ESC might be
more successful.7 ESC, genetically selected for insulin
expression and injected into diabetic rats, improve
glucose control.10

Human ESC produce insulin under different culture
conditions.11,12 Techniques that do not require murine
feeder cells have been developed, allowing for single-
species propagation of ESC and avoiding possible zoo-
notic infection of cells intended for clinical use.13 Prob-
lems in control of differentiation and teratoma formation

from ESC-derived insulin-producing cells remain to be
overcome.14 Existing ESC lines are not assumed to be
identical or ideal for generating islets or � cells. Hence
additional ESC lines continue to be generated.15 Ethical
concerns about the use of ESC need to be addressed and
resolved in the face of this powerful technology.

Stem cells derived from haemopoietic organs
Bone marrow harbours cells that can become parench-
ymal cells after entering the liver, intestine, skin, lung,
skeletal muscle, heart muscle, and central nervous
system,16 in rodent models and in human recipients of
marrow or organ transplantation.17,18 In rodents, haemo-
poietic organs harbour cells that can also differentiate into
functional pancreatic endocrine cells.19–24

1–2 months after bone-marrow transplantation, donor-
derived cells are found in pancreatic islets of recipient
mice.19 These cells express insulin and genetic markers of
� cells. In culture, the cells secrete insulin in response to
glucose, and show intracellular calcium fluctuations
similar to normal � cells. However, only about 1–3% of
the islet cells originate from the transplanted marrow
(figure, A).19 A marrow-derived cell-type with pluri-
potential capacity to transdifferentiate into various pheno-
types has been described.25 This or a similar cell type
might be able to differentiate into pancreatic � cells.

Similar experiments have been done in overtly diabetic
mice whose � cells have been destroyed by streptozotocin.
After bone-marrow transplantation, blood glucose and
insulin concentrations were normal, and survival was
better.20 In islets, marrow-derived cells had differentiated
into endothelial cells and occasionally into insulin-
expressing cells.20 Endothelial engraftment was spec-
ulated to stimulate the proliferation of local pancreatic
progenitors, leading in turn to the increased insulin-
producing cell-mass (figure, B).

Context Curative therapy for diabetes mellitus mainly implies replacement of functional insulin-producing pancreatic

� cells, with pancreas or islet-cell transplants. However, shortage of donor organs spurs research into alternative means

of generating � cells from islet expansion, encapsulated islet xenografts, human islet cell-lines, and stem cells. Stem-

cell therapy here implies the replacement of diseased or lost cells from progeny of pluripotent or multipotent cells. Both

embryonic stem cells (derived from the inner cell mass of a blastocyst) and adult stem cells (found in the postnatal

organism) have been used to generate surrogate � cells or otherwise restore �-cell functioning.

Starting point Recently, Andreas Lechner and colleagues failed to see transdifferentiation into pancreatic � cells after

transplantation of bone-marrow cells into mice (Diabetes 2004; 53: 616–23). Last year, Jayaraj Rajagopal and colleagues

failed to derive � cells from embryonic stem cells (Science 2003; 299: 363). However, others have seen such effects.

Where next? As in every emerging field in biology, early reports seem confusing and conflicting. Embryonic and adult

stem cells are potential sources for �-cell replacement and merit further scientific investigation. Discrepancies between

different results need to be reconciled. Fundamental processes in determining the differentiation pathways of stem

cells remain to be elucidated, so that rigorous and reliable differentiation protocols can be established. Encouraging

studies in rodent models may ultimately set the stage for large-animal studies and translational investigation.
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Although these studies show the possibility of bone-
marrow transplantation as a therapeutic approach for
�-cell replacement, the immunological destruction of
newly regenerated � cells in type 1 diabetes remains a
problem. Bone-marrow transplantation induces micro-
chimerism. In non-obese diabetic (NOD) mice, an auto-
immune model of type 1 diabetes, transplanted with
marrow before development of autoimmune diabetes,
chimerism prevents diabetes mellitus, presumably by
mechanisms involving donor immunoregulatory cells
that prevent the host cells from becoming autoreactive
against � cells. By contrast, in NOD mice that are already
diabetic, induction of chimerism by sublethal or lethal
irradiation followed by marrow transplantation does not
result in recovery from diabetes.21 However, when these
diabetic transplant-recipients are kept normoglycaemic by
insulin therapy, they ultimately recover from diabetes.

Pancreatic tissue showed increased proliferative activity
and regeneration of � cells. Thus marrow transplantation
to induce immunological control plus maintenance of
normoglycaemia allowed local � or progenitor cells to
proliferate as an adaptive response (figure, C).21

Transplantation of mesenchymal cells from the spleen
combined with complete Freund’s adjuvant led to reversal
of diabetes accompanied by regeneration of insulin-
producing islets.22 The transplanted splenic mesenchymal
cells differentiate into � cells.23 Thus splenic mesen-
chymal cells transplanted under certain conditions seem
not only to keep immune destruction of islets in check,
but also can transdifferentiate into pancreatic � cells. The
relative functions seemed to arise from different sub-
populations (figure, D).23

Bone-marrow cells can differentiate in vitro under con-
trolled conditions into insulin-expressing cells.25,26 Such
cells, transplanted under the kidney capsule of diabetic
rodents, correct glucose. Removal of the grafted kidney
returned the animals to a diabetic state.27

Cell fusion has been suggested as a mechanism of
apparent adaption of bone-marrow-derived cells into an
extramedullary phenotype.24,28 Studies involving pancreatic
endocrine-cell differentiation from haemopoietic-organ
derivatives largely rule out cell-fusion events as a mech-
anism of transdifferentiation.19–23 Bone-marrow-derived
extramedullary parenchymal tissue is not always found.28

Some groups find little if any transdifferentiation29,30 or
bone-marrow derivation of intra-islet endothelial cells in
diabetic mice.31 The last finding was made recently by
Andreas Lechner and colleagues. One group reports the
generation of insulin-producing cells in liver, adipose
tissue, spleen, and bone marrow in rodent models of
diabetes mellitus.32 Bone-marrow transplantation shows
that most if not all extrapancreatic insulin-producing cells
derive from donor bone-marrow (figure, E).32

Stem cells in liver and pancreas
In isolated pancreatic tissue, pancreas-resident progenitor
cells might give rise to endocrine islet cells. Human and
rodent pancreatic-duct cells,33,34 islet-derived cells,35,36 and
exocrine tissue37 contain cells that can differentiate
towards a pancreatic endocrine phenotype. These tissues,
cultured and differentiated in vitro, have been trans-
planted and can reverse diabetes mellitus in rodents.

Rodent-liver stem cells and human fetal-liver cells have
been differentiated in vitro into insulin-secreting cells by
culture methods and/or introduction of �-cell-specific
genes. When transplanted, these cells reverse diabetes
mellitus in rodents.39 Cells within liver that can differ-
entiate into insulin-secreting cells after introduction of
ß-cell-specific genes have also been seen in vivo after
adenoviral gene-delivery into rodents that have been
rescued from diabetes for long periods.40,41

A bone-fide pancreatic stem cell for �-cell regeneration
remains elusive. A genetic-marking study in mice casts
doubt on the existence of any �-cell progenitor cells and
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Figure: Pancreatic islet-cell regeneration after transplantation of cells derived from haemopoietic organs
A=direct differentiation (transdifferentiation) of bone-marrow-derived stem cells into pancreatic endocrine cells.19

B=bone marrow contributes to generation of endothelial cells in damaged islets; newly formed endothelial cells
stimulate differentiation of locally present host-pancreatic progenitor cells.20 C=chimerism achieved by bone-
marrow transplantation in NOD mice induces immunological tolerance towards � cells.21 D=spleen mesenchymal-
cell transplantation induces immunological tolerance towards � cells.22,23 E=bone-marrow-derived cells produce
pancreatic endocrine hormones at various extrapancreatic sites in hyperglycaemic animals. Adapted from reference
24 with permission.
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suggests that � cells regenerate only by proliferation of
existing � cells.42

In human beings, early immunological intervention to
stop �-cell destruction during the development of type 1
diabetes mellitus allows recovery of pancreatic endocrine
function.43,44 This finding might in part be attributable to
recovery in �-cell mass by recruitment of local pancreatic
or extrapancreatic progenitor cells that differentiate into 
� cells and/or proliferation of remaining � cells during
protection from immune-mediated destruction.
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