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Abstract
Islet replacement therapy is limited by shortage of
donor islet cells. Usage of islet cells derived from
porcine pancreatic stem cells (PSCs) is currently
viewed as the most promising alternative for human
islet transplantation. However, PSCs are rare and
have a finite proliferative lifespan. In this study, we
isolated and established an immortalized mesenchy-
mal stem cell (MSC) line derived from foetal porcine
pancreas, by transfecting human telomerase reverse
transcriptase (hTERT) and called these immortalized
pancreatic mesenchymal stem cells (iPMSCs). The
iPMSCs have been cultured for more than 80 pas-
sages and have capacity to differentiate into neurons,
cardiomyocytes, germ cells and islet-like cells, anal-
ysed by morphology, RT-PCR, western blotting,
immunofluorescence, immunocytochemistry and
transplantation assay. Islets derived from iPMSCs
reversed hyperglycaemia in streptozotocin-induced
diabetic mice and secreted insulin and C-peptide
in vitro. These results demonstrated that iPMSCs
might provide unlimited resources for islet replace-
ment therapy and models for functional cell differen-
tiation.

Introduction

Numbers of patients suffering from diabetes mellitus is
growing at an alarming rate. Insulin-secreting b cells of

islets of Langerhans are damaged to different extents in
diabetic patients, either through an autoimmune reaction
as in type 1 diabetic patients or through inherent changes
within b cells that affect their function, in type 2 diabetic
patients (1). Type 1 diabetes mellitus is a common endo-
crine disorder that results in substantial morbidity and
mortality, and leads to considerable financial costs to
patients and health care systems. Treatment with insulin
injections, while life-saving, often does not provide suffi-
cient control of blood glucose to prevent complications of
this disease; this has provided the impetus for intensive
research to discover better methods of sustaining normo-
glycaemia. Cell replacement strategies via islet transplan-
tation offer potential therapeutic options for diabetic
patients because islet replacement therapy can restore not
only the insulin-secreting unit, but also the precise fine
tuning of insulin release in response to multiple neural
and humoral signals, arising within and outside the islets
of Langerhans. However, difference between limited num-
ber of donor islets and high numbers of patients who
could benefit from such treatment reflects the need for
renewable sources of high-quality islet b cells (1). Human
embryonic stem cells (hESCs) are capable of self-renewal
and can differentiate into mature cell types of all three
germ layers (1,2). Differentiation of hESCs into b cells
highlights a promising strategy to resolve shortage of
b cells. However, immunological rejection, ethical con-
cern, low efficiency and sophisticated protocols have
restricted application of hESCs (3).

The usage of porcine islet cells is currently viewed as
the most promising alternative, as there is a plentiful sup-
ply of porcine islet cells; moreover, porcine and human
insulins are highly conserved, and porcine normal physio-
logical glucose levels are similar to those in humans (4).
The rationale for xenotransplantation is that implanted
porcine islets have the potential to mimic normal physio-
logical insulin response in type 1 diabetics so that near-
normal blood glucose levels may be achievable without
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insulin administration or with reduced requirement for it
(5). As a consequence, long-term diabetes complications
may be prevented and patients may experience less
hypoglycaemia compared to currently recommended
‘intensive’ insulin regimens.

New islet cells can also be derived from adult pancre-
atic ductal cells of mice (6) and humans (7,8). However,
pancreatic stem cells (PSCs) are rare and have a finite pro-
liferative lifespan, culminating in permanent population
growth arrest – known as replicative senescence, resulting
in inability to multiply, and to phenotypic instability (9).
Studies have shown that this crisis can be overcome by
introducing the catalytic subunit of human telomerase
reverse transcriptase (hTERT) (10,11). hTERT appears to
be essential for immortalization, and some studies have
reported that induction of telomerase activity alone is suf-
ficient for immortalization of functional cells (12).

In this study, we transfected hTERT into cultured foe-
tal porcine pancreatic MSCs and established an immortal-
ized mesenchymal stem cell line derived from foetal
porcine pancreas, and called them immortalized pancreatic
mesenchymal stem cells (iPMSCs). These cells have been
cultured for more than 80 passages, with capacity to dif-
ferentiate into neurocytes, cardiomyocytes, germ cells and
islet-like cells analysed by morphology, RT-PCR, western
blotting, immunofluorescence or immunohistochemical
staining and transplantation assay. These results demon-
strated that iPMSCs might provide unlimited sources for
islet replacement therapy and models for islet and other
functional cell differentiation.

Materials and methods

Isolation, culture and transfection of foetal porcine
pancreatic cells

2 months foetal porcine pancreases were removed, and
minced into 1–2 mm3 pieces. After being rinsed with
phosphate-buffered saline (PBS), chopped tissue was
digested with 0.1% collagenase at 37 �C for 25 min, with
shaking at intervals. Digested tissue was then filtered, cen-
trifuged at 20 g for 10 min and rinsed three times in PBS
before being resuspended in RPMI 1640 supplemented
with 10% foetal bovine serum (FBS; Hyclone, Logan, UT,
USA), 1 mM sodium pyruvate (Invitrogen, Carlsbad,
CA, USA), 0.1 mM b-mercaptoethanol (Sigma, St Louis,
MO, USA), 100 mg ⁄ml penicillin ⁄ streptomycin (Invi-
trogen), 20 ng ⁄ml epidermal growth factor (EGF)
(Millipore, Billenca, MA, CA, USA) and 20 ng ⁄ml basic
fibroblast growth factor (bFGF) (Millipore, Billenca, MA,
CA, USA). Resultant suspensions were seeded in 60 mm
culture dishes and incubated at 37 �C and 5% CO2. After
96 h incubation, suspended islets were physically manu-

ally picked out and transferred to six-well plates (at
50–60 islets ⁄well) in subculture medium (Low-glucose
DMEM [Dulbecco’s Modified Eagle Medium], Invitro-
gen) containing 15% FBS, 0.1 mM b-mercaptoethanol
(Sigma), 2 mM glutamine (Invitrogen) and 100 mg ⁄ml
penicillin ⁄ streptomycin. Specimens were subcultured at
70–80% confluency after dissociation with 0.25%
(w ⁄v) trypsin. The culture medium was replenished every
2–3 days (5).

For transfection, islet-derived cells were seeded in six-
well plates at concentration of 1 · 105 cells ⁄well. After
48 h culture, cells were transfected with pCI-hTERT using
Lipofectamine Plus� (Invitrogen). They were then dis-
tributed between three wells after 24 h. Transfected cells
were selected with 400 lg ⁄ml G418 after 48 h culture for
up to 30 days. Drug-resistant colonies (mesenchymal stem
cell-like) were maintained in 400 lg ⁄ml G418 and
expanded for further experiments.

Characterization of iPMSCs

Growth curves. G418-positive cells were seeded in
24-well plates at 1 · 104 cells ⁄well and their proliferative
ability was assessed by construction of growth curves at
intervals of 24 h. Cells were trypsinized and cell number
was determined for seven consecutive days (n = 3). Cell
population doubling times (PDT) were calculated using
the formula, PDT = [log2 ⁄ (logNt)logN0)] · t, where
Nt = number of cells after t hours of culture, where
N0 = number of cells seeded.

Flow cytometry analysis. Passage 18 cells were used for
cell-surface antigen phenotyping. Cells were cultured to
85% confluence, trypsinized for 3–5 min, collected and
incubated with fluorescein isothiocyanate (FITC) or
phycoerythrin (PE)-coupled antibodies. The following
antibodies were used in this experiment including anti-:
common leucocyte antigen CD45 (PE, Becton Dickinson,
Franklin, NJ, USA), CD71 (PE, Becton Dickinson), CD29
(PE, Becton Dickinson), CD166 (FITC, Becton Dickin-
son), CD34 (FITC, Becton Dickinson), CD44 (FITC, Bec-
ton Dickinson) and anti-mouse IgG conjugate (Becton
Dickinson), isotype-specific FITC or PE-conjugated goat
anti-mouse immunoglobulin G (IgG) F(ab¢)2 antibodies
(Becton Dickinson). Briefly, cells were trypsinized and ali-
quoted at a concentration of 1 · 106 cells ⁄ml and stained
for 30 min with either conjugated specific antibodies or
isotype-matched control mouse IgGs, at recommended
concentrations. Labelled cells were washed twice,
resuspended in PBS supplemented with 1% BSA and anal-
ysed using a Beckman Coulter flow cytometer (Beckman
Coulter, Brea, CA, USA). Results were plotted as mean
percentage of positive cells.
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Immunofluorescence and immunocytochemistry. iPMSCs
were fixed in 4% paraformaldehyde (PFA) for 10 min at
room temperature. Cells were permeabilized with 0.1%
Triton X-100 for 10 min, blocked with 1% goat serum in
PBS at room temperature for 1 h, and incubated with in
primary antibodies overnight at 4 �C. Primary antibodies
included anti-: hTERT (1:200; Chemicon, Temecula, CA,
USA), vimentin (Vim, 1:200; Chemicon), Nanog (1:200;
Chemicon), Sox2 (1:200; Chemicon), Oct4 (1:500; Chem-
icon), Klf4 (1:200; Chemicon), C-Myc (1:200; Chem-
icon), PCNA (1:200; Millipore), PC1 ⁄3 (1:200;
Millipore), Glut2 (1:200; Millipore), glial fibrillary acidic
protein (GFAP, 1:100; Boshide Biochemical Corporation,
Wuhan, China), Islet1 (1:1000; DSHB), Nestin (1:1000;
Chemicon), neuron-specific enolase (NSE, 1:100; Chem-
icon), cardiac a-actin (1:500; Sigma, Iowa City, Iowa,
USA), CT3 (1:1000; DSHB), Vasa (1:200; Abcam, Cam-
bridge, MA, USA), Scp3 (1:300; Santa Cruz, California,
USA), PDX1 (1:200; Abcam), C-peptide (1:200; Abcam)
and insulin (1:200; Chemicon). After three washes in
PBS, cells were incubated in secondary antibodies at room
temperature for 1 h followed by three washes in PBS, then
incubated in DAPI at room temperature for 5 min. Images
were captured and analysed using a Leica fluorescence
microscope (Hicksville, NY, USA).

For immunocytochemistry, cells were incubated in 3%
H2O2 for 10 min to inhibit endogenous peroxidise activity
and rinsed in PBS. Blocking was performed with 4% goat
serum at room temperature for 20 min. Cells were then
exposed to primary antibodies overnight at 4 �C or for
1–2 h at room temperature. Appropriate HRP-conjugated
secondary antibodies and chromogen solution 3,3-diam-
inobenzidine (DAB) were used according to the manufac-
turer’s manual (Beijing Zhongshan Golden Bridge
Biochemical Factory, Beijing, China). iPMSCs and
induced iPMSCs were analysed respectively.

Reverse transcriptase-polymerase chain reaction

Total RNA for reverse transcriptase-polymerase chain
reaction (RT-PCR) analysis was extracted from typical
iPMSCs, porcine foetal pancreas, ovary and induced
iPMSCs using TRIzol (Invitrogen). cDNA was synthe-
sized from 500 lg of RNA using a commercially avail-
able kit (TaKaRa; Biotech. Co. Ltd, Dalian, Liaoning,
China). PCR steps included denaturation at 94 �C for
5 min, followed by 35 cycles at 95 �C for 30 s, 55–58 �C
for 30 s and 72 �C for 30–60 s, and final extension at
72 �C for 10 min. Primers were designed based on
sequences of the open reading frame, from NCBI

Table 1. PCR primers and the length of the amplified products

Primers Forward Reverse Product size (bp) Tm (�C)

b-actin 5¢-gcggcatccacgaaactac-3¢ 5¢-tgatctccttctgcatcctgtc-3¢ 138 58
Oct4 5¢-gaagctggacaaggagaagct-3¢ 5¢-catgctctccaggttgcctc-3¢ 247 58
Sox2 5¢-ccagcgcatggacagtta-3¢ 5¢-tggagtgggaggaagaggta-3¢ 323 54
Nanog 5¢-gcgaatcttcaccaatg-3¢ 5¢-tttctgccacctcttac-3¢ 407 54
c-Myc 5¢-ctggtgggcgagatcatca-3¢ 5¢-cactgccatgaatgatgttcc3¢ 304 54
Klf4 5¢-cactgtctcatcaggagtca-3¢ 5¢-cgacggtgcacgaggagaca-3¢ 525 55
c-Kit 5¢-accgcactgccactgat-3¢ 5¢-taagccctgcactccac-3¢ 427 54
PCNA 5¢-agtggagaacttggaaatggaa-3¢ 5¢-gagacagtggagtggcttttgt-3¢ 154 58
hTERT 5¢-gtgtgctgcagctcccatttc-3¢ 5¢-gctgcgtctgggctgtcc-3¢ 264 58
Tbx5 5¢-attgctgaaaccgagaatgg-3¢ 5¢-gcgctccttgaggttgaaaag-3¢ 250 55
Nkx2.5 5¢-agcacttctccgctcacttc-3¢ 5¢-ccgtgcacagagtggtactg-3¢ 232 60
Gata4 5¢-tccctcttccctcctcaaattc-3¢ 5¢-tcagcgtgtaaaggcatctg-3¢ 193 54
Scp3 5¢-ctagaattgttcagagccagag-3¢ 5¢-gttcaagttctttcttcaaag-3¢ 247 58
GDF9 5¢-tagtccacccacacacctga-3¢ 5¢-ccagaagcctgagaaccaag-3¢ 197 57
ZP3 5¢-ggcatgtgacagaagaagca-3¢ 5¢-agagtcagggacaccaccac-3¢ 151 58
Vim 5¢-gtccaagtttgccgacctct-3¢ 5¢-agcgcatccacttcacagg-3¢ 123 58
Ngn3 5¢-gcgagttggcactgagca-3¢ 5¢-aagctgtggtccgctatgc-3¢ 220 58
Mafa 5¢-ttcagcaaggaggaggtcat-3¢ 5¢-acaggtcccgctctttgg-3¢ 190 58
NeuroD1 5¢-agctcccatgtcttccacgta-3¢ 5¢-gaagttgccgttgatgctga-3¢ 144 58
PC1 ⁄ 3 5¢-aacaggggagacaaggaaagg-3¢ 5¢-cgaggcactgctgatggag-3¢ 128 58
Glut2 5¢-ttgccttggatgagttatgtga-3¢ 5¢-gcgtggtccttgactgaaaa-3¢ 120 58
Pdx1 5¢-gagcccgaggagaacaagc-3¢ 5¢-tgacagccagctccaccc-3¢ 121 58
Insulin 5¢-aagcgtggcatcgtggag-3¢ 5¢-tcaggactttattgggttttgg-3¢ 128 58
Nestin 5¢-cctcaagatgtccctcagcc-3¢ 5¢-ccaacttagggtccaagatgc-3¢ 125 58
Brachyury 5¢-aagaacggcaggaggatgg-3¢ 5¢-ctctgggaagcagtggc-3¢ 372 53
bIII-Tubulin 5¢-cttttggccagatctttagacc-3¢ 5¢-ctcgttgtcaatgcaataggtc-3¢ 377 57
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GenBank, and synthesized by AuGCT Biotechnology
(Beijing). PCR primers and length of the amplified prod-
ucts are shown in Table 1.

PCR products were analysed by 2% agarose (Invitro-
gen) gel electrophoresis, stained with ethidium bromide
(Invitrogen) and visualized under UV illumination.
Primary pancreatic islet cells derived from porcine foetus-
es and oocytes from ovaries were used as positive
controls, respectively.

Quantitative reverse transcriptase-polymerase chain
reaction

Quantitative reverse transcriptase-polymerase chain reac-
tion (QRT-PCR) was set up in 25 ll reaction mixtures
containing 12.5 ll 1· SYBR@ PremixExTaqTM
(TaKaRa; Biotech. Co. Ltd), 0.5 ll sense primer, 0.5 ll
antisense primer, 11 ll distilled water and 0.5 ll template.
Reaction conditions were as follows: 95 �C for 30 s,
followed by 45 cycles at 95 �C for 5 s, and 58 �C for
20 s. All expression levels were normalized to b-actin in
each well. Expression was quantified as ratio of mRNA
levels obtained from untreated iPMSCs to those of
induced islets and foetal pancreas. QRT-PCR primers
including Vim, Ngn3, Mafa, NeuroD1, Glut2, PDX2 and
insulin are shown in Table 1.

Western blotting

Total cell proteins of iPMSCs and islet-derived iPMSCs
were extracted in 1· SDS–PAGE sample loading buffer,
resolved by SDS–PAGE and transferred to PVDF mem-
branes, then probed with primary antibodies, including to
b-actin (1:1000; Beyotime, Haimen, Jiangsu, China), Vim
(1:1000; Chemicon), PDX1 (1:1000; Abcam) and insulin
(1:1000; Chemicon). Horseradish peroxidase-conjugated
anti-rabbit or anti-mouse IgG was used as secondary
antibody (1:1000; Beyotime). Detection was performed
followed by visualization using BM-Chemiluminescence
blotting substrate (Roche, Shanghai, China).

Tumorigenicity assay

To detect any tumorigenicity of iPMSCs, cells were col-
lected, resuspended in PRMI 1640 medium, then injected
subcutaneously into nude mice (4–6 weeks) at concentra-
tion of 1 · 107 cells per mouse (n = 4). Mice were moni-
tored for up to 2 months.

Generation of neuronal cells from iPMSCs

iPMSCs were incubated in serum-free high-glucose
DMEM (Sigma), containing 1 mM b-mercaptoethanol, for

24 h. Media were changed for further 8 h (13,14).
Induced cells were examined morphologically and by
RT-PCR. Immunohistochemistry was performed with a
variety of primary antibodies including anti-: Nestin
(1:1000; Chemicon), NSE (1:100; Chemicon) and GFAP
(1:100; Boshide Biochemical Corporation). Primer
sequences for RT-PCR are shown in Table 1 (Nestin,
bIII-Tubulin). Untreated iPMSCs were used as negative
control.

Generation of cardiomyocytes from iPMSCs

iPMSCs were induced with basal medium containing
10 lM 5-azacytidine (5-AZA) (Sigma) or 10)7 M all
trans-retinoic acid (RA) (Sigma) in combination with
0.75% (w ⁄v) DMSO (Sigma) for 48 h, and then induced
in low-glucose DMEM (15). Induced cardiomyocytes
were identified by morphology, immunohistochemistry
and RT-PCR. Primary antibodies used in this experiment
were anti-: cardiac a-actin (1:500; Sigma), CT3 (1:1000;
DSHB) and islet1 (1:1000; DSHB). Primer sequences for
RT-PCR are shown in Table 1 (Tbx5, Nkx2.5 and Gata4).
Untreated iPMSCs were used as negative control.

Generation of germ cells from iPMSCs

To detect spontaneous differentiation capacity, iPMSCs
were cultured according to a modified method, which has
been previously well established for ES cells (16). Six
hundred cells were cultured in hanging drops of 20 ll of
Low-glucose DMEM containing 15% FBS, 0.1 mM non-
essential amino acids (Invitrogen), 2 mM L-glutamine
(Invitrogen), 0.1 mM b-mercaptoethanol (Sigma) and
100 mg ⁄ml penicillin ⁄ streptomycin. After 2 days culture
in hanging drops, cells aggregated and formed embryoid
bodies (EBs), which were maintained in suspension cul-
ture in bacteriological dishes for another 3–5 days. For
microscopic inspection, EBs were seeded in tissue culture
dishes. RT-PCR was used to investigate expression of
genes related to differentiated cells of all three embryonic
germ layers. Further cultivation of the EBs led to border
cells shed and proliferation. Border cells were used to dif-
ferentiate into germ cells using conditioned medium with
5% or 10% porcine follicular fluid (PFF) and 0.1 U ⁄ml
follicle-stimulating hormone (FSH; Sigma) (17,18). Large
follicle-like structures were formed and identified by
morphology and immunohistochemistry respectively with
anti-: Oct4 (1:500; Chemicon), Vasa (1:200; Abcam) and
Scp3 (1:300; Santa Cruz) antibodies, and RT-PCR with
Oct4, Scp3, GDF9 and ZP3, which are markers of germ
cells, spermatozoa or oocytes (19–24). Untreated iPMSCs
and porcine ovary were used as negative control and
positive control respectively.
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Generation of islet-like clusters derived from iPMSCs

We used a two-step protocol to obtain islet-like cells. First,
iPMSCs were dissociated using 0.05% trypsin at 37 �C
for 5 min and cultured in RPMI 1640 ⁄B27 medium
supplemented with 1% BSA, 100 mM nicotinamide (NIC;
Sigma), 10 ng ⁄ml exendin-4 (Sigma), 1 mM sodium
pyruvate (Invitrogen), 2 mM glutamine (Invitrogen), 1 mM

b-mercaptoethanol (Sigma), 100 mg ⁄ml penicillin ⁄ strep-
tomycin, 20 ng ⁄ml EGF (Millipore) and 20 ng ⁄ml bFGF
(Millipore) for 7 days. Cells were then cultured for
another 7 days in the same medium supplemented with
10)6

M RA (Sigma) and without EGF or bFGF. Cells were
transferred to ultra-low attachment plates and cultured in
the same medium for 2 weeks. Medium was changed
every 3 days.

Pancreatic islet-like clusters were stained with dithiz-
one (DTZ; Sigma) to rapidly assess presence of insulin-
producing cells, staining crimson (7). Clusters were also
identified by immunofluorescence assay with anti-:
PDX1, C-peptide, insulin and Nestin antibodies. Vim,
Ngn3, Mafa, NeuroD1, Glut2, PDX1 and insulin were
analysed by RT-PCR and QRT-PCR at days 7 and 14 after
induction. Expression of Vim, PDX1 and insulin were
analysed by western blotting at day 14 after induction.
Untreated iPMSCs and foetal porcine pancreas were
used as the negative control and the positive control
respectively.

Glucose-stimulated insulin release and insulin content
analysis

After 14 days induction, iPMSC-derived islet clusters
were plated in six-well plates in triplicate, approxi-
mately 200 clusters ⁄well, and cultured overnight to
ensure that clusters attached to plates. Then, clusters
were washed three times in glucose-free RPMI 1640
medium and incubated in RPMI 1640 containing
5.6 mM glucose at 37 �C for 30 min or 3.5 h. Then,
clusters were further incubated in RPMI 1640 contain-
ing 25 and 5.6 mM glucose at 37 �C for another
30 min (25) or 3.5 h (26). In this experiment, subse-
quently different stages of clusters were incubated with
5.6 and 25 mM glucose for 30 min or 3.5 h to deter-
mine glucose-stimulated insulin content and C-peptide
release. RPMI 1640 induction medium was determined
to be basal level of insulin content and C-peptide
release. Cell supernatant of both low- and high-glu-
cose-treated clusters, and non-induced iPMSCs treated
with low and high concentrations of glucose were col-
lected and stored at )20 �C for further use. The insulin
content released by islet clusters was detected by RIA
(26). The results were analysed by t-test analysis.

Transplantation of iPMSC-derived islet clusters

Eighteen normal adult male mice (Kunbai strain), weigh-
ing 40 ± 2 g, were used for the transplantation assay.
Fifteen mice were used to establish diabetic models
by intraperitoneal injection with streptozotocin (STZ;
Sigma), which was dissolved in 0.1 M citric acid and
sodium citrate buffer. STZ injections were given intraperi-
toneally and the doses were determined according to the
body weight of mice (100 mg ⁄kg body weight, i.p.) for
two consecutive days. Three mice injected with 0.1 M

citric acid and sodium citrate buffer remained as the nor-
mal mice. Blood glucose levels of the experimental group
of mice, at 3, 6 and 9 days after STZ injection, were mea-
sured. Mice with blood glucose levels above 16.65 mM

after three measurements were regarded as suitable
diabetic models.

Induced dithizone-positive clusters and non-induced
iPMSCs were scraped, resuspended in 100 ll low-glucose
DMEM (approximately 1 · 106 cells) and transplanted
into abdomens of nine and three diabetic mice respec-
tively. Similarly, three diabetic mice were injected with
100 ll low-glucose DMEM. Blood glucose levels of
transplantation mice and normal mice were measured
every 3 days. Death rates of experimental mice were
recorded daily. This diabetic model and transplant experi-
ment was approved by the animal committee of Shaanxi
Centre of Stem Cells Engineering & Technology.

Results

Characterization of iPMSCs

Typical pancreatic stem cell colonies (Fig. 1a) and mono-
layer cells with fibroblast-like morphology were obtained
in our study (Fig. 1b) (27), and typical iPMSC colonies
were formed 2–3 weeks after transfection and selection
with 400 lg ⁄ml G418, over five stable hTERT transfected
iPMSC colonies were obtained which had similar fibro-
blast-like morphology. Success rate of iPMSCs was in the
range 12.5% (5 ⁄40). We expanded one of these, and main-
tained the typical spindle-shape and fibroblastic morphol-
ogy of MSC up to 12 months (80 passages). They formed
fibroblast colonies and grew as confluent with typical tri-
angles and long spindle cell morphology of normal MSCs
(Fig. 1c, passage 35; Fig. 1d, passage 75). These typical
iPMSCs had one nucleus each, and at mitotic features
were revealed with Giemsa staining (Fig. 1e). iPMSCs
expressed hTERT as determined by RT-PCR, and main-
tained hTERT activity at passages 35 and 75. However,
hTERT was not detected in untransfected primary porcine
pancreatic cells (Fig. 1f). From different passages of
transfected cells, growth curves of iPMSCs maintained
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1–3 days lag phase, and by 4–7 days entered log (expo-
nential) phase (Fig. 1g). PDT of untransfected cells was
68.9 h, and of iPMSCs was 48.2 h (passage 35) and
54.5 h (passage 75); this showed that iPMSCs were genet-
ically stable, presented consistent phenotypes over time
and had a strong proliferative capacity as confirmed by
the growth curves (Fig. 1g). Immunofluorescence analysis
showed that these cells expressed markers of PSCs includ-
ing Vim, PC1 ⁄3, Glut2, PDX1 and hTERT (Fig. 2). At
mRNA level, we also detected expression of pancreatic
stem cell markers including Vim, Ngn3, Mafa, NeuroD1,
PC1 ⁄3, Glut2 and PDX1 (Fig. 2). RT-PCR analysis indi-
cated that they expressed Vim, Ngn3, Mafa, NeuroD1,
PC1 ⁄3, Glut2 and PDX1.

Immunophenotyping for surface antigens by flow
cytometry was performed on iPMSCs at passages 15–35
to further characterize this cell population. Cells strongly
expressed markers for mesenchymal progenitors such as
b1 integrin (CD29) and CD44. They were negative for
markers of haematopoietic lineage cells (CD71, CD45
and CD34) and CD166 (Fig. 3).

In addition, our cells also expressed specific markers
of embryonic stem cells including Oct4, Sox2, Nanog,
C-Myc, Klf4, C-kit and PCNA, as analysed by immuno-
histochemistry (Fig. 4). Nanog, C-Myc, Klf4, Oct3 ⁄4,
Sox2 and PCNA were located in the nucleus of

iPMSCs, although these proteins can also be found in
cytoplasm (Fig. 4). These results were similar to previ-
ous ones described for adult stem cells (28). We also
detected specific markers of embryonic stem cells at
mRNA level including Oct4, Sox2, Nanog, C-Myc,
Klf4, C-kit and PCNA. These results demonstrated that
the iPMSCs possessed some properties of bone marrow
mesenchymal stem cells and pluripotent embryonic stem
cells (29,30).

These results demonstrate that iPMSCs retained some
characteristics of PSCs (31), and shared some characteris-
tics of bone marrow mesenchymal stem cells and pluripo-
tent stem cells (1,29,30).

To determine functional tumorigenicity, iPMSCs sub-
cultured for 35 passages had been suspended in PRMI
1640 and injected subcutaneously into flanks of four nude
mice (4–6 weeks) at concentration of 1 · 107 cells in
0.3 ml per mouse. Mice were monitored and no tumour
outgrowths were observed for up to 2 months after injec-
tion (Fig. S1).

Multipotential differentiation of iPMSCs

To determine whether iPMSCs were ⁄ resembled early
uncommitted MSCs capable of differentiation into neural
lineages, our cells were induced to differentiate in vitro

(a) (b) (c)

(d) (e) (f)

(g)

Figure 1. Morphology of iPMSCs, hTERTexpression and growth curves of iPMSCs. (a) typical primary PSC colonies; (b) morphology of untrans-
fected iPMSCs; (c, d) typical spindle fibroblast-like iPMSCs; (e) Giemsa staining of iPMSCs; Bar = 20 lm; (f), hTERT expression of untransfected
cells, and hTERT was present in iPMSCs and stably expressed in iPMSCs at passages 35 and 75, but absent in untransfected cells; (g) growth curves of
iPMSCs. ¤ (P75 iPMSCs); (P35 iPMSCs); (Untransfected P24 PSCs).
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Figure 3. Detection of cell surface markers. Analysis of FACs showed that iPMSCs were positive for CD29 and CD44, and negative for CD34,
CD45, CD71 and CD166.

Figure 2. Characteristics of iPMSCs. Immunofluorescence analysis showed that iPMSCs were positive for PDX1, Vim, PC1 ⁄ 3, Glut2 and hTERT.
Bar = 20 lm. RT-PCR analysis showed that iPMSCs were positive for Vim, Ngn3, Mafa, NeuroD1, PC1 ⁄ 3, Glut2 and PDX1.
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based on the protocol of Mareschi et al. (14). Induced by
b-mercaptoethanol, iPMSCs gradually shrank, protruded,
and became bipolar and ⁄or multipolar cells (Fig. 5).
Immunocytochemical analysis showed that astrocytes and

neuron-like cells expressed Nestin, NSE and GFAP pro-
tein (Fig. 5), and Nestin and b-III tubulin were detected at
mRNA level analysed by RT-PCR; these are specific
markers of neural stem cells (NSCs), astrocytes and neu-
rocytes (14). Untreated cells expressed expressed Nestin
weekly, not expressed b-bIII Tubulin (Fig. 5).

To investigate potential for cardiomyocyte differentia-
tion, cells were induced by 5-AZA or 10)7

M RA and
0.75% DMSO for 2–15 days. Cell morphology began to
change after induction, and muscle tube-like structures
could be seen (Fig. 6). Immunocytochemical reactions
showed that cardiomyocyte-like cells expressed the cardiac
a-actin, CT3 and islet1 protein (15). We also detected spe-
cific markers of cardiomyocytes by RT-PCR analysis indi-
cated that they expressed Tbx5, Nkx2.5 and Gata4 (15).
Compared to the untreated group, the expression of Tbx5
and Nkx2.5 showed an upward trend in the 5-AZA induced
cells, but there was no up-regulation in the RA-DMSO
induced group. These results demonstrated that 5-AZA
was more beneficial for cardiac cell differentiation (Fig. 6).

To test for spontaneous differentiation, iPMSCs were
cultured according to a modified method, which has been
well established for ES cells (19). Cells aggregated and
formed EBs in suspension culture in bacteriological
dishes, and there large round cells were detached from the

Figure 5. Neuron-like cells were formed after induction. Nestin,
NSE, GFAP staining were positive respectively after induction and
analysed by immunohistology. Bar = 20 lm; and expression of Nestin
and b III-tubulin were up-regulated in induced cells relative to untreated
cells as analysed by RT-PCR.

Figure 4. Pluripotent ESC markers were expressed in iPMSCs. Immunocytochemistry analysis showed that iPMSCs were positive for pluripotent
ESC markers (Oct4, Sox2, Nanog, C-Myc and Klf4) and PCNA, Bar = 20 lm; RT-PCR analysis showed that iPMSCs were positive for Oct4, Sox2,
Nanog, C-Myc, Klf4 and PCNA.
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periphery of EBs. RT-PCR analysis indicated that EBs
expressed Nestin (ectoderm), Brachuary (mesdoderm) and
PDX1 (endoderm). Compared to the undifferentiated
group, there was an upward trend of PDX1 expression,
while undifferentiated iPMSCs did not express Nestin or
Brachuary (Fig. 7). To confirm the potential of germ cell
differentiation, detached cells were treated for 2–15 days
with 0.1 U ⁄ml FSH and PFF; we found that large round
cells were formed after treatment and a percentage of large
cells specifically expressed increased Vasa, Scp3 and Oct4
as shown by immunohistochemical analysis (Fig. 7). They

were also positive for oocyte markers, Scp3, GDF9 and
ZP3, and levels of expression were up-regulated compared
to cells cultured in control medium, as analysed by RT-
PCR analysis. However, expression pattern of Oct4 was
not clearly up-regulated (Fig. 7). All these markers are
expressed specifically in PGCs and oocytes (18,19,22).
Our results indicate that a small sub-population of
iPMSCs differentiated into germ cells and a few oocyte-
like cells. However, we have not yet determined whether
these germ cells would be able to complete meiosis and
form functional oocytes.

(d)

(c)(b)(a)

Figure 7. Germ cells were formed after induction. (a) EBs derived from iPMSCs; (b) Large round cells detached from the periphery of EBs; (c) EBs
derived from iPMSCs expressed Nestin (ectoderm), Brachuary (mesdoderm) and PDX1 (endoderm) analysed by RT-PCR. Follicle-like cells were
obtained from EBs derived iPMSCs and immunohistochemical analysis showed that large cells expressed Vasa, Scp3 and Oct4 (the markers of germ
cells), bar = 20 lm; Germ cell-specific markers showed that oocyte markers (Scp3, GDF9 and ZP3) were up-regulated after induction as analysed by
semi-RT-PCR, similar to that in porcine oocyte.

Figure 6. Cardiomyocyte-like cells were
formed after induction. Cardiac a-actin, CT3,
Islet1 staining were positive respectively after
induction by 10 lM 5-AZA or 10)7

M all trans-
retinoic acid in combination with 0.75% DMSO,
Bar = 20 lm; cardiac specific markers analysed
by RT-PCR showed that cardiac a-actin, Nkx2.5
were up-regulated induced by 5-AZA but there
was no up-regulation by or RA in combination
with DMSO.
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Potential differentiation of islet cells

To test potential for islet cell differentiation, cells were
induced using a two-step protocol. On the 14th day, most
induced pancreatic islet-like clusters became crimson with
DTZ staining (Fig. 8a,b). Clusters stained deeply and sin-
gle cells were also stained, albeit weakly. After 2 weeks,
induced clusters were transferred to plates and stained for
PDX1, C-peptide, insulin and Nestin, all positive, as
analysed by immunofluorescence (Fig. 8). which were
markers of early and mature beta cells including Pdx1,

C-peptide and insulin (32). Nestin plays important roles as
an intermediate regulator governing both stemness and
differentiation of stem cells in the process of their differ-
entiation into insulin-secreting cells (33). Expression of
PDX1 was located in the cytoplasm of iPMSCs, while in
islets derived from iPMSCs induction was located in
nuclei (34). These results demonstrate that the cells were
able to differentiate into cell types capable of secreting
endocrine hormones, not only islet cell clusters here (35).
At the mRNA level, we detected specific markers of
pancreatic islets including Vim, Ngn3, Mafa, NeuroD1,

(a) (b) (c)

(d)

(e)

Figure 8. Potential differentiation of islet cells. (a) islet clusters derived from iPMSCs were formed at day 14; (b) islet clusters were positive for DTZ
staining; islet clusters derived iPMSCs were positive for PDX1, C-peptide, insulin and Nestin, Bar = 20 lm; (c) induced islets derived from iPMSCs
and non-induced iPMSCs expressed pancreatic stem cell markers including Vim, Ngn3, Mafa, NeuroD1, Glut2, PDX1 and insulin as analysed by
RT-PCR; (d) pancreatic islet-specific markers (Ngn3, Mafa, NeuroD1, Glut2, PDX1 and insulin) in induced islets were up-regulated relative to
non-induced iPMSCs after 1-week induction, while expression levels of primary pancreatic specific marker (Vim) was down-regulated relative to
undifferentiated iPMSCs, and there was an upward trend expression of Mafa, NeuroD1, Glut2, PDX1 and insulin in the 2-week induced group compared
with 1-week group as analysed by QRT-PCR; (e) western blotting showed that expression of Vim, PDX1 and insulin in induced islets were up-regulated
relative to non-induced iPMSCs.
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Glut2, PDX1 and insulin, expressed in the iPMSCs
(Fig. 8c). After induction, expression levels of pancreatic
islet-specific markers, Ngn3, Mafa, NeuroD1, Glut2,
PDX1 and insulin, were up-regulated compared to
untreated cells, while expression levels of primary
pancreas-specific marker, Vim, was down-regulated com-
pared to untreated cells, as analysed by QRT-PCR
(Fig. 8d). When compared to the 1-week induced group,
there was an upward trend in expression of Mafa, Neu-
roD1, Glut2, PDX1 and insulin in the 2-week induced
group, while expression of Ngn3 showed a weak down-
ward trend, as Ngn3 is a short-term protein formed during
development of the pancreas, and is a directional factor in
pancreatic endocrine cells, and does not exist in mature
islets (36). These results demonstrate that the induced
cells begun to differentiate into islet cells. Expression of
Vim, PDX1 and insulin proteins showed upward trends
compared to untreated cells as analysed by western blot-
ting (Fig. 8e).

To determine whether cell clusters derived from
iPMSCs were capable of secreting insulin in response to
glucose stimulation, we tested the ability of iPMSC-
derived islet clusters for C-peptide production after
sequential treatment with low and high concentrations of
glucose in a static assay. Insulin and C-peptide release of
islet clusters in 25 and 5.6 mM glucose stimulated groups
(Test groups) were significantly higher than those of non-
induced cells (Control) (P < 0.01), and there were signifi-
cantly different levels of secreted insulin and C-peptide
between 25 and 5.6 mM glucose stimulation respectively
(P < 0.05). However, there were no significant differences
in secreted insulin and C-peptide levels for 30 min or
3.5 h glucose stimulation (P > 0.05). However, levels of
insulin and C-peptide were higher for 3.5 h stimulation
than for 30 min stimulation (Table 2). These results indi-
cate that clusters generated by our protocol were able to
secrete C-peptide and insulin in response to high concen-
tration of glucose, as measured by the static assay.

All three normal control mice remained alive with
blood glucose levels of 3.54–6.5 mM over the experimen-
tal period. During 35-day transplantation experiments,
eight of the nine mice transplanted with induced pancre-
atic islets derived from iPMSCs were alive. The mouse
that died did so 1 day after transplantation. Blood glucose
levels of the eight induced pancreatic islet-transplanted
diabetic model mice gradually decreased to 4.4–16.3 mM

after transplantation, and body weight increased to nor-
mal, that is, in the region of 32 g. However, lower blood
glucose levels of transplanted mice only lasted for
21 days, and then increased to higher than 27 mM

(Fig. 9). Blood glucose levels of three mice transplanted
with non-induced iPMSCs showed a downward trend, but
did not attain normal levels and body weights were similar
to those of diabetic model mice transplanted with the med-
ium. Blood glucose levels of three diabetic model mice
transplanted with medium remained higher than 27 mM,
while body weights were maintained at around 27 g. Fur-
thermore, we detected Nestin protein by immunofluores-
cence assay, and found that induced islets expressed
Nestin weakly. This indicated that induced islets were not
fully differentiated or only some cells had fully developed
into mature pancreatic islet cells. These results indicate
that induced islets derived from iPMSCs could reverse
hyperglycaemia after transplantation into streptozotocin-
induced diabetic mice, but time that blood glucose levels
were reduced, were short (Fig. 9). Reasons for this need
to be elucidated further (37).

Discussion

Reports have shown that ESCs have the ability to differ-
entiate into insulin-producing cells and may provide an
unlimited source of them for cell transplantation in dia-
betic patients (1,38). However, immunological rejection,
concern about ethics and low direct efficiency of differ-
entiation restricts application of hESCs. Use of islet cells
derived from porcine PSCs is currently viewed as a most
promising alternative to supply cells as the can be read-
ily expanded by optimizing supply of donor animals.
However, PSCs proliferate only for a finite proliferative
lifespan and an immortalized functional cell line is still a
major issue. In this study, we investigated the possibility
of establishing an immortalized porcine pancreatic mes-
enchymal stem cell line (27). The cells exhibited several
characteristics of typical bone marrow-derived MSCs,
ESCs, PSCs and unlimited potential for population
growth (29,39–43). First, the cells exhibited typical mor-
phology of MSCs and expressed surface proteins associ-
ated with MSCs, did not express haematopoietic stem
cell markers, and also expressed typical markers of
ESCs and PSCs (1,29,35); Second, they possessed the

Table 2. Insulin and C-peptide release of islet-like cells in response to
glucose stimulation

Group Insulin (lIU ⁄ml) C-peptide (ng ⁄ml)

PRMI1640 (n = 1) 0.14 0
Control (n = 1)
5.6 mM glucose 0.33 0.01
25 mM glucose 0.44 0.18

Test group (0.5 h, n = 3)
5.6 mM glucose 227.89 ± 18.34 0.36 ± 0.04
25 mM glucose 350.25 ± 30.27 0.52 ± 0.02

Test group (3.5 h, n = 3)
5.6 mM glucose 273.15 ± 11.23 0.38 ± 0.04
25 mM glucose 369.64 ± 19.10 0.55 ± 0.05
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capacity for pluripotental differentiation and could be
differentiated into other functional cell types including
neural cells, cardiomyocytes, even germ and islet-like
cells as analysed by morphology, RT-PCR, immunohis-
tochemical analysis, western blotting and transplantation
assay. According to our knowledge, this is the first study
demonstrating that pancreatic MSCs are present in the
porcine pancreas and can be immortalized by transfec-
tion with hTERT, and that these cells share characteris-
tics of typical bone marrow-derived MSCs, ESCs and
PSCs and may differentiate into functional cells
(1,10,11,27,29,35). Long-term survival of these cells
supports the concept of presence of organ-specific MSC
populations that would be likely to serve as a reservoir
of tissue cells of non-haematopoietic organ systems
(44,45). These results have demonstrated that MSCs
from porcine pancreas underwent multilineage differenti-
ation in response to various differentiation-inducing
culture conditions (27,46,47).

There is a growing number of reports on putative
MSC-like cells isolated from various non-haematopoietic
organs, including the pancreas (48–51). However, no
human or animal study has definitively determined
whether these cells are tissue residents or whether they
require continual replenishment from the bone marrow,
and no immortalized pancreatic stem cell lines have been
reported (51). Usually, these MSCs cannot maintain the
ability to proliferate for a long time. Therefore, they would
not be able to provide a sufficient cell resource for trans-
plantation and tissue engineering. Another main character-
istic of MSCs is their ability to differentiate into multiple
cell lineages (29). We found that our established MSC line
was immortalized and survived for 12 months in vitro;
also more importantly, that they had the capacity for self-
renewal for long-term expansion and could differentiate

into neural lineages as well as connective tissues including
cardiomyocytes in vitro, and even germ cells (all three
germ layers) and islet cells. These results suggest that the
cells may provide an in vitro model to study plasticity and
differentiation of stem cells and be a potential source of
therapy for neural and heart dysfunction therapy
(4,9,43,52).

Furthermore, these cells can be induced to form islet
cell clusters, as analysed by immunofluorescence staining
and RT-PCR analysis, and can secrete insulin and
C-peptide in response to high levels of glucose stimulation
in vitro. In addition, transplantation assay demonstrated
that these iPMSCs may have the potential to mimic the
normal physiological insulin response in diabetic mice
and that near-normal blood glucose levels may be
achieved without insulin administration or with reduced
requirement for it. Although these cell functions were only
maintained for a short time after transplantation, the
results demonstrated that we have established efficient
protocols for obtaining functional islets derived from our
established iPMSCs and showed that this will provide a
promising supply of alternative islet cells for diabetes (2).

Previous studies have shown that ESCs, foetal porcine
skin stem cells, bone marrow and lung MSCs can differ-
entiate into germ cells in vitro (17–19,22,23,53–55). Stem
cells may provide a new potential source of male and
female germ cells that could be used for infertility and ste-
rility treatments (21,53,54). However, the mechanisms
remain unclear and efficiency of germ-like cells derived
from stem cells is still low and few have been shown to
complete meiosis (21,55,56). In this study, a small number
of follicle-like large cells was formed in follicle fluid-
treated iPMSCs, and expressions of GDF9 and ZP3 were
upward in induced cells. These results demonstrate that
iPMSCs are pluripotent with the capacity to differentiate

Figure 9. Blood glucose levels of transplantation mice. Blood glucose level of transplantated mice gradually decreased after transplantation with
induced islets derived from iPMSCs, and this was maintained for around 3 weeks at low levels (<16.65 mM), then increased up to >27 mM (¤). Blood
glucose level of all diabetic model mice transplanted with culture medium was higher than 27 mM ( ). All diabetic model mice transplanted with
non-induced iPMSCs maintained a higher level of glucose than those in islets transplantation, but lower than in culture medium transplantation ( ). All
normal control mice were at 3.54–6.5 mM(·).
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into germ cells with appropriate stimulation by growth
factors and environment (17,18,22,23,53,54). Dyce et al.
(18) have shown that follicular fluid promotes induction
of porcine stem cells to differentiate into oocytes. These
results have demonstrated that follicular fluid might
contain factors secreted from granulosa cells, theca cells
and oocytes, within follicles. To our knowledge, this is the
first report to study derivation of follicle-like cells from
porcine pancreas MSCs (17,53,54,56).

In summary, this study has demonstrated isolation
and characterization of a non-haematopoietic MSC
population from porcine foetal pancreas and established
immortalized porcine pancreatic mesenchymal stem
cells through transfected hTERT, named iPMSCs.
Importantly, these cells shared characteristics of typical
bone marrow-derived MSCs, ESCs and PSCs and
unlimited potential for population growth. The cells
showed multipotential differentiation capacity and could
differentiate into other functional cell types including
neural cells, cardiomyocytes, and follicle-like cells and
islet-like cells. These islet-derived iPMSCs reversed
hyperglycaemia in diabetic mouse model animals and
secreted insulin and C-peptide in vitro. Thus, this study
has demonstrated that these iPMSC may provide an
unlimited source of such cells for regenerative
medicine, tissue engineering and basic research.
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