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ABSTRACT
Recent findings suggest that bone marrow stem cells have the capacity to differentiate into a variety of
cell types. This would provide a potentially unlimited source of islet-like cells for transplantation and a
promising therapy for diabetes mellitus. Here in, the differentiation ability of adult rat bone marrow
mesenchymal stem cells (MSCs) to form glucose-regulating insulin-producing cells was studied.
MSCs were obtained from rat long bones. After their expansion and at the end of passage 3, cells were
cultured in a glucose rich medium containing DMSO for 3 days. The cells were cultured for 15 days in
high glucose medium supplemented with pancreatic extract, then in low glucose and low serum
medium containing nicotinamide and exendin-4 for another 7 days. Evaluation of differentiated cells
included expression of endocrine genes, Immunoassaying, in vitro insulin release in response to
glucose challenge.
After three passages, flow cytometric analysis of undifferentiated cells showed purified mesenchymal
cell as they were negative for CD34, CD45, and CD14, meanwhile they expressed high levels of CD29,
CD44, and CD106. After 25 days of differentiation culture, the cells formed islet-like clusters. These
were expressed insulin and endocrine-specific transcription genes. They were positively stained for
insulin and C-peptide. Insulin was secreted in a dose response fashion as a function of increasing
glucose concentrations.
Evidence was provided that rat MSCs may include pancreatic progenitor cells capable of differentiating
into functioning endocrine hormone-producing cells. This finding suggests a possible mean for
treatment of diabetes mellitus.
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INTRODUCTION
Diabetes Mellitus is a devastating disease affecting millions of people worldwide. Maintenance of good glycemic control
with exogenous insulin imposes an enormous burden on patients and does not liberate them from insulin dependence.
One alternative treatment for type 1 diabetes is whole organ pancreatic transplantation. Such a procedure offers the
possibility of excellent glycemic control but patients are subjected to side-effects of immunosuppression and risks of
major surgery. Accordingly, transplantation of the pancreas is only employed when patients receive solid organ
transplantation. Islet transplantation also offers the possibility of internal glycemic control and does not subject the
patients to a major surgical procedure. However, islets derived from multiple donors are required to achieve insulin
independence. Immunosuppression is necessary and the current shortage of cadaveric organs had limited the wide
utilization of this approach [1, 2].
Cell therapy, principally islet transplantation, is one important area of research for improved therapy for diabetes.
Although some progress has been reported in islet transplantation, it has been hampered by immune rejection as well as
by the limited availability of transplantable donor islets.
Recently, several reports have demonstrated that stem cells possess broad differentiation ability. This has led many
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investigators to investigate the potentials of their therapeutic applications. Recent studies have shown that adult bone
marrow-derived stem cells have the ability to differentiate into a number of cell types such as blood, liver, lung, skin,
muscle, neuron and insulin producing cells [3-8]. In a previous study [9], we had succeeded to isolate adult rat bone
marrow hematopoietic stem cells and induce them to differentiate into insulin-producing cells. These cells had corrected
the high blood glucose levels of chemically induced diabetic rats.
The aim of this research is to isolate adult rat bone marrow mesenchymal stem cells and induce them to differentiate into
insulin-producing cells in vitro.
MATERIALS AND METHODS
Isolation and culture of bone marrow-derived mesenchymal stem cells
Before the study, all protocols were approved by our institution's animal welfare regulatory committee, and all protocols
were in conformity with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of
Health 86-23, revised in 1985.
Bone marrow was obtained from long bones of adult SD rats. The bones were sterilized by immersion in 70% ethanol.
The ends of the bones were cut and bone marrow was extruded by inserting a needle in one end through the bone shaft
and injection of Tissue culture media {Dulbecco's modified Eagle's medium (DMEM, Sigma Chemical Comp. St. Louis,
MO, USA.) containing 10% fetal bovine serum (FBS, Sigma)}. The effluent was collected in sterile tubes. Gentle
pipetting resulted in generation of a single cell suspension. Bone marrow cells were counted and plated with a
concentration of 10 x 106/ ml in T-75 flask. The cells were then cultured in DMEM containing 10% FBS and 1 %
penicillin and streptomycin at 37OC in 5% CO2 Incubator.
Expansion of bone marrow-derived mesenchymal stem cells:
After 3 days, the non-adherent cells were discarded. The adherent cells will be referred to as MSCs. These were fed twice
weekly with complete DMEM. When 80% confluence was reached, the cells were detached with a solution of 0.25%
trypsin (Sigma) and 1 mmol/L ethylenediamine tetra-acetic acid (EDTA, Sigma). Ten ml of the trypsin-EDTA
solution/25-cm2 tissue culture flask were used. Cells were re-suspended with complete DMEM and replated at a ratio of
1:2 and referred to as first passage. This step was repeated for a second passage. Each passage was completed in 8 days.
At the end of the second passage, the cells became homogenous fibroblast-like cells.
Flow cytometric analysis
For flow cytometric analysis, the bone marrow-derived MSCs at passage 3 were released by trypsinization. The cells
were then centrifuged at 300 g for 8 minutes, and then suspended in PBS at a concentration of 1×106 cells/ml. The
antibodies against CD29, CD34, CD106 directly conjugated to phycoerythrin (PE) and CD14, CD44, CD45 conjugated
with fluorescein-isothiocyanate (FITC) (Becton-Dickinson, USA) were added (10 µL for each 100 µL of sample) and
incubated for 30 minutes at room temperature. Labeled cells were thoroughly washed with two volumes of PBS and
fixed in flow buffer (1% formaldehyde in PBS). The labeled cells were then analyzed using an argon ion laser with a
wave length of 488nm (FACS Calibur, Becton-Dickinson, USA). A total of 10000 events were obtained and analyzed
with the Cell Quest software program (Becton-Dickinson, USA).
Differentiation of mesenchymal stem cells to insulin-producing cells
At passage 3 mesenchymal stem cells were cultured (37 OC, 5% CO2) at a density of 1×105 cells/ml in a serum free
glucose rich DMEM (25 mmol/L) containing 1 % DMSO for 3 days. The medium was then replaced with one containing
25 mM glucose, 10 % fetal bovine serum and 200 ug/ml pancreatic extract for 15 days. Finally, the cells were cultured in
a medium containing 5.5 mM glucose, 5% FBS, 10 mM nicotinamide and 10 nM exendin-4 and cultured for 7 days.
Preparation of pancreatic extract
Pancreatic extract was prepared according to the method previously described [10]. Five-week-old Spraque Dawley rats
were partially (60%) pancreatectomized. In brief, rats were fasted overnight and anesthetized using ketamine-HCl (60
mg/kg), pentobarbital-Na (20 mg/kg) and almost entire splenic portion of the pancreas was removed. After 48 h, partially
pancreatectomized rats were sacrificed by cervical dislocation and immediately dissected to remove the regenerating
pancreas. The excised pancreata were placed in chilled phosphate buffered saline containing protease inhibitor complex
and homogenized. Homogenates were centrifuged at 3,000 rpm for 10 min at 4°C and then at 12,000 rpm for 20 min at
4°C. The final clear supernatant was analyzed for the protein content using Bradford method. Extracts were then stored
as aliquots at -70°C until further use.
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Viability and Morphological Evaluation
At day 25 of culture, the differentiated clusters were examined for viability by trypan blue exclusion. Also, to evaluate
the insulin producing cells in clusters, we stained the clusters with diphenyl thiocarbazone (DTZ). Stock solution was
prepared as previously described [11] by dissolving 50 mg of STZ (Sigma) in 5 ml of dimethyl sulfoxide and was stored
at -20°C. At staining 10 ul of stock solution was added to 1 ml of culture medium. Differentiated and undifferentiated
cells were incubated at 37°C for 30 minutes in DTZ containing medium. After the plates were rinsed three times with
Hanks balanced salt solution, cells were examined with a stereomicroscope.
Immunohistochemical studies:
For immunohistochemical analysis differentiated clusters were processed to paraffin blocks. Sections were dewaxed in
xylene and rehydrated in descending grades of alcohol (Ethanol anhydrous denatured, histological grade 100% & 95%).
Microwave antigen retrieval in 10mM sodium citrate at ph 6 was carried out for 20 minutes. Sections were subsequently
covered with 3% hydrogen peroxide for 10 minutes. After sections were covered by blocking solution for 1 hour, the
diluted primary antibody was applied to slides. Primary antibody concentrations were as follows: 1/100 monoclonal
rabbit anti rat insulin (Cell Signaling Technology) and 1/100 rabbit anti rat C-peptide (Cell signaling Technology).
Primary antibodies were incubated overnight at 4˚C followed by addition of diluted secondary antibody, poly clonal
swine anti rabbit immunoglobulins FITC (DakoCytomation). Avidin-Biotin complex reagent was applied to slides for 30
minutes in room temperature. For visualization, 3, 3’ diaminobenzidine tetrahydrochloride (DAB) reagent was used to
cover the slides for 5 minutes. Hematoxylin was used as a counterstain. Finally, sections were dehydrated, cover-slipped
and examined. Positive results were identified as a brown colour at the antigen site.
Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
Total RNA was isolated from rat pancreas, undifferentiated MSCs as well as from differentiated cells at days 3,18,25
using TRIZOL reagent according to the manufacturer' protocol (Invitrogen Corporation, Grand Island, NY, USA). Gene
expression levels of Insulin, Glucagon, Somatostatin, PDX-1 and NeuroD1 were determined by RT-PCR and
glyceraldehydes 3-phosphate dehydrogenase (GAPDH) was included as an internal control. Briefly, 1 µg of total RNA
was converted using high capacity cDNA archive kit (ABI PRISM 3100 Genetic Analyzer, Applied Biosystems, Foster
City, California, USA). 2 µl of the cDNA was amplified using 1 µl of each primer pair, 50 µl of Taq PCR master mix kit
(QIAGEN Inc, Valencia, CA, USA) and nuclease-free water to a total volume 100 µl. The cycling parameters of the PCR
amplification were as follows: initial denaturation at 95 oC for 5 minutes, followed by 30 cycles of 94 oC for 30 seconds,
annealing at 55-61 oC (depending on the primers, Table 1) for 30 seconds and elongation at 72 oC for 30 seconds and the
final extension at 72OC for 10 minutes. The PCR products were electrophoresed in 1% agarose gel, visualized by
ethidium bromide staining and photographed with a digital camera (Kodak, USA).
Table 1. List of rat gene-specific primers in RT-PCR.
Genes
Insulin1
Glucagon
Somatostatin
PDX-1
NeuroD1
GAPDH

Forward primer
CCGTCGTGAAGTGGAG
ATCATTCCCAGCTTCCCAGA
CAGGAACTGGCCAAGTAC
GGTGCCAGAGTTCAGTGCTAA
TGTCGTTACTGCCTTTGGAA
CACCCTGTTGCTGTAGCCATATTC

Reverse primer
CAGTTGGTAGAGGGAGCAG
CGGTTCCTCTTGGTGTTCAT
AGTTCTTGCAGCCAGCTTTG
CCAGTCTCGGTTCCATTCG
CGATCTGAATACAGCTACACGAA
GACATCAAGAAGGTGGTGAAGCAG

An.temp
(0C)
57
54
54
53
53
57

(bp)
156
152
187
249
151
196

Determination of insulin secretion
Undifferentiated and differentiated bone marrow cells were initially incubated for 3 hours in glucose-free Krebs-Ringer
bicarbonate buffer (KRB) containing 0.5% bovine serum albumin. This was followed by incubation in KRB containing
5.5, 12, or 25 mM glucose concentration for an additional 2 hours. The KRB was collected and frozen at –70°C until
assayed. Insulin assay was done by enzyme-immunoassay (Linco Research Inc, St. Charles, MO, USA) according to the
manufacturer’s instruction.
A mass-balance for sequestered insulin was also calculated by comparison of the quantity of insulin in the cell clusters
fully equilibrated with media and the quantity of insulin released during glucose stimulation.
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RESULTS
Morphologic and phenotype characterization of the expanded undifferentiated MSCs:
At the end of the expansion phase, the cells became homogenous, spindle shaped, fibroblast-like and arranged in
monolayer (Figure 1). With flow-cytometery they were positive for CD29, CD44, and CD106. Meanwhile, they were
negative for CD34, CD45 and CD14. These results indicate that purified bone marrow-derived MSCs were isolated.
Morphologic changes of MSCs during differentiation:
During differentiation, the cells gathered gradually in groups with
cell clusters were formed (Figure 2).

formation of 3 dimensional structures. At the end,

FIGURE 1. Morphology of undifferentiated mesenchymal stem cells, three days after isolation (A, X 100) and ten days after isolation
(B, X 60) showing sindle shape fibroblast like cells.

FIGURE 2. Morphological change of mesenchymal stem cells during differentiation. (A) mesenchymal stem cells started to form cell
clusters after 10 days of differentiation (X100). (B) Well defined cell clusters with spheroid configuration were formed after 20 days
of differentiation (X200). (C) Collected cell clusters after 25 days of differentiation (X200).

Viability test
We examined the clusters formed in culture (Day 25) for cell viability by trypan blue-exclusion. The assay revealed
viable clusters. Also to evaluate the insulin- producing cells in cultures, we stained the differentiated cells with zincchelating agent (DTZ). DTZ is a zinc-binding substance, and pancreatic islets are known to stain crimson red after DTZ
treatment. Differentiated cell clusters were distinctly stained crimson red by DTZ (Figure 3).

FIGURE 3. Cell clusters stained crimson red with DTZ (X400).
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Immunocytochemical studies:
Immunocytochemical staining of the differentiated cell clusters was positive for insulin and c-peptide (Figure 4).

FIGURE 4. Immunocytochemical staining of mesenchymal stem cells for insulin and c-peptide. (A) Differentiated cells staind with
H&E. (B) Differentiated cells (positive for insulin, x 100). (C) Differentiated cells (positive for c-peptide, x 100).

Gene expression by RT PCR:
Expression of the reference gene GAPDH confirmed the integrity of the experimental system and acted also an input
template control. Different gene expressions by a rat pancreatic tissue were used for comparisons. Gene expressions for
pancreatic endocrine development were not detected in the undifferentiated MSCs. At the end of differentiation, there
was full expression of the endocrine genes: insulin, glucagon and somatostatin. Expression for pancreatic transcription
factor, PDX-1 and NeuroD-1 genes was also noted (Figure 5).

FIGURE 5.Gene expression of undifferentiated mesenchymal stem cells, differentiated cells at 3, 18, 25 days and rat pancreas
(control). Clusters as well as rat pancreas expressed similar endocrine genes and transcription factors.

In vitro insulin release in response to a glucose challenge:
Differentiated cell clusters released increasing amounts of insulin in a glucose-concentration-dependent fashion (Figure
6). The mean insulin secretion by 100 clusters was 0.73 ± 0.05 ng/mL in response to 5.5 mM glucose, 2.9 ± 0.42 ng/mL
is response to 12 mM glucose and 6.7 ± 0.6 ng/mL when the 25 mM concentration was used. These results represent the
mean of 6 experiments; differences were statistically significant (P < 0.01).

FIGURE 6. Insulin release in response to glucose stimulation detected by immunosorbent assay. Clusters treated with 25 mM
glucose secreted insulin nearly ten times higher than that when treated with 5.5 mM glucose.
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Table 2. Mass balance around differentiated clusters
Input

Output
-5

Volume of 100 clusters: 14x10 /ml
Insulin in culture media: 7.5 ng/ml

Volume of supernatant: 1ml
Insulin in supernatant after stimulation: 6.9 ng/ml

Insulin uptake at 100% equilibrium: 0.001 ng/ml

Insulin released: 6.9 ng/ml

The uptake of insulin into the clusters at complete equilibrium is the product of clusters volume (see text) and insulin
concentration in culture medium. The amount of released during glucose stimulation is the product of concentration of
insulin and volume of supernatant.
Table 2 contains the details of a mass-balance calculation for sequestered insulin. Assuming Fickian diffusion, the
quantity of insulin in cell clusters fully equilibrated with media can readily be calculated as the product of the volume of
a single cluster and the maximum concentration of insulin in the media to which the cells are exposed. The volume of a
single cluster was 1.4×106 µm3 (1.4×10-6 ml) based on the assumption that the cluster was hemi ellipsoidal in the shape
(volume = 4/3 π r1 r2 r3) with major and minor axes (r1 =150 µm, r2 = 75 µm, r3 =60 µm) obtained from optical
microscopy. The total volume of 100 clusters that were used in glucose stimulation was 14×107 µm3 (14×10-5 ml). At
100% equilibration with an insulin concentration of 7.5 ng/ml, 100 clusters would contain 0.001 ng of insulin. However
the quantity of insulin released during glucose stimulation by 100 clusters was 6.9 ng, much greater than they would
contain if fully equilibrated with the highest concentration of insulin to which they had been exposed.
DISCUSSION
Several in vitro studies have demonstrated that bone marrow derived stem cells could be reprogrammed to become
functionally insulin-producing cells under certain culture condition [7, 12]. The mammalian pancreas develops from the
embryonic foregut of the endodermal layer. Differentiation into insulin producing endocrine cells is induced by a cascade
of gene events controlled by several transcription factors such as PDX-l and PAX-6 [13]. Induction of bone marrow
stem cells to differentiate into insulin producing cells is similar to that process (directional strategy).
Initially PDX-l gene expression should be induced using factors such as dimethyl sulphoxide [7], trichostatin A [14] or βmercaptoethanol [15]. Subsequently the cells were cultured in glucose rich medium supplemented with pancreatic
extract. Glucose is a growth factor for β-cell replication in vitro and in vivo at 20-30 mmol/l concentrations. It has been
demonstrated that glucose increases insulin content in cells derived from embryonic stem cells at a 5 mmol/l
concentration [16]. In effect, glucose could have a dual role. In the proliferation phase, the high glucose content may
support the extra energy needed for cell division. In the differentiation stage, it could modulate specific gene programs
linked to glucose sensing and insulin secretion. Kim and associates [17] reported that rat pancreatic extract can provide
regeneration factors that induce pancreatic regeneration. This finding was also confirmed by Choi and associates [10].
Finally nicotinamide and exendin-4 were added to the culture media. Nicotinamide is a poly ADP-ribose synthetase
inhibitor and could induce pancreatic progenitor cells into insulin producing cells [18]. Whereas exendin-4 could also
stimulate both β-cell replication and neogenesis from ductal progenitor cells and inhibit apoptosis of β-cell [19].
It is needless to say that insulin production by islet-like clusters should be confirmed. Furthermore, their gene expression
should be similar to that of pancreatic endocrine tissue. Insulin production was confirmed by staining with zinc chelating
agent (DTZ). These cells were not only capable of insulin production but also of its release in a dose dependent fashion
according to the glucose concentration. The expression of insulin, glucagon and somatostatin genes could be demonstrated
in the differentiated clusters. Evidence has also been provided that PDX-l and NeuroD1 were up regulated. Some
investigators suggested that, part of insulin detected may have been derived from insulin added to the culture media in
certain protocols or insulin present in serum. The stepwise increase in the insulin release as a function of the glucose
concentration does not support these contentions. In addition; detection of C-peptide in the cell clusters, immunohistologically as well as insulin mass balance, confirms that insulin release was the result of endogenous synthesis.
In conclusion, Glucose responsive insulin-producing cells could be obtained from adult mesenchymal bone marrow stem
cells of rats. It is of interest to note that a group of Chinese investigators [15] had reported their success in the
differentiation of bone marrow mesenchymal stem cells from a diabetic patient into functional insulin producing cells in
vitro. This suggests that the use of the diabetic patient’s own bone marrow stem cells as a source of autologous insulin
producing cells for β-cell replacement could be feasible (a study which currently underlying in our laboratory) . Several
problems have to be solved before this becomes a clinical reality. Establishment of a reproducible protocol is one. Large
number of insulin producing clusters produced in vitro need to be obtained for transplantation. Several growth or
differentiating factors should be tested and better culture conditions have to be investigated. The utilization of extra
cellular matrix may be important. The possible advantages of bioreactors should also be explored. The cell product has to
mimic some phenotypic traits of the mature β-cell, such as glucose sensing, insulin processing and secretion in
appropriate amounts. The expression of auto antigens has to be abrogated in order to avoid the regain of autoimmune
response. Lastly the conditions of and the site for transplantation of these cells must be optimized.
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