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Abstract

Bone marrow mesenchymal stem cells (BMSCs) have been shown to ameliorate diabetes in animal models. The mechanism,
however, remains largely unknown. An unanswered question is whether BMSCs are able to differentiate into b-cells in vivo,
or whether BMSCs are able to mediate recovery and/or regeneration of endogenous b-cells. Here we examined these
questions by testing the ability of hBMSCs genetically modified to transiently express vascular endothelial growth factor
(VEGF) or pancreatic-duodenal homeobox 1 (PDX1) to reverse diabetes and whether these cells were differentiated into b-
cells or mediated recovery through alternative mechanisms. Human BMSCs expressing VEGF and PDX1 reversed
hyperglycemia in more than half of the diabetic mice and induced overall improved survival and weight maintenance in all
mice. Recovery was sustained only in the mice treated with hBMSCs-VEGF. However, de novo b-cell differentiation from
human cells was observed in mice in both cases, treated with either hBMSCs-VEGF or hBMSCs- PDX1, confirmed by
detectable level of serum human insulin. Sustained reversion of diabetes mediated by hBMSCs-VEGF was secondary to
endogenous b-cell regeneration and correlated with activation of the insulin/IGF receptor signaling pathway involved in
maintaining b-cell mass and function. Our study demonstrated the possible benefit of hBMSCs for the treatment of insulin-
dependent diabetes and gives new insight into the mechanism of b-cell recovery after injury mediated by hBMSC therapy.
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Introduction

Despite studies showing that strict blood glucose control

decreases the incidence of secondary complications of diabetes,

euglycemia is difficult to achieve with current methods of

exogenous insulin replacement. Although transplantation of the

whole pancreas or islets of Langerhans demonstrates the

physiologic advantages of transplanting insulin-producing cells

over insulin administration, these approaches are far from perfect.

Ideally there are two possible solutions: identifying the perfect

‘‘surrogate b-cells’’ to be used for cell therapy or inducing

regeneration of endogenous damaged b-cells.

BMSCs offer an attractive source of stem cells as an alternative

to pancreas and pancreatic islet transplantation for curative and

definitive treatment of insulin-dependent diabetes. Proven to be

safe in clinical trials, BMSC can be obtained with relative ease

from each patient, allowing potential circumvention of allograft

rejection. Previous work suggested that mouse BMSCs spontane-

ously differentiate into endocrine pancreas cells in vivo [1]. In

recent reports, BMSCs injected into the circulation of diabetic

animals have been shown to partially/totally reverse the diabetic

phenotypes and improve glucose control [2,3,4,5,6,7,8][9][10,11]

but with very poor direct b-cell differentiation, leading to other

possible roles of BMSCs in pancreatic islet regeneration.

Additionally, we previously reported that manipulation of culture

conditions could induce b-cell differentiation in rat BMSCs

expressing nestin [12]. We were able to induce differentiation of

bone marrow stem cells into all three neural phenotypes [13,14],

and pancreatic endocrine cell lineage [12], suggesting the

existence of a common precursor for both neuronal and islet cell

types in the bone marrow.

Introduction of transcription factor genes into cultured human

BMSCs was able to activate a number of genes related to the

development and function of b-cells [15,16]. Moreover, the forced

expression of PDX1 gene by a viral vector in human BMSCs

clearly showed the activation of gene expression of all four islet

hormones and also enhancement of significant insulin content

[17]. These data propose the possibility of a new paradigm for

treating diabetes using a patient’s own stem cells. Multiple

questions still need to be answered: Can BMSCs differentiate into

functional b-cells? And, can BMSCs mediate the recovery of

injured endogenous b-cells in vivo, and how? In order to approach

these questions, we used mesenchymal stem cells isolated from

human bone marrow (hBMSCs) since they have been reported to

induce partial reversion of hyperglycemia in a diabetic animal

model [7]. In order to identify a possible mechanism for b-cell

differentiation or b-cell recovery in the context of stem cell

therapy, we compared the effect of two genes, PDX1 and VEGF
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on hBMSCs. PDX1 is a well known master gene in pancreas

development and crucial for early pancreatic differentiation [18]

and later in b-cell fate determination [19]. VEGF-A is an

important factor for intra-islet angiogenesis [20], and the vascular

membrane is a niche for insulin gene expression and b-cell

proliferation [21]. It has been suggested that relative loss of intra-

islet vascularization after streptozotocin administration limits

subsequent b-cell regeneration [22]. Interestingly, islet cells

expressed several angiogenic factors including VEGF from early

development throughout adulthood in mice [23]. Despite having

normal pancreatic insulin content and b-cell mass, b-cells with

reduced VEGF-A expression showed impaired insulin secretion

after glucose stimulation in mice [20]. Moreover, VEGF increased

pancreatic islet survival after islet transplantation by stimulating

intra-islet revascularization [24,25].

Therefore, we used hBMSCs, hBMSCs expressing PDX1, and

hBMSCs expressing VEGF as treatment groups. Our results

showed that human BMSCs have a pronounced plasticity in vivo

and can be differentiated into multiple cell types including insulin

producing cells with the aid of transient expression of external

genes. Surprisingly, detectable levels of human insulin were

present in mice in both cases, treated with either hBMSCs-VEGF

or hBMSCs-PDX1. However, clinically sustained reversion of

diabetes was obtained only after transplantation of hBMSCs-

VEGF suggesting that the recovery was secondary to endogenous

b-cell regeneration. VEGF could play a key role in supporting

engraftment of hBMSCs and their differentiation into vasculature

in the diabetic pancreas in vivo. Bone marrow stem cells can

possibly act as a bridge, enabling delivery of nutrients and oxygen

to damaged endogenous b-cells. Therefore, our system provides

new insight into the mechanism of pancreatic islet neogenesis,

which can be translated into therapy of insulin-dependent

diabetes.

Research Design and Methods

Human BMSC Culture and Expansion
BMSCs from a normal adult donor were purchased from a

commercial source AllCells, LLC (5858 Horton Street, Suite 360,

Emeryville, California, 94608 USA; catalog number ABM005). All

of nucleated cells were plated into a basal medium consisting of

Alfa-MEM, 17% fetal bovine serum, 2 mM glutamine, 50 U/L

penicillin and 25 mg/L streptomycin (all from Invitrogen). After

24 hr in culture, non-adherent cells were separated from adherent

ones. The adherent cells were washed with PBS and cultured with

the previous medium for 5–7 days. At 80% confluence adherent

cells were harvested with trypsin/EDTA and plated in new dishes

(passage 1). Cells underwent two further expansions before

aliquots were suspended in 90% FBS and 10% DMSO, and

frozen at 280uC. Until passage number (#) 6–7 the cells grew

with a doubling time of 48 hrs. All experiments were performed

using a single batch of hBMSCs from a single donor. The cells

were used within passage #7. Human BMSCs from passage # 3

to 6 were analyzed for various cell surface markers commonly used

for the positive and negative detection of mesenchymal stem cells

by flow cytometry analysis (CD44, CD31, CD34, and CD 105).

To characterize the mesenchymal potential of hBMSCs, we

induced adipogenic and osteogenic differentiations in vitro (data not

shown).

Adenovirus Production and Cell Transfection
cDNAs encoding for human Pdx1 and mouse VEGF165 (kindly

donated by Dr. Patricia A. D’Amore, Schepens Eye Research

Institute, Harvard medical school to Dr. Laura Perin, Children

Hospital Los Angeles) were subcloned into Adeno-X viral DNA

vector (BD Biosciences Clontech), following manufacture protocol.

CMV was used as promoter. Successful homologous recombina-

tion resulted in recombinant virus encoding for PDX1 (Ad-PDX1)

and VEGF (Ad-VEGF). The viruses were expanded in HEK293

cells as described in the ViraPower Adenoviral Expression system

manual from Invitrogen. Human BMSCs were transfected with

adenovirus carrying PDX1 (hBMSC-PDX1) or VEGF (hBMSC-

VEGF) 2 days before transplantation. RNA and protein levels of

PDX1 and VEGF in transfected cells were assessed by PCR and

Western Blotting.

Animal Model and Stem Cell Transplantation
To induce diabetes, NOD/SCID mice (The Jackson Labora-

tory) 6–8 weeks of age were given three intraperitoneal injections

of streptozotocin (STZ) [Sigma-Aldrich, Saint Louis, MO],

50 mg/kg, on day 1–3. All experiments and procedures were

performed according to an approved protocol by the Institutional

Animal Care and Use Committee at Cedars-Sinai Medical

Center. One healthy control group did not receive any treatment.

STZ treated groups were divided into 4 groups: one received a

sham injection after induction of diabetes with STZ, and the other

3 groups received hBMSCs, hBMSCs-PDX1, or hBMSCs-VEGF.

Additionally, two groups of STZ treated mice were transplanted

with mouse fibroblasts transfected with adenovirus expressing

PDX1 or VEGF.

On day 0, about 7 days from STZ treatment, mice showing

hyperglycemia (glucose level .250 mg/dl) were transplanted with

about 16106 cells each. To avoid aggregation of the cells, cells

were thoroughly suspended in 150 ml and injected with a 30 gauge

needle through the chest wall into the left cardiac ventricle as

previously described [7]. The animal weights were recorded on the

day of bone marrow transplantation and on the last day of the

study. All animals were sacrificed to harvest peripheral blood and

tissues at 6 weeks after cell transplantation. Achievement of

normoglycemia was defined as blood glucose ,200 mg/dl.

Blood Glucose and Serum Insulin Measurements
Blood glucose was measured in non-fasting mice between 9 and

11 am daily for the first week than two times a week. The level of

glucose was measured from the tail vein using One Touch Ultra

Meter and Test Strips (Lifescan Inc., Milpitas, CA). The sensitivity

of the assay does not exceed 600 mg/dl, and thus the maximal

extent of hyperglycemia can be over the limit. Mouse and human

serum insulin levels were determined by ultrasensitive mouse

insulin enzyme-linked immunosorbent assay (ELISA) (Alpco

Diagnostics, Salem, NH) and human insulin ELISA (Linco

Research, Millipore Corporation, Billerica, MA), respectively

according to the manufacture protocols at 6 weeks after stem cell

injection. Three replicates were performed for each sample.

Immunohistochemical analyses. The mouse pancreatic

tissues were harvested 6 weeks after stem cell injection and

immediately fixed with 4% paraformaldehyde at 4uC overnight.

The tissues were then dehydrated in graded ethanol, cleared in

xylene and finally embedded in paraffin. For immunohistochem-

ical staining of the paraffin embedded samples, sections were

deparaffinized in xylene and rehydrated through ethanol baths

and PBS, followed by rinsing in distilled water for 5 min.

Pancreatic sections were stained in Harris hematoxylin solution

and eosin Y solution (Sigma). For immunofluorescent staining,

antigen retrieval was performed by heating at 90uC in antigen

retrieval buffer (DAKO). Pancreatic islets were stained with

various primary antibodies: mouse monoclonal anti glucagon

(Sigma-Aldrich, dilution 1:100), mouse monoclonal anti VEGF

b-Cell Recovery by Human Bone Marrow Stem Cells
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(Novus Biological, dilution 1:100), rabbit polyclonal anti insulin

(Santa Cruz, dilution 1:50), rabbit polyclonal anti-p27Kip1

(Abcam, dilution 1:200), goat polyclonal anti-PDX1 (Santa Cruz,

dilution 1:100), mouse monoclonal anti-AKT (Cell Signaling,

dilution 1:100), and rabbit polyclonal anti-caspase 3 cleaved (Cell

Signaling, dilution 1:100). To evaluate engraftment of human stem

cells in the mouse pancreas we used rabbit polyclonal anti-human

b2-microglobulin antibody at a dilution of 1:100 (abcam). After

washing with PBS, detection of bound primary antibodies was

carried out with appropriate secondary antibodies conjugated with

Alexa Fluor 488, or 568 (Invitrogen). To assess possible

differentiation of human cells in the mouse pancreas, we used

sequential steps for double staining. The slides were incubated first

with the following antibodies: mouse monoclonal anti insulin

(Sigma-Aldrich; dilution 1:200) and mouse monoclonal anti-a-

smooth muscle cell actin (Abcam; dilution 1:100). Both antibodies

cross-react with mouse and human insulin. Then slides were

incubated with secondary antibodies conjugated with Alexa Fluor

568 donkey anti mouse at dilution 1:200. After washing in PBS,

the slides were incubated overnight at 4uC with anti-human b2-

microglobulin antibody followed by Alexa Fluor 488 secondary

antibody. Nuclear DNA was counterstained with 49, 6-diamidino-

2-phenylindole (DAPI, Vector Lab).

B-cell Count
Briefly, the pancreatic sections were sequentially incubated with

anti-insulin mouse monoclonal antibody, biotinylated rabbit anti-

insulin antibody (Santa Cruz; dilution 1:200), and streptavidin-

alkaline phosphatase complex (Santa Cruz), for a period of 45 min

each. The alkaline phosphatase activity was identified with new

fuchsin under light microscopy. The sections were counterstained

with Harris hematoxylin. The images of above stained sections

were captured at 100 6 magnification. We selected 3 sections

separated from 200 mm and counted the number of insulin

expressing cells in all 3 sections. We used immunofluorescent

staining and confocal imaging to quantify b-cells expressing

VEGF, human b2-microglobulin, and caspase 3 cleaved. We used

pancreas from 3 mice from each group.

Phase Contrast and Confocal Microscopy Analyses
Images were captured by digital camera connected with

fluorescent microscope (Model Upright, Zeiss). Scanning confocal

images for immunofluorescence analysis were obtained by a laser

scanning confocal microscope (Leica Microsystems SP5, Mann-

heim, Germany).

Real-time PCR Arrays
Pancreatic tissues were preserved with RNA Later (Invitrogen)

at 220uC. Total RNA was extracted using RNeasy Minikit

(Quiagen) according to the manufacturer’s instruction. The

mRNAs from healthy control mice, STZ-induced diabetic mice

and STZ-induced diabetic mice rescued by hBMSC-VEGF were

obtained as described in manufacture’s manual. For the Real

Time PCR array, all steps were performed according to the

manufacturer’s protocol for the Roche Light Cycler 480. Briefly,

RT2 First Strand Kit (SABiosciences, Frederick, USA) was used to

convert mRNA to cDNA. This cDNA was then added to the

SABiosciences RT2 SYBR Green qPCR Master Mix. Each

sample was used to perform quantitative gene expression analysis

on specific arrays for the insulin signaling pathway (Cat#PAMM-

030-F). The online tool (http://www.sabiosciences.com/

pcrarraydataanalysis.php) offered by the manufacturer was used

to analyze the data including significant value and fold changes.

Each set of data was repeated 4 times. Only significant results

(p,0.05) were taken into consideration.

DNA Extraction and Real-time PCR
Frozen tissues were homogenized, and genomic DNA was

extracted using DNeasy Blood & Tissue Kit (Qiagen) from mouse

organs and human BMSCs. Mouse DNA was isolated from

identical tissues of non-transplanted NOD/SCID mice as used as

negative control. In addition, human DNA was isolated from

hBMSC cultures and used as positive control. Total DNA was

assayed by UV absorbance. Real time-PCR was performed with

100 ng target DNA. To detect human DNA in the mouse tissues

we used the previously reported human specific primers, targeting

a unique and conserved region of human b-actin [26]. Endoge-

nous mouse GAPDH gene (Qiagen, QT01658692) was also

amplified as internal control. Real-Time PCR was carried out with

iCycler (Bio-Rad), using QuantiFast SYBR Green PCR kit

(Qiagen), following manufacture protocol. Absolute standard

curves were obtained for the human b-actin and mouse GAPDH.

To evaluate human specificity of human b-actin gene, standard

curves were generated by serially diluting human genomic DNA in

mouse DNA. Values are expressed in percent of human DNA

infused as cells in mouse tissues. Each assay was carried on in

triplicates and repeated at least 3 times.

Statistical Analysis
All data were presented as mean 6 SD and were compared by

student t-test. The value of p,0.05 was considered to indicate

statistical significance of the test results. Kaplan-Meier curves were

used for the survival study and the log-rank (Maltel-Cox) test was

used to determine statistical significance. For comparison of more

than 2 groups we used one way ANOVA followed by Tukey test.

For categorical data we used chi-square test.

Results

Human Bone Marrow Mesenchymal Stem Cells
Expressing VEGF Ameliorated STZ-induced
Hyperglycemia

Our hBMSCs expressed mesenchymal cell markers and

differentiated into adipogenic and osteogenic cell lineages in vitro

(data not shown), confirming their multipotent nature.

Diabetes was induced in NOD/SCID mice with STZ, a

cytotoxic agent that preferentially damages b-cells. All mice

treated with STZ (n = 6) developed hyperglycemia 6–7 days after

STZ injection and 50% of them died before 6 weeks (Fig. 1A).

Control untreated mice (n = 5) maintained euglycemia during the

study period (Fig. 1A). We tested the ability of hBMSCs genetically

modified to transiently express VEGF gene to rescue diabetic

mice. These cells were injected into the circulation of the STZ-

induced diabetic mice (n = 9) one week after STZ treatment.

Reversion of hyperglycemia was observed in 5 of 9 mice treated

with hBMSCs-VEGF between 1 and 2 weeks after cell injection

and near-normoglycemia remission was maintained for 6 weeks

(Fig. 1B, ‘rescued’). Four of the mice treated with hBMSCs-VEGF

failed to reverse hyperglycemia (‘unrescued’).

Although we divided into two subgroups, rescued and

unrescued, all mice treated with hBMSCs-VEGF showed better

clinical outcomes in terms of survival rate and weight gain

compared with the STZ-induced diabetic mice (Fig. 1C,D). All of

rescued and unrescued groups of mice gained weight significantly,

which is comparable to the healthy control mice (Fig. 1C). These

mice survived by the end time of the study in contrast to the high

mortality rate of the diabetic mice (Fig. 1D, p,0.05). Overall, the

b-Cell Recovery by Human Bone Marrow Stem Cells
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response to treatment in terms of reversion of hyperglycemia was

significantly higher in the mice treated with hBMSCs-VEGF

compared with the mice receiving sham injection (p = 0.025).

Histological examination at 6 weeks from transplantation

showed severe alteration of the pancreatic islet morphology and

significant reduction of the number of insulin- expressing cells in

the STZ-induced diabetic mice (Fig. 1F,J) and in the unrescued

mice (Fig. 1H,L). In contrast, the morphology of pancreatic islet

was maintained and the staining pattern of insulin in the

pancreatic islets of hBMSCs-VEGF treated mice (Fig. 1G,K)

was very similar to one in the healthy control mice (Fig. 1E,I).

Further investigation showed that hBMSCs-VEGF were robustly

engrafted and diffusely survived in the pancreas (Fig. 2A–B), while

fewer human cells were present in the pancreas of unrescued

animals at 6 weeks after transplantation (Fig. 2C). Engraftment

and survival of hBMSCs-VEGF in the mouse pancreas were also

assessed by real-time PCR for a human-specific gene (Table 1).

The pancreatic samples from mice treated with hBMSCs-VEGF

showed variable amounts of human DNA. Small amounts of DNA

were also present in the kidney of a few mice but not in other

organs (Table 1).

Furthermore hBMSCs-VEGF were able to differentiate into

vessels and b-cells as confirmed by co-staining human b2-

microglobulin which specifically stained human cells with either

a-smooth muscle actin or insulin (Fig. 2D). Vascular differentiation

was prominent inside the pancreas; however, the efficiency of

differentiation into b-cells was low. It is interesting to note that

only a small percentage of pancreatic islets were positive for

human b2-microglobulin (Fig. 2E). However, those pancreatic

islets containing human cells showed approximately half of the b-

cells originated from human (Fig. 2E, right panel).

In the healthy age matched control mice, VEGF was uniquely

expressed only in the pancreatic islets, mostly by the b-cells

(Fig. 3A–C). After induction of diabetes with STZ, we observed a

Figure 1. Human BMSCs-VEGF transplantation into chemically induced diabetic mice. Panel A shows blood glucose levels of control
healthy mice (gray rectangle) versus STZ-induced diabetic mice (black diamond). Panel B shows blood glucose levels of mice rescued from diabetes
after hBMSCs-VEGF treatment (Rescued, white diamond) versus unrescued mice (Unrescued, black rectangle). Panel C shows weights in gram (g) of
control mice (control), diabetic mice (STZ) and diabetic mice treated with hBMSCs-VEGF (hBMSC-VEGF) indicating significant weight gain in control
and hBMSCs-VEGF treated groups, compared with one in the diabetic group during 6 week study period (day 42; purple bar) from the moment of
stem cell transplantation (Day 0; blue bar). Survival analysis (D) shows 100% survival of hBMSCs-VEGF treated mice (red line), compared with the
significant reduction in diabetic (STZ) mice (blue line), p,0.05. Immunohistochemistry of pancreas by H&E staining (E,F,G,H) and immunofluorescence
costaining (I,J,K,L) for insulin (green) and glucagon (red) shows various morphologies of pancreatic islets among different groups of mice, control
healthy (E,I), STZ-induced diabetic (F,J), rescued (hBMSCs-VEGF-R; G,K) and unrescued mice (hBMSCs-VEGF-UR; H,L) by hBMSCs-VEGF treatment at the
end of study period (6 weeks after cell injection). Scale bar: 50 mm. *p,0.01, **p,0.001.
doi:10.1371/journal.pone.0042177.g001
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dramatic and significant reduction of VEGF expression in the b-

cells (Fig. 3D–F), which was completely restored after treatment

with hBMSCs-VEGF (Fig. 3A–J).

Human Bone Marrow Mesenchymal Stem Cells
Expressing PDX1 Transiently Ameliorated STZ-induced
Hyperglycemia

We tried to determine if hBMSCs genetically modified to

express PDX1 (hBMSCs-PDX1) were able to rescue diabetic mice.

The cells were injected into the circulation of the diabetic mice

(n = 8) 7 day after STZ treatment. Four mice showed reduction of

the hyperglycemia in the following week after transplantation

(‘temporary reversed’), while the remained 4 mice maintained

severe hyperglycemia (‘unrescued’, Fig. 4A). Interestingly, the

temporary reversed mice maintained near-normoglycemic remis-

sion for 2–3 weeks, and then developed severe hyperglycemia

again. All mice (‘temporary reversed’ and ‘unrescued’) survived at

6 weeks from transplantation, compared with the significant drop

in survival rate of the diabetic mice (Fig. 4B, p,0.05), and gained

significant weight compared with the diabetic control mice

(Fig. 4C), indicating a better clinical outcome. Isolated pancreas

from ‘temporary reversed’ as well as ‘unrescued’ mice analyzed for

immunostaining against insulin showed reduction of insulin

expression in the pancreatic islets compared (Fig. 4F,G) with

healthy control mice (Fig. 4D) and similar to the STZ-induced

diabetic mice (Fig. 4E). Staining for human beta-2 microglobulin

clearly showed the engraftment of human cells in pancreases

(Fig. 4H). In both groups (’temporary reversed’ and ‘unrescued’),

we found none of vessel-like structures were differentiated from the

hBMSCs-PDX1. A few transplanted cells expressing insulin in islet

structures were noted as shown in Fig. 4H, implicating functional

differentiation into b-cells.

Human Mesenchymal Stem Cell from Bone Marrow
Alone did not Induce Recovery of STZ-Induced Diabetes

In contrast with two above results, hBMSCs without genetic

modification were not able to ameliorate diabetic phenotypes.

Diabetic mice (n = 6) treated with one intra-left ventricular

injection of 16106 hBMSCs at day 7 from STZ injection

continued to maintain severe hyperglycemia (Fig. 5A). Control

experiments were carried on with fibroblasts expressing VEGF or

PDX1 and did not show improvement of hyperglycemia after

fibroblast transplantation (Fig. 5B). More than 50% of mice

treated with hBMSCs died before 6 weeks showing a survival rate

similar to the STZ-induced diabetic mice and significantly lower

than the healthy control mice (Fig. 5C, p,0.05). In addition,

survived mice failed to gain weight (Fig. 5D) at 6 weeks post-

transplantation. Histological examination showed severe alteration

Figure 2. Engraftment of hBMSCs-VEGF in the injured pancreas. Immunofluorescence staining for human b-2-microglobulin (green) shows
successful engraftment of hBMSCs-VEGF in the pancreas of rescued mice (A). Panel B shows higher magnification of inset in panel A indicating
differentiation of human cells to vascular and ductal structures in the pancreas. However, in the pancreas of the unrescued mice (C) fluorescence
immunostating for human b-2-microglobulin shows less human stem cell engraftment. Panel D shows a few cells in a pancreatic islet coexpressing
human b-2-microglobulin (green) and insulin (red) in the upper row, and also a small vessel like structure inside the pancreas coexpressing human b-
2-microglobulin (green) and a smooth muscle actin (red) in the bottom row. Scale bar: 50 mm. Panel E shows the percentage of the pancreatic islets
expressing human b-2-microglobulin, and the percentage of b-cells expressing human b-2-microglobulin in the positive pancreatic islets (Inset)
indicating 50% of engrafted hBMSCs-VEGF was differentiated into b-cells.
doi:10.1371/journal.pone.0042177.g002
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of the pancreatic islet morphology in this group (Fig. 5E) similar to

the STZ-induced diabetic mice. The pancreatic islets of mice

receiving hBMSCs showed reduction in insulin expression with the

characteristic inversion in the ratio of insulin/glucagon cells

(Fig. 5F). Further investigation showed poor engraftment of

hBMSCs in the pancreas at 6 weeks after transplantation

(Fig. 5G). Detection of human DNA in the mouse pancreas at 6

weeks post-transplantation was low (Table 1). We were able to

detect human DNA in two out of four tested mice with a lower

concentration compared with the mice treated with hBMSCs-

VEGF, confirming a lower engraftment and/or survival of donor

cell in the recipient pancreas.

Contribution of Genetically Modified Human Bone
Marrow Mesenchymal Stem Cells to b Cell Recovery:
Endogenous Versus Transplant-derived b-cell
Differentiation

To evaluate the possible contribution of hBMSCs-VEGF to the

recovery of b-cells and whether the reversion of diabetes was

secondary to a direct differentiation of hBMSCs to b-cells or

secondary to endogenous b-cell regeneration, we measured both

mouse and human serum insulin. Only the mice rescued by

hBMSCs-VEGF had significantly higher level of mouse insulin

compared with diabetic mice and diabetic mice treated with

hBMSCs or hBMSCs-PDX1 (Fig. 6A). Interestingly, more than

half of the mice treated with hBMSCs-VEGF and hBMSCs-PDX1

(5 out of 9 and 5 out of 8, respectively) showed low but detectable

levels of human insulin, demonstrating de novo differentiation of

human BMSCs into functional b-cells (Fig. 6B). The levels of total

Table 1. Human cell engraftment assayed by real-time PCR.

Animal/Cells Pancreas Kidney Liver

1/hBMSC-VEGF 0.260.05 ND NA

2/hBMSC-VEGF 0.1860.07 ND NA

3/hBMSC-VEGF 0.02560.005 0.00460.001 ND

4/hBMSC-VEGF 0.0360.007 0.01560.007 ND

1/hBMSC 0.00860.0005 ND NA

2/hBMSC 0.004860.001 ND NA

3/hBMSC ND ND ND

4/hBMSC ND ND NA

1–3/no cells ND ND NA

Percentage of human DNA infused as cells. NA, not assayed; ND, not detected.
Mean6SD.
doi:10.1371/journal.pone.0042177.t001

Figure 3. VEGF expression in the pancreatic islets. Immunocytochemistry shows different levels of coexpression of insulin (green) and VEGF
(red) in the pancreatic islets of various groups of mice, control (A–C), diabetic (STZ;D–F), and rescued by hBMSCs-VEGF (G–I). Arrows in panel F show
only few cells coexpressing insulin and VEGF in STZ treated group compared with other 2 groups. Panel J shows percentage of b-cells expressing
VEGF in the pancreas of control mice similar to that of mice rescued by hBMSCs-VEGF that is significantly higher than that of diabetic mice (STZ).
Scale bar: 50 mm. **p,0.001.
doi:10.1371/journal.pone.0042177.g003
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serum insulin were significantly higher in the mice treated with

hBMSCs-VEGF and hBMSCs-PDX1 compared with the diabetic

mice and the diabetic mice treated with hBMSCs (Fig. 6C). The

result showed clear correlation between the level of insulin and the

number of b-cells, which was again higher in the mice treated with

hBMSCs-VEGF and hBMSCs-PDX1 than two other groups

(Fig. 6D). In addition, even unrescued groups of mice from

hBMSCs-VEGF and hBMSCs-PDX1 with persistent hyperglyce-

mia showed significantly higher levels of total serum insulin and

number of endogenous b-cells compared with other groups

resulting in overall better clinical outcomes. More importantly,

the group of mice with sustained near-normoglycemia remission,

treated with hBMSCs-VEGF, had the highest level of mouse

insulin and b-cell number among groups, suggesting that sustained

reversion of diabetes was secondary to endogenous b-cell

regeneration or recovery rather than transplant-derived b-cell

differentiation.

Endogenous b-cell Recovery in Mouse Rescued by
hBMSCs-VEGF was Secondary to Activation of Insulin/IGF
Receptor Signaling Pathway

To evaluate the possible mechanism of endogenous b-cell

recovery in the rescued mice treated with hBMSCs-VEGF we

compared PCR array data of the pancreases from the healthy and

diabetic age matched control mice. We noted a clear trend of

decreasing expression of mouse genes related with insulin receptor

signaling pathway in pancreases of the diabetic mice compared

with the healthy control (Fig. 7A). In the STZ-induced diabetic

mice, there was a significant decrease in expression of Insulin1, as

expected. In addition, a significant decrease in gene expression of

excision repair cross-complementing rodent repair deficiency 1

(Ercc1), glucokinase (Gck), and acetyl-coenzyme A carboxylase

alpha (ACACA) with an increased expression of jun. However,

mice rescued by hBMSCs-VEGF showed a similar PCR-array

profile as seen in the healthy control mice without significant

Figure 4. Human BMSCs-PDX1 transplantation in chemically induced diabetic mice. Panel A shows different patterns of blood glucose
levels in various groups of mice, temporary reversed (purple diamond, Rev), unrescued (black rectangle, Unrescued), control (white triangle) and STZ-
induced diabetic (green cross, STZ) during study time period. Survival analysis (B) of diabetic mice injected with hBMSCs-PDX1 (purple line) shows
100% survival compared with the significant lifespan reduction of diabetic mice (blue line, p,0.05) at 6 weeks. Panel C shows weights in gram (g) of
control mice (control), diabetic mice (STZ) and diabetic mice treated with hBMSCs-PDX1, indicating significant weight gains in control and hBMSCs-
PDX1treated groups compared with one in the diabetic group during 6 week study period (day 42; purple bar) from the moment of stem cell
transplantation (Day 0; blue bar). Immunoperoxidase staining analysis in pancreases shows stronger expression of insulin in control healthy mice (D)
compared with ones in other groups of mice, STZ-induced diabetic (E), temporary reversed (F), and unrescued (G). Panel H shows coexpression of
human b-2-microglobulin (green) and insulin (red) in the injured pancreas suggesting de novo differentiation of b-cells from injected hBMSCs-PDX1.
Nuclei were counterstained with DAPI (Blue). Scale bar: 50 mm. *p,0.05, **p,0.001.
doi:10.1371/journal.pone.0042177.g004
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changes in gene expression (Fig. 7B). Interestingly, PCR array

result from the rescued mice showed the significant up-regulation

of the mouse genes involved in the insulin/IGF signaling pathway

compared with one from the diabetic mice (Fig. 7C). In particular,

insulin was significantly upregulated in the rescued mice while it

was downregulated in STZ-induced diabetes mice, which is

comparable to one in healthy control group. Insulin receptor

associate proteins such as insulin growth factor 2 (IGF2), insulin

growth factor binding protein 1(Igfbp1), and Dok3 were signifi-

cantly upregulated in rescued mice. All target genes for

phosphatidylinositol 3-kinase (PI-3K) pathway such as adrenergic

receptor alpha1d (Adra1d), glucose-6-phosphatase catalytic

(G6pc), glucose-6-phosphatase catalytic 2 (G6pc2), and serpine 1

were also upregulated while eukaryotic translational initiation

factor 2B, subunit 1 (Eif4ebp1), growth factor receptor bound

protein 2 (Grb2) and jun were significantly downregulated in the

rescued mice as compared with ones in the diabetic mice (Fig. 7C).

To further explore the molecular mechanism for the reversion

of diabetes and b-cell recovery/regeneration in diabetic mice

treated with hBMSCs-VEGF, pancreatic islets from control

healthy mice, STZ-induced diabetic mice, and diabetic mice

rescued by hBMSCs-VEGF were examined by high resolution

confocal microscopy imaging system to assess Insulin/IGF

receptor/PI3-K downstream proteins. AKT protein was highly

expressed in the pancreatic islets of healthy mice mostly on the

plasma membranes (Fig. 8A, upper panel) while dramatically

reduced in diabetic condition (Fig. 8A, intermediate panel).

Interestingly, after injection of hBMSCs-VEGF, pancreatic islets

of rescued mice showed upregulation of AKT expression with

distribution not only in the plasma membrane but also strongly in

Figure 5. Human BMSC transplantation in chemical induced diabetic mice. Panel A shows blood glucose levels in 3 groups of mice, STZ-
induced diabetic (black diamond, STZ), treated with hBMSCs (white triangle, hBMSC), and healthy control mice (gray rectangle) during 6 week period.
In panel B only healthy control mice (n = 4; purple cross) maintain normoglycemia while other groups [STZ-induced diabetic (STZ; n = 4, blue cross),
STZ-induced diabetic mice after treatment with fibroblast expressing VEGF (F-VEGF; n = 4; purple square) and fibroblast expressing PDX1 (F-PDX1;
n = 4; yellow triangle)] develop severe hyperglycemia during 6 week study period. Survival analysis graph (C) shows lifespan reductions in diabetic
mice injected with hBMSCs (red line) and non injected diabetic mice (STZ, blue line) compared with one of control mice (p,0.05). Panel D shows only
healthy control mice continue to gain weight compared with diabetic mice treated with hBMSCs and untreated diabetic mice. Immunohistochemistry
of pancreases from the diabetic mice treated with hBMSCs (E–G); H&E staining shows reduced size of pancreatic islets and altered morphology (E);
fluorescence staining for insulin (green) and glucagon (red) shows low level of insulin expression (F); fluorescence immunostaining for human b2-
microglobulin (green) shows very poor engraftment of the hBMSCs (G). Scale bar: 50 mm. *p,0.05, **p,0.001.
doi:10.1371/journal.pone.0042177.g005
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the cytoplasm (Fig. 8A, lower panel). Activation of Insulin/IGF

receptor/PI-3K/AKT pathway is associated with increase of b-

cell mass through activation of downstream proteins required for

b-cell proliferation, differentiation and survival, such as PDX1

[27,28] and P27Kip1 [29,30]. Associated with preservation and/

or regeneration of b-cells and insulin secretion, mice rescued by

hBMSCs-VEGF showed a strong nuclear localization of PDX1

(Fig. 8B, lower panel) similar to the control healthy mice (Fig. 8B,

upper panel). In contrast PDX1 was less detected in b-cell nuclei of

the diabetic mice (Fig. 8B, intermediate panel) with a staining that

appears to be weaker. In addition, virtually all b-cell nuclei of the

control mice were positive for p27Kip1 (Fig. 8C, upper panel), a cell

cycle inhibitor protein negatively regulated through the PI-3K/

AKT pathway. This is consistent with the slow b-cell replication in

postnatal life [31]. After induction of diabetes most b-cell nuclei

were positive for p27Kip1 (Fig. 8C, intermediate panel), suggesting

the persistent inhibition of b-cell replication. In contrast confocal

microscopy analysis showed the remarkable decrease of p27Kip1

protein expression in the pancreatic islets of mice rescued by

hBMSCs-VEGF, with only isolated positive nuclei (Fig. 8C, lower

panel), strongly indicating activation of b-cell replication.

We next measured caspase 3 cleaved (c-CASP3) to assess b-cell

apoptosis in relation with activation of the Insulin receptor/PI-

3K/AKT pathway. Pancreatic islets from diabetic mice showed

Figure 6. Serum insulin levels and b-cell number. Panel A shows only 2 groups of mice, healthy control and rescued by hBMSCs-VEGF (hBM-
VEGF-R) have significantly higher mouse insulin levels compared with other groups of mice, diabetic (STZ), treated with hBMSCs (hBM), unrescued by
hBMSCs-VEGF (hBM-VEGF-Ur), and treated with hBMSCs-PDX1 (hBM-PDX1). There is no significant difference of mouse insulin level between healthy
control mice and diabetic mice rescued by hBMSCs-VEGF (hBM-VEGF-R). Panel B shows human insulin levels in various groups of mice, 3 mice rescued
by hBMSCs-VEGF, 2 mice unrescued by hBMSCs-VEGF, and 5 mice treated with hBMSCs-PDX1 (B) indicating functional de novo differentiation of b-
cells. Panel C shows diabetic mice rescued by hBMSCs-VEGF (hBM-VEGF-R) have significantly higher total insulin level (human and mouse insulin)
than other groups [diabetic mice (STZ), diabetic mice treated with hBMSCs (hBM), diabetic mice unrescued by hBMSCs-VEGF (hBM-VEGF-Ur), and
diabetic mice treated with hBMSCs-PDX1 (hBM-PDX1)], which is not significantly different from healthy control mice. Mice unrescued by hBMSCs-
VEGF (hBM-VEGF-Ur) and treated with hBMSCs-PDX1 (hBM-PDX1) have significantly higher total insulin levels than diabetic mice and diabetic mice
treated with hBMSCs, but lower than control mice and mice rescued by hBMSCs-VEGF (hBM-VEGF-R). b-cell number is higher in the healthy control
mice compared with ones in other groups (D). Mice rescued by hBMSCs-VEGF have significantly higher b-cell number than other groups of mice
(diabetic, treated with hBMSCs, unrescued by hBMSCs-VEGF, and treated with hBMSCs-PDX1), which is still significantly lower than healthy control
mice. Diabetic mice unrescued by hBMSCs-VEGF and treated with hBMSCs-PDX1 have significantly higher b-cell number than diabetic mice and
diabetic mice treated with hBMSCs, but significantly lower than mice rescued by hBMSCs-VEGF. *p,0.05, **p,0.01, ***p,0.001.
doi:10.1371/journal.pone.0042177.g006
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dramatic increase in c-CASP3 compared with ones from control

and rescued mice (Fig. 8D). Compared with the diabetic mice, the

rescued mice showed significantly lower number of c-CASP3-

positive b-cells, similar to the healthy control mice (Fig. 8E). This is

consistent with anti-apoptotic signal mediated by activation of PI-

3K pathway (Fig. 8F).

Discussion

Stem cell therapy may be a desirable alternative to pancreas and

pancreatic islet transplantation, and stem cells from bone marrow

represent an attractive source. Animal studies suggested the

possible ameliorate of diabetes by bone marrow stem cell therapy

[3,7,8,9,10,11]. However, the mechanism related to b-cell

recovery required elucidation. Here, for the first time we tested

the hypothesis of de novo b-cell differentiation from hBMSCs

versus endogenous b-cell regeneration mediated by hBMSCs,

using the transient expression of PDX1 and VEGF.

In contrast to previous reports [3,7,8,9,10,11] hBMSCs alone

were not able to reverse hyperglycemia in our animal model. This

can be attributed to various differences in stem cell populations,

mouse strains, mouse models, and experimental designs among

research groups. Some studies used hematopoietic stem cells from

bone marrow [3,32] or mouse mesenchymal bone marrow stem

cells [8,9,10,11]. In addition C57BL/6 mice were used for STZ-

induced diabetes model [8,10,11], which can explain different

outcomes in response to STZ, degree of diabetes, blood glucose

levels and responses to treatment. Only one previous report [7] is

the closest to our study: same type of stem cells, same cell delivery

method (intracardiac injection) and same mouse strain. However

in this report the dosage of STZ used was adjusted to produce

nonlethal hyperglycemia and the improvement in blood glucose

control was achievable only with multiple injections of human

cells. The higher glucose level and mortality of our mice in

addition to a single stem cell injection can explain obtaining

different results.

We achieved sustained recovery from diabetes following

injection of hBMSCs overexpressing VEGF. We observed an

efficient engraftment of hBMSCs-VEGF in the pancreas of the

diabetic mice, and its successful differentiation into blood vessels

and to lesser degree into b-cells. For the first time, we reported

here detectable levels of human insulin confirming a successful

Figure 7. Insulin/IGF1 receptor signaling pathway in the pancreas of diabetic mice, healthy control mice and mice rescued by
hBMSCs-VEGF: PCR array profile. Figure 7 shows fold changes of various gene expression in diabetic mice (STZ) compared with ones in healthy
control (A); mice rescued by hBMSCs-VEGF compared with healthy control mice (B); mice rescued by hBMSCs-VEGF compared with diabetic mice (C).
*p,0.05, **p,0.01, ***p,0.001.
doi:10.1371/journal.pone.0042177.g007
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chimerism in the mouse. However, the sustained near- normo-

glycemia remission was not fully supported by the low level of

human insulin, and the low number of b-cells from hBMSCs-

VEGF. The significantly higher level of mouse insulin in rescued

mice suggested that the endogenous b-cell regeneration is the

predominant mechanism behind the sustained clinical recovery.

Taken together, the de novo intra pancreatic angiogenesis from

hBMSCs-VEGF along with the endogenous activation of the

insulin/IGF receptor signaling pathway strongly support regener-

ation and functional recovery of endogenous b-cells.

To highlight this concept, we performed a parallel experiment

using hBMSCs expressing PDX1. The previous report showed the

possible direct differentiation of human hBMSCs into b-cells in

vitro after transfection with a virus vector encoding PDX1 [17],

supporting the possible role of PDX1 to direct differentiation of

hBMSCs into insulin-producing cells in our in vivo model.

Interestingly, human BMSCs-PDX1 could differentiate to b-cells

in the diabetic pancreas with approximately the same efficiency of

hBMSCs-VEGF confirmed by similar detectable levels of serum

human insulin and by immunohistochemistry. However, trans-

plantation of hBMSCs-PDX1 into diabetic mice resulted in only

transient recovery. The overall efficiency of hBMSCs-PDX1

engraftment and their differentiation into blood vessels were

significantly lower than those obtained from hBMSCs-VEGF,

which is correlated with the disparate clinical outcomes. We

anticipate that even engrafted hBMSCs-PDX1 could not survive

and/or maintain a normal function for long time due to lack of

necessary supplies from host environment (damaged pancreas).

VEGF-A has been known to play a key role in maintaining normal

intra-islet vascularization [33,34]. In addition, VEGF is known to

enhance proliferation, survival and differentiation of bone marrow

mesenchymal stem cells [35]. Overexpression of VEGF in BMSCs

increased revascularization and myocardial recovery after injury

[36], and neutralizing anti-VEGF antibodies inhibited the BMSC-

initiated angiogenic response in vivo [37]. Moreover, the b-cell-

specific VEGF-A deficient mouse showed the altered insulin

Figure 8. Insulin/IGF1 receptor/PI-3K/AKT pathway in the pancreas of diabetic mice, healthy control mice, and mice rescued by
hBMSCs-VEGF. Immunostaining of pancreatic sections from control healthy mice (control), diabetic mice (STZ), and diabetic mice rescued by
hBMSCs-VEGF (hBMSC-VEGF) for AKT (green), insulin (red) and merge in yellow (A); PDX1 (green) and insulin (red) (B); p27-kip1 (green) and insulin
(red) (C); Caspase 3 cleaved (red), insulin (green), and merge in yellow (D). Only few nuclei in pancreatic islets of rescued mice were positive for p27-
kip1 (arrow in panel C). Nuclei were counterstained with DAPI (blue). Panel E shows diabetic mice (STZ) has significantly higher percentage of b-cells
expressing Caspase 3 cleaved (c-CASP3) in the pancreas than control mice (control) and diabetic mice rescued by hBMSCs-VEGF. In panel F, we
present schematic summary of the Insulin receptor/PI-3K/AKT signaling pathway involving endogenous b-cell regeneration mediated by treatment
with hBMSCs-VEGF: reduced b-cell apoptosis, increased b-cell differentiation and proliferation through PDX1 expression and down regulation of the
cell cycle inhibitor p27-kip, and improved intra-islet angiogenesis through regulation of VEGF expression (F). Scale bar: 50 mm. ** p,0.01.
doi:10.1371/journal.pone.0042177.g008
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secretion despite maintaining normal b-cell mass [38] and the lost

of capacity to induce expansion of b-cell mass after STZ-induced

diabetes followed by bone marrow transplantation compared with

the wild-type mouse [39]. It has been reported that BMSCs

improved revascularization and function of pancreatic islets after

transplantation [40]. Bone marrow mesenchymal stem cells can

not only promote endogenous angiogenesis [41], but directly

differentiate into smooth muscle [42] and endothelial cell

phenotypes [43] in vitro, and into functional vascular structures

[44,45] and contribute to myocardial recovery after injury in vivo

[46].

The pancreas of mice rescued by hBMSCs-VEGF showed

upregulation of insulin receptor associated gene, such as Ins1, Igf2,

Igfbp1 as well as Dok1, 2 and 3. Recent extensive studies have

shown the importance of insulin regulating b-cell function [47].

Our results showed that Insulin/IGF receptor coupling with

insulin receptor soluble (IRS) proteins activated the downstream

effector pathway PI-3K. Several gene targets in the PI-3K

pathway were upregulated including Adra1d, G6pc, G6pc2, and

Serpine 1 in the rescued group. In contrast, Grb2, generally

thought to affect Ras and mitogen-activated protein kinase

signaling, was significantly downregulated in the rescued mice.

Consistent with a previous report [48], the expression of Jun was

increased in the diabetic pancreas while it was significantly

downregulated in the rescued mice. Insulin/IGF receptor/PI-3K

signaling mediates several pathways related with proliferation and

anti-apoptosis in most mammalian cells including pancreatic islets

[49]. AKT is a critical mediator of the Insulin/IGF receptor/PI-

3K pathway and overexpression of active AKT1 in b-cells

significantly increased b-cell size and total islet mass [50]. We

showed a significant decrease of AKT expression in the pancreatic

islets of diabetic mice, compared with control and rescued mice.

Interestingly, pattern of AKT distribution was mostly on the cell

membrane of the b-cells of the healthy control mice, while it was

highly expressed in both cell membrane and cytoplasm of the b-

cells in the rescued mice. It is well known that AKT activation

takes place on the cell membrane [51]. On the other hand, it has

been reported that translocation of AKT in the cytoplasm and

nucleus after stimulation with growth factors such us insulin and

IGF1 could mediate potential anti-apoptotic mechanisms [52,53].

Activation of Insulin/IGF signaling through PI-3K/ATK pathway

could induce reduction of apoptosis by cytoplasmic sequestration

of BAD that prevented BCL2 activation and subsequently caspase

activation [54]. Thus our data showed increased apoptosis in the

diabetic mouse pancreas measured by the increased number of b-

cells expressing caspase 3 cleaved. Accordingly diabetic mice

rescued by hBMSCs-VEGF showed a significant reduction in

apoptosis.

In keeping with the observation of enhanced Insulin receptor/

PI-3K/AKT signaling, the pancreatic islets of the rescued mice

showed greater expression and nuclear localization of PDX1

compared with diabetic mice. PDX1 is a well known downstream

transcriptional target of insulin signaling and it is required for b-

cell growth and differentiation [27]. Moreover the expression level

of p27Kip1, a cell cycle inhibitor known to be negatively regulated

by PI-3K/AKT pathway in b-cells through FoxO1 [31] and Gsk-

3b [30], was significantly reduced in the rescued group while up-

regulated in control and diabetic pancreatic islets. This finding

confirmed the increased proliferative signal in the rescued

pancreatic islets through the Insulin receptor/PI-3K/ATK

pathway, compared with ones in both control healthy mice and

diabetic mice.

In addition, PI-3K signaling is also known to modulate VEGF

expression in the endothelial cells and to induce angiogenesis [29]

through v-Src [55]. Moreover, VEGF expression is predominant

in the pancreatic b-cells and VEGF receptor 2 (VEGFR2) is highly

expressed in the intra-islet capillary [20]. Our data showed a

dramatic increase in VEGF expression in the b-cells of rescued

mice compared with diabetic mice, implying the possible

activation of VEGF expression via PI-3K/AKT pathway.

Taken together, our results suggest that hBMSCs-VEGF induce

reversion of diabetes mainly by induction of endogenous b-cell

regeneration through the generation of a favorable microenviron-

ment mediated by the activation of the Insulin/IGF1 receptor/PI-

3K/AKT pathway. Activation of this pathway in the b-cells

improves cell survival through inhibition of apoptosis,s and

induces b-cell differentiation and proliferation through activation

of PDX1 expression and inhibition of P27Kip1
. In addition, we

provide an evidence of a possible new mechanism of b-cell

recovery/regeneration through modulation of intra-islet angio-

genesis. The activation of the Insulin/IGF signaling through the

PI-3K pathway in the diabetic mice rescued by hBMSCs-VEGF

induces VEGF expression in the b-cells, correlated with b-cell

recovery (Fig. 8F).

In conclusion, our work provides new insight into the

mechanism of b-cell recovery after injury mediated by hBMSC

therapy and demonstrates the possible clinical benefit of hBMSCs

expressing VEGF for the treatment of insulin-dependent diabetes.
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