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Recent findings suggest that bone marrow (BM) cells have the capacity to differentiate into a variety of cell
types including endocrine cells of the pancreas. We report that BM derived cells, when cultured under defined
conditions, were induced to trans-differentiate into insulin-producing cells. Furthermore, these insulin-
producing cells formed aggregates that, upon transplantation into mice, acquired architecture similar to islets
of Langerhans. These aggregates showed endocrine gene expression for insulin (I and II), glucagon,
somatostatin and pancreatic polypeptide. Immunohistochemistry also confirmed that these aggregates were
positive for insulin, somatostatin, pancreatic polypeptide and C-peptide. Also, Western and ELISA analysis
demonstrated expression of proinsulin and/or secretion of active insulin upon glucose challenge. Subcapsular
renal transplantation of these aggregates into hyperglycemic mice lowered circulating blood glucose levels and
maintained comparatively normal glucose levels for up to 90 days post-transplantation. Graft removal resulted
in rapid relapse and death in experimental animals. In addition, electron microscopy revealed these aggregates
had acquired ultrastructure typically associated with mature beta (b) cells. These results demonstrate that adult
BM cells are capable of trans-differentiating into a pancreatic lineage in vitro and may represent a pool of cells
for the treatment of diabetes mellitus.
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Stem cells are self-renewing elements that can
generate many cell types in the body and are
found in both adult and fetal tissue. Cell
therapy using stem cells and their progeny is a
promising approach that may be capable of addres-
sing many unmet medical needs.1 Recently, stem
cell research has quickly progressed, allowing
researchers to isolate and purify stem/progenitor
cell populations from various tissues (ie hemato-
poietic, vascular endothelial and neural stem cells,
as well as hepatic oval cells).2–4 Bone marrow (BM)-
derived cells have been shown to differentiate into

various lineages, such as hepatocytes, in vivo and in
vitro.5–7 As stem cell research progresses, new
methods for the therapy and treatment of diseases
such as diabetes mellitus may be possible. In
addition, stem cell research may advance our
understanding of organ regeneration and the me-
chanism(s) thereof.

The pancreas is composed of two compartments,
the exocrine and endocrine, which have very
distinct functions. The endocrine compartment
consists of islets of Langerhans, which are com-
posed of clusters of four cell types that synthesize
the peptide hormones: insulin (b-cells), glucagon (a-
cells), somatostatin (d-cells) and pancreatic poly-
peptide (g-cells). These cells have been shown to
differentiate from ductal epithelial stem cells
through sequential differentiation during embryo-
genesis.8–10

Type I diabetes results when the b-cells of the
pancreas are destroyed by T-cells of the immune
system, which markedly reduce the number of
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b-cells resulting in lower insulin production.
The worldwide prevalence of Type I diabetes is
rapidly increasing and considerable interest
has developed in finding mechanisms that may
increase active insulin secretion. Various endea-
vors to solve this challenge have been made
through stimulating the endogenous regenera-
tion of islets and through transplantation of
donor islets or in vitro-differentiated islet-like
cells.11–14

Recent reports have described, a multipotent stem
cell within the pancreas.15 These cells have the
capacity to differentiate into pancreatic islet-like
structures in vitro. Furthermore, other cell types,
such as hepatic oval cells and embryonic stem cells
are also capable of differentiating into pancreatic
endocrine hormone-producing cells both in vitro
and in vivo.16–18

Current research, attention has focused on the
possible use of the controlled differentiation of
stem cells to obtain specialized cells useful in
treating many diseases. Here, we show that
BM-derived cells can be efficiently induced to
differentiate into insulin-producing cells, as well
as other cell types, typical of endocrine pancreas. In
addition, these cells self-assemble to form func-
tional pancreatic islet-like structures. The insulin-
producing cell clusters isolated from BM cells
demonstrated reversal of hyperglycemia when im-
planted into a chemically induced diabetic NOD/
scid mouse model. In addition, these cells acquire
ultrastructural characteristics typical of a mature
b-cell phenotype. The data provided may allow for
the treatment of diabetes via a stem cell therapy
approach.

Materials and methods

BM Cell Culture

All procedures regarding animals were conducted
according to institutionally approved protocols
and guidelines. BM cells were collected from the
long bones of F-344 rats (Harlan, Indianapolis,
IN, USA). The BM cells were cultured in DMEM
supplemented with 10% FBS. After 60min of
incubation, nonadherent cells were collected
and washed with fresh, serum-free DMEM medium.
The cells were replated in serum-free DMEM
medium at a cell density of 1� 107/cm2 in the
presence of 1% DMSO. The cells were then
cultured in DMEM supplemented with 1%
DMSO for 3 days followed by either high
(25mM) or low (5.5mM) glucose DMEM media
supplemented with 10% FBS for 7 additional days.
They were plated in plastic six well plates on slide
coverslips (22� 22mm2) coated with 0.3% type I
collagen, which was extracted from the rat-tail
tendon by the method described by Michalopoulos
and Pitot.19

Detection of Transcription Factors, Glut-2 and
Pancreatic Endocrine mRNAs

Total RNA was isolated from the adult rat pancreas
and BM cells treated with 1% DMSO/DMEM low
glucose medium (Day 3), DMEM high glucose
medium with 10% FBS (days 7 and 10), or
nonculture BM cells by the RNeasy kit (Qiagen,
Valencia, CA, USA). A measure of 2 mg RNA was
used for cDNA synthesis. RT-PCR was performed as
previously described by Yang et al.16 The resulting
products were amplified, electrophoresed in 1.5%
agarose gels containing EtBr, and purified by gel
elusion. These products were directly sequenced
using an AmpliTaq cycle sequencing kit (Perkin-
Elmer Setus, Branchburg, NJ, USA) for genetic
confirmation.

Analysis of Insulin Gene Expression by Northern Blot

Total RNA was extracted from phosphate-buffered
saline (PBS)-washed BM-derived cluster cultures,
using RNA-Bee (Tel-Test, Inc. TX, USA) and pur-
ified per the manufacturer’s guidelines. RNA con-
centration and purity were determined by routine
spectrophotometry. Samples of RNA (25 mg/lane)
were size fractionated on 1% agarose gels and
transferred to nylon membranes (Amersham, Ar-
lington Heights, IL, USA) by capillary action. After
crosslinking under UV light, membranes were
prehybridizated and then hybridized overnight with
specific insulin cDNA that had been labeled with
[a-32P]dCTP using an Amersham random primer kit.
Membrane was subsequently washed under high-
stringency conditions and exposed to X-omat film
(Kodak, NY, USA).

In Situ Hybridization (ISH) with Digoxigenin-Labeled
DNA Probes (Boehringer Mannheim)

Frozen sections of 6 mm thickness were fixed for
15min in 4% paraformaldehyde. Rat insulin digoxi-
genin-labeled DNA probe (Roche, Indianapolis, IN,
USA) was denatured at 80oC for 5min and applied
to sections at 521C. The sections were coverslipped
and sealed with rubber cement for incubation
overnight in a hydrated slide box at 521C. The
following day, the coverslips were carefully re-
moved in preheated 2x SSC buffer, pH 7.0, at 651C.
The sections were gently washed twice in preheated
50% formamide in 5x SSC buffer for 5min each at
room temperature and were then gently washed
twice in preheated 0.1x SSC buffer for 5min each at
651C. Color development was performed at room
temperature in buffer (Tris 100mM, NaCl 100mM
and MgCl2 50mM, pH 9.5) containing NBTand BCIP
(Roche). Sections were counterstained with nuclear
fast red (Vector Laboratories, Burlingame, CA, USA)
and mounted in Cytoseal (Richard-Allan Sci. Kala-
mazoo, MI, USA).
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Immunocytochemistry

Immunoactivity was detected using the cytochem-
ical method described by Oh et al.7 Trans-differ-
entiated BM-derived cells were grown on coated
coverslips until spheroid colonies formed at ap-
proximately 10 days of culture. Individual clusters
were retrieved, frozen in OCT at �701C, cut into
6mm sections and placed on Superfrost Plus slides.
Sections were then fixed in a 4% paraformaldehyde/
PBS solution at room temperature for 15min. The
slides were further treated with a 5% skim milk in
TBS-Ca blocking medium for 1h. These slides were
incubated overnight at 41C with one of the follow-
ing: anti-human Insulin (Dako, Carpinteria, CA,
USA), anti-rat insulin (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA), anti-human pancreatic
polypeptide (Dako), anti-rat somatostatin (Santa
Cruz), or anti-rat C-peptide (Linco Research Inc., St
Charles, MI, USA) diluted at 1:100. Sections were
washed with TBS-Ca, samples were incubated at 41C
for 3 h with secondary antibody: anti-rabbit IgG
Texas Red-conjugated, anti-guinea pig IgG Texas
Red-conjugated, anti-rabbit IgG Fluoresceine (FITC)
conjugated or anti-goat IgG FITC conjugated (Santa
Cruz, CA, USA) at a 1:100 dilution with DAPI
(Vecter Lab. Burlingame, CA, USA) for nuclear
staining. The sections were then photographed
using an Olympus microscope and Optronics Digital
camera (Olympus, Melville, NY, USA) or a MRC
1024 GS confocal microscope (Bio-Rad, Hercules,
CA, USA).

Measurement of Insulin Content and Secretion by
Immunoprecipitation-Western Blotting and ELISA

BM cells were cultured in the presence of 1% DMSO
for 3 days, and changed to DMEM with 4.5 g/l
glucose and 10% FBS for 7 days. The medium was
then changed to serum-free medium containing
0.5% BSA and 5.5mM glucose to enable the
detection of insulin secretion without interference
from the fetal serum. The cells were incubated in
this condition for 5 h at 371C followed by washing
twice with additional serum-free medium. High-
glucose challenge of the cells was achieved by the
addition of serum-free media containing 25mM
glucose for a 2h at 371C. The conditioned media
was collected and frozen at �201C until assayed for
insulin content. Intracellular insulin was detected
by cell extraction with lysis buffer and a combina-
tion of immunoprecipitation and Western blotting,
as detailed by Yang et al.16 Specifically, the presence
of insulin in the culture media and cells lysates was
determined by immunoprecipitation with a rabbit
polyclonal antiinsulin antibody (Santa Cruz Bio-
technology) followed by separation of the precipi-
tated material by SDS-PAGE on 18% gels, transfer to
nylon membranes, and blotting with anti-insulin
antibody. A measure of 150 mg of cell lysate or 1ml of
culture media was subjected to immunoprecipita-

tion. Normal rabbit serum was used as primary
antibody control and culture medium containing
0.5% BSAwas used as a control for secreted insulin
measurements. Insulin protein was visualized by
chemiluminescence. ELISA was performed on the
conditioned media to determine insulin secretion
using the 1-2-3 Ultra-Sensitive Rat Insulin ELISA kit
following the manufacturer’s instructions (ALPCO
Diagnostics, Windham, NH, USA).

Insulin-Producing Cell Transplantation and
Physiological Tests

Hyperglycemia was induced in 10-week-old male
NOD/scid mice (The Jackson Laboratory, Bar Harbor,
ME, USA) through intraperitoneal injection of
40mg/kg of streptozotocin (STZ) once a day for five
consecutive days as described by Yang et al.16 Blood
glucose level was determined using a standard
blood glucose meter (One touch profile, Johnson
and Johnson Com., Milpitas, CA, USA). Stable
hyperglycemia (blood glucose levels ranging be-
tween 300 and 600mg/dl) developed 5–6 days
following the last STZ injection.

Under general anesthesia, mice received a renal
subcapsular transplant of 150 insulin-producing
clusters (n¼ 9), a sham transplant of saline solution
(n¼ 10) or 10 million noncultured BM cells (n¼ 3)
in the right subcapsular renal space. Blood glucose
levels were monitored every 2 days after transplan-
tation for 17 days. Grafts were then removed by
unilateral nephrectomy to test for euglycemia
reversal and glucose monitoring continued (n¼ 6).

Immuno-gold Labeling and Electron Microscopy

Insulin-producing cell clusters were fixed in 0.1%
glutaraldehyde/2% formaldehyde in 0.1M cacody-
late buffer, transferred to 0.1M cacodylate buffer,
and embedded. Ultrathin sections were sequentially
treated with 10% H2O2, washed with 0.9% NaCl,
blocked with 3% BSA, incubated overnight with the
primary antibody in PBS supplemented with 0.5%
BSA (rabbit anti-rat insulin, 1:100, Santa Cruz),
washed with PBS, and reblocked with goat serum.
Binding of the primary antibody was visualized
with gold-labeled secondary antibody (15-nm gold
particles, goat-anti-rabbit, Amersham Pharmacia,
Piscataway, NJ, USA), followed by counterstaining
of the sections for electron microscopy.

Results

BM-Derived Cells Trans-Differentiation into
Endocrine Cells

BM cells were plated on 0.3% rat tail collagen (RTC)
coated coverslips contained within six-well culture
dishes. BM cells were cultured with 1% dimethyl
sulfoxide (DMSO) in serum-free DMEM for 3 days
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and then maintained for an additional 7 days in a
DMSO-free DMEM medium containing 10% FBS
with either a low (5.5mM) or high (25mM)
concentration of glucose. Cells cultured under
high-glucose conditions began to form small spher-
oid clusters at approximately day 7 (Figure 1a).
Following day 10, under the same conditions, the
number and dimension of these spheroid cell
clusters were markedly increased (Figure 1b and
c). The three-dimensional cell growth morphology
closely resembled islet-like clusters, as previously
described by other investigators.13,15,16 The results of
the experimental approach using either low- or
high-glucose medium in inducing spheroid forma-
tion are summarized in Figure 1d. The number of
clusters formed in low-glucose culture conditions
on a 22� 22mm2 coverslip was 17711.3. However,
under high-glucose condition the number of clusters
obtained were 157732.9 (Figure 1d). Also, it should
be noted that the cluster size under low-glucose
conditions was considerably smaller as compared to
that of high-glucose condition (data not shown).
Based on the culture conditions and the harshness
of the first 3 days, we looked at viability of the BM

cells. At time zero, 2-h postculture the viability of
these cells was at 95% by Trypan blue-exclusion
technique. The cells at day 3 of culture (1% DMSO-
serum free) revealed that the cells were 97.6% viable
by Trypan blue-exclusion and propidium iodide (PI)
FACS analysis. Lastly, we examined the clusters
formed in culture (day 10) for cell viability. The
clusters were disassociated and examined by Trypan
blue-exclusion at PI FACS. The assays revealed very
little cell death within the formed clusters with cell
viability in the 99% range. Thus, the harshness of
the culture conditions (3 days in serum-free 1%-
DMSO media) did appear to select for a sub-
population of BM cells, which, when switched to a
high-glucose serum-supplemented media, were able
to proliferate and form clusters.

Gene Expression of Endocrine Cell Markers by the
BM-Derived Clusters

To determine whether the islet-like clusters appear-
ing in the BM-derived cell cultures may have trans-
differentiated into endocrine hormone-producing

Figure 1 BM cells differentiated into pancreatic-like cells via in vitro culture system. Trans-differentiation of BM cells under conditions,
which induce an endocrine cell phenotype: BM cells cultured in the serum-free medium for 3 days in 1% DMSO then cultured in the
10% FBS and high glucose (25mM) for an additional 4 days. Small clusters begin to form and continued to expand forming a tightly
organized mass of cells (a). Multiple clusters can be seen in single fields (b), and at higher magnifications they appear to have defined
edges and structure (c). Low-glucose conditions produce 17.3711.3 clusters while high-glucose conditions for 10 days gave a mean value
of 157.5732.9 clusters (n¼8/22� 22mm2 coverslips, three separate experiments) clusters (d). Original magnification for (a) and
(c): �40, with magnification for (b):� 20.
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cells, the expression of endocrine cell genes was
examined by RT-PCR. In order to ascertain whether
pancreatic lineages are originally present in the
bone marrow, we tested total RNA extracted from
freshly isolated BM cells by RT-PCR for gene
expression of pancreatic specific transcription fac-
tors and the Glut-2 and endocrine genes. Transcrip-
tion factors, Glut-2 and endocrine pancreatic
mRNAs were not detected in the freshly isolated
BM cells at day 0 (Figure 2a and b, D0). However,
when BM cells were cultured with 1% DMSO for 3
days, PDX-1, NKX2.2 and NKX6.1 messages were
strongly expressed (Figure 2a, D3). Furthermore, the
Glut-2 gene was not expressed in D0 and D3, but the
message was expressed following the change to
high-glucose culture medium (Figure 2a days 7 and
10). Endocrine messages demonstrate that expres-
sion of genes occurred in BM cell cultures treated
with 1% DMSO. Insulin (I and II), glucagon,
somatostatin and pancreatic polypeptide mRNAs
were detected during the initial 3 days of culture
(Figure 2b, D3). Further investigation of cultures in
high-glucose DMEM with 10% FBS also showed the
expression of these mRNAs at days 7 and 10 (Figure
2b). These PCR products were further analyzed by
sequencing and compared to GenBank for confirma-
tion (data not shown).

In addition, we also examined the mRNA expres-
sion for insulin by Northern blot and in situ
hybridization of BM-derived clusters. Figure 3a
shows the presence of insulin mRNA in cultured
BM-derived insulin-producing clusters and INS-1
cells (positive control), but fresh BM cells did not
express insulin message. Expression of the insulin
gene was also examined by ISH of the BM-derived
clusters. Figure 3b represents ISH for insulin on
noncultured BM cells. As seen in the figure the
noncultured BM cells are negative for insulin
expression. While Figure 3c indicates the presence
of the insulin expression in INS-1 cells (positive
control). Figure 3d and e show the presence of

Figure 2 Pancreatic gene expression in noncultured and cultured
BM derived cells. RT-PCR analysis for expression of transcription
factors, Glut-2 (a) and pancreatic endocrine genes (b) in adult
pancreas (control), noncultured BM-derived cells and cultured
BM-derived cells.

Figure 3 Northern blot and ISH analyses of expression of insulin
message in cultured BM cells. (a) Insulin mRNA levels in BM
derived cells: Northern analysis for expression of insulin mRNA
in normal liver (negative control), INS-1 cell (positive control),
cultured BM derived cells and noncultured BM-derived cells. (b–
e) ISH of insulin mRNA in whole BM cells (b; Negative control),
INS-1 cell (c; Positive control) and frozen sections of clusters (d
and e). ISH analysis at low and high magnifications (d and e). The
cells are positive for insulin mRNA expression (blue) and counter
stained with nuclear fast red. (b–d) photomicrographs were taken
using �60 and �100 oil immersion objectives, respectively.
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insulin mRNA in the cytoplasm of the BM-derived
clusters using a DIG-labeled insulin-oligonucleotide
probe. Insulin mRNA is clearly visible in a majority
of the cells within the BM-derived clusters. These
results indicate that BM-derived clusters may
possess the potential to trans-differentiate into cells
found within the islets of Langerhans.

Protein Analysis of BM-Derived Insulin-Producing
Cells

To investigate the expression of pancreatic hor-
mones, immunofluorescence analyses was per-
formed for insulin, somatostatin and pancreatic
polypeptide in BM-derived clusters. BM cells
cultured with DMSO and under high-glucose con-
dition were capable of cluster formation. The islets
of Langerhans in normal pancreas were shown to
strongly express insulin (Figure 4a). Furthermore,
other cells found in islets of Langerhans express
somatostatin (Figure 4b) and pancreatic polypeptide
(Figure 4c). Figure 4d represents noncultured BM
stained for insulin. In addition, immunofluores-
cence was performed for somatostatin and pancrea-
tic polypeptide revealing no positive staining (data
not shown). However, the BM derived insulin-
producing clusters did express these cytoplasmic
proteins (Figure 4e–g). In these BM-derived cells, a
higher number of insulin-positive cells were ob-
served, corresponding to approximately 80% of the
total cell population (Figure 4e). As expected, the
number of insulin-positive cells observed was
significantly higher than the number of cells
expressing either somatostatin (Figure 4f) or pan-
creatic polypeptide (Figure 4g).

The trans-differentiated BM-derived cells, or in-
sulin-producing clusters, synthesize and store de-
tectable amounts of insulin during glucose
challenge as determined by immunoprecipitation
and Western blot analysis (Figure 5a). It was found
that during glucose challenge, the cell lysate of
the insulin-producing cell clusters contained
proinsulin, while the media revealed the two-chain
form of insulin. In addition to the Western analysis,
we performed an ELISA assay to quantify the insulin
being released into the media. In two separate
experiments, BM-derived insulin-producing cell
clusters (approx. 90 clusters per experiment) were
challenged with 25mM glucose for 2 h which
resulted in secretion of roughly 186ng/ml of insulin
into the media (Figure 5b). However, cells cultured
in a low-glucose media (5.5mM) as well as media
alone, showed no insulin reactivity (Figure 5b).

In addition, we also assessed the C-peptide
expression of the BM-derived insulin producing
clusters. Cells positive for C-peptide staining were
seen throughout the clusters (Figure 6c–e). A
comparison of the C-peptide staining pattern of a
positive control cell line, INS-1, which overex-
presses insulin (Figure 6a and b), to our insulin-

producing cells, showed a pattern of staining similar
in nature. We also examined this immunohistostain-
ning using deconvolution microscopy (Delta Vision,
Applied Precision Inc. WA, USA) to pinpoint the C-
peptide staining within the cytoplasm of our
insulin-producing cells (Figure 6e). These results
suggest that BM-derived clusters may possess the
function of insulin secretion during glucose chal-
lenge, as well as displaying morphology similar to
Langerhans islets.

Figure 4 Immunofluorescence reveals BM-derived cells differ-
entiated into pancreatic-like in vitro. Immunohistochemistry for
insulin (a; Texas red) and double staining of insulin (Texas Red)
with somatostatin (b; FITC) or pancreatic polypeptide (c; FITC) on
normal pancreas, and nonculture BM cells counterstained using
DAPI (blue) for nuclear staining; no immunostaining is observed
(d). Immunofluorescence staining for insulin (Texas Red) on
whole mount in BM derived cells, day 10 and frozen section of
isolated cluster at � 40: insulin immunoreactivity is present in
the spheroid (e). Confocal photomicrographs of dual immuno-
fluorescence for insulin (Texas Red) with somatostatin (FITC) or
pancreatic polypeptide (FITC) on frozen sections of BM-derived
cells, (f and g respectively). Original magnification is (b and d),
� 40 and (c), �20 objective. Photomicrographs for (f) and (g)
were taken on MRC 1024 GS confocal microscope using a �60 oil
immersion objective (f), and a �40 (g) objective.
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Rescue and Survival of Chemically Induced Diabetic
Mice Following Insulin-Producing Cell
Transplantation

Previous studies have shown that maturation to
functional islet cells in vitro requires implantation
into an in vivo environment.15 The ability of insulin-
producing cells to reverse hyperglycemia was
examined in vivo using a STZ-induced diabetes
NOD/scid mouse model. Multiple treatments of STZ
chemically induced a diabetic state in NOD/scid
mice. Nine diabetic mice received roughly 150 BM-
derived insulin-producing clusters transplanted
into the renal subcapsular space. The mice receiving
the transplant began to normalize their blood
glucose levels within 2–3 days (Figure 7). Approxi-
mately 17 days post-transplantation, six of the nine
mice underwent a nephrectomy to remove the graft.
As seen in the graph, these animals became
hyperglycemic and died shortly thereafter. The
animals that retained the transplanted insulin-
producing clusters maintained fairly normal glucose
levels for the remainder of the study. Our results
suggest that the clusters hold the potential to mature
into fully functioning-endocrine cells similar to the
islets of the pancreas. Control animals that did not
receive implants or received noncultured BM cells

exhibited persistent hyperglycemia followed by
death.

The kidneys that received transplants were
excised and further analyzed by conventional hema-
toxylin/eosin staining, immunohistochemistry,
and ISH for insulin expression (Figure 8). Histo-
logy of the kidney capsules from animals
that received a transplant of insulin-producing
clusters was examined (Figure 8b). As seen in
the photomicrograph the transplanted clusters
were able to engraft under the capsule. The
transplanted clusters were positive for insulin
by immunohistochemistry (Figure 8c), and
insulin gene expression was confirmed by ISH
(Figure 8d). Normal kidney tissue, which did
not receive a cluster transplant did not hybridize
with the insulin probe demonstrating the
specificity of the probe for insulin mRNA (Figure
8e). These results show that insulin-producing
clusters retain their ability to secrete insulin in vivo
and respond to the high-blood glucose levels in the
diabetic mice.

Figure 5 Analysis of secretion of insulin following glucose
challenge in BM derived clusters cultures. (a) Western-blot
analysis of insulin secretions measured following collection of
cell lysates and culture-conditioned media. (b) ELISA assay for
insulin in conditioned media from BM-derived cells exposed to
low- (5.5mM) or high- (25mM) glucose conditions for 2 h. After
exposure to high glucose both H9-2 (83 clusters) and H8-2 (94
clusters) showed secretion of insulin into the media (177.8 and
196.0ng/ml, respectively). Whereas, the BM-derived cells ex-
posed to low-glucose conditions and media alone showed no
reactivity to insulin in the assay.

Figure 6 C-peptide analysis of BM-derived cells. Frozen sections
of BM-derived cells were immunostained in order to determine
the presence of processed proinsulin, which is C-peptide. INS-1
cells (a and b, positive control), BM-derived cells (c, d and e) were
immunostained for C-peptide. As seen in the high-magnification
photomicrograph (d), the cells within the cluster show distinct
staining similar to the INS-1 positive control cells (b). Deconvolu-
tion microscopy was used to pinpoint the C-peptide staining
within the cytoplasm of our insulin-producing cells (e). Original
magnifications are as follows: (a) and (c): �40 and (b) and (d):
� 60, (e) �100 oil immersion.
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Ultra-Structural Analysis of Insulin Producing Cell
Clusters

Ultra-structural analysis of the insulin-producing
clusters was also performed. An electron-micro-
graph of BM-derived trans-differentiated cells at a
low magnification reveals structures typical of a
secretory cell, including rough endoplasmic reticu-
lum, Golgi complex, a few large vacuoles and
secretory vesicles containing dense granules (Figure
9a). In addition, microvilli are visible on their
surface, which has been described as a characteristic
of b-cells.20 Also, many granules seen in the insulin-
producing cell clusters exhibited a pale nature with
crystalline-like features (Figure 9b). Lastly, immu-
nogold electron microscopy revealed insulin within
the small secretory vesicles of the insulin-producing
clusters (Figure 9c–g). Gold-labeling detected faint
globular structures of differing size filled with
floccular, low-density material (Figure 9c) as well
as granules with an electron-dense core at the apical
pole of the cells (Figure 9d–g). The immunogold
labeling of the insulin-producing clusters appears to
resemble that of normal pancreatic b-cell, as pre-
viously described.21 Figure 9h and i represents
positive and negative controls for immnunogold
labeling, respectively. Figure 9h shows INS-1 cells,
which is an over expressing cell line, with several
positive particles per secretory granule. The INS-1
cells were presented only to validate the assay and
not to correlate insulin-positive signal between the
INS-1 cells and the BM-derived insulin-producing
clusters. The size and location of the gold labeling of

the INS-1 cells closely resembles our insulin-
producing clusters. Nonspecific labeling was absent
in the nucleus and elsewhere throughout the cell
(Figure 9i). The ultrastructural features typical of an
adult b-cell found within the insulin-producing
clusters suggests these cells may have truly trans-
differentiated during culture into b-like cells cap-
able of producing insulin.

Discussion

The data presented demonstrates that adult BM cells
appear to trans-differentiate into functional endo-
crine cells, capable of producing and secreting
insulin under high-glucose culture condition. When
insulin-producing clusters are transplanted into
STZ treated NOD/scid mice, blood glucose levels
were normalized. Previously, several reports have
demonstrated the presence of progenitor cells with-
in pancreatic islets that are capable of differentiating
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Figure 7 Transplantation of insulin-producing cells into STZ-
treated diabetic NOD/scid mice. To ascertain the functionality of
these insulin-producing clusters and determine the changes of
blood glucose levels over time, insulin-producing cells were
transplanted into chemically induced diabetic mice. Shown in
the graph are control STZ-treated mice transplanted with saline
(n¼ 10) or noncultured BM-cells (n¼ 3), and mice transplanted
with approximately 150 BM-derived insulin-producing clusters
(n¼ 9). In order to determine whether the transplanted clusters
were responsible for the normalization of glucose levels, the
insulin-producing cell transplanted mice were separated into two
groups. One group was allowed to maintain the transplanted graft
(non-nephrectomy; n¼3), while the second group of transplanted
mice underwent a nephrectomy (graft/nephrectomy; n¼6). As
seen in the graph, those mice that had the graft removed became
hyperglycemic and eventually died (*; end point of death).

Figure 8 Analysis of graft following kidney excision via im-
munohistochemistry and ISH for insulin expression. H and E
staining of engrafted cells under the kidney capsule reveals that
the cells have become cuboidal which is typical of the mature
islet cell structure seen in adult pancreas (b) and nontransplanted
animal kidney (normal control, a). Insulin staining illustrates that
most of the grafted cells are still positive (c). With ISH the grafted
cells are positive for expression of the insulin mRNA (d).
Nontransplanted kidney tissue as a negative control for ISH (e).
(c) and (d) were prepared as serial sections of kidney tissue from
BM-derived insulin-producing clusters transplanted animals. The
large arrows in (a), (b), (c) and (e) represent the kidney capsule,
while the arrowheads indicated positive signals for insulin (d).
Original magnification is �60.
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into insulin-producing cells.15,22 Other reports have
stated that hepatic oval cells, embryonic stem cells
and splenocyte are capable of differentiating into
cells with a pancreatic endocrine phenotype.16–18,23

The present report indicates an additional source
of cells capable of differentiating into pancre-
atic endocrine cells both phenotypically and
functionally.

Hematopoietic stem cells (HSC), are normally
present in adult marrow and have been shown to
differentiate into a variety of cell types, including
bone, muscle, fat, cartilage, cardiomyocytes, astro-

cytes and hepatic cells.5,24–29 Recently, two reports
have described the pluripotency of a mesenchymal
cell also known as multipotent adult progenitor
cells (MAPC). When derived from adult BM, MAPCs
can be kept in culture for an extended period of time
and can also differentiate into both hepatic and
neural lineages.30,31 Although HSCs and MAPCs
can differentiate into several lineages, to date
no pancreatic cells have been described. A recent
paper by Lumelsky et al17 demonstrated that
embryonic stem cells may possess the ability to
become b-like insulin-producing cells. However,

Figure 9 Electron microscopy and immunoelectron microscopy of BM-derived insulin-producing cell spheroids. Electron microscopy of
day 10 insulin-producing cells characterizes their ultrastructure. Secretory granules are densely packed within the cytoplasm of the
trans-differentiated cell. Along the cell membrane, microvilli can be seen (a). This has been reported to be another characteristic of
mature b-cells. At higher magnification, secretory granules are seen throughout the cytoplasm of the cell (b). The black arrow in (b)
indicates crystalline formation within the granular cores. Continued characterization of the trans-differentiated cells through
immunogold staining was performed. Postembedding immunogold staining for insulin is shown in (c–g), positive control for
immunogold labeling (h) and negative control (i). The positive control is only a representative electron-photomicrograph for the
immunogold assay and is not showing a correlation of insulin expression between INS-1 cells and the insulin-producing clusters. Black
arrowheads shown in (i) indicate secretory granules illustrating no evidence of insulin expression by the immunogold staining. White
arrows shown in (c–g) indicate immunogold particles concentrated in the secretory granules of the trans-differentiated cells. Scale bar,
5 mm (a, h and i), 1 mm (b and c) and 0.2mm (d)–(g). N, nucleus; V, vacuole; G, granule; MV, microvilli.
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a paper published by Rajagopal et al32 observed that
these embryonic ‘b-like’ cells did not produce
insulin, but merely took up insulin from the media
and subsequently appeared positive for insulin via
immunohistochemistry. This finding suggested that
several techniques over and above RT-PCR and
immunohistochemistry would be necessary to con-
firm true trans-differentiation of a cell into an
insulin-secreting b-cell. These suggestions includ-
ing the use of both Northern and Western analyses,
electron microscopy and long-term animal studies
have become the new criteria which investigators
must now meet in order to claim that cells have
trans-differentiated into functioning b-cells.

Our data demonstrate that adult bone marrow
cells can trans-differentiate into functional endo-
crine cells capable of the production and secretion
of physiologically active insulin when cultured
under DMSO and high-glucose conditions. The
paradigm of BM cell ‘trans-differentiation’ into
multiple cell lineages has been challenged by the
observation of cell fusion in vitro of pluripotent cells
with differentiated cells thus adapting a ‘differen-
tiated’ phenotype.33,34 More recently, two reports
have shown that the fusion phenomenon appears to
play an important role in a certain type of liver
regeneration.35,36 These two reports indicate cell
fusion as the major mechanism in the regeneration
process of the Fah�/� liver.35,36 However, Ianus
et al37 recently reported that BM cells could
differentiate into b-cells in vivo using an elegant
Lox/Cre-GFP system demonstrating fusion was not a
mechanism in b-cell regeneration. These papers
raise several questions as to the role that the type
and model of injury may play in dictating the
specific processes involved in regenerating the
injured organ.

In contrast to what has previously been reported,
we have shown that the manipulation of BM cells
toward being capable of secreting insulin may be
accomplished with relative ease. The trans-differ-
entiation method as presented, only requires 10
days from BM-derived cells to insulin-producing
clusters rather than months, thus providing an
accessible cell source and a simple method for the
cellular treatment of diabetes. In addition, our
results illustrate that BM cells can trans-differentiate
into a pancreatic lineage in vitro without fusion and
can function as insulin producing cells both in vivo
and in vitro. It may also be clinically relevant that
these cells may not present themselves as fully
mature b-cells thereby evading the cycle of b-cell
destruction by the immune system. However,
further characterization of these cells will be
required to determine if this is indeed the case.

In conclusion, our findings present an evidence
that BM may include a pancreatic progenitor cell
capable of differentiating into functioning endocrine
hormone-producing cells. The differentiated cells
possess storage granules and produce proinsulin
which is cleaved into active insulin in response to

glucose challenge. When transplanted into diabetic
mice, the cells retain their properties of storage,
processing and regulated secretion of insulin to
normalize blood glucose levels. Despite our ability
to induce the secretion of detectable levels of insulin
in vitro in the presence of high glucose by BM-
derived insulin-producing clusters, it will be essen-
tial to understand what mechanisms are involved
during the trans-differentiation process allowing
BM cells to mature and differentiate into fully
functional b-like cells. Our results suggest that BM
cells may provide researchers a powerful tool in the
study of pancreatic islet development and function,
as well as offering a new potential instrument for the
treatment of diabetes.
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