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Okuno M, Minami K, Okumachi A, Miyawaki K, Yokoi N,
Toyokuni S, Seino S. Generation of insulin-secreting cells from
pancreatic acinar cells of animal models of type 1 diabetes. Am J
Physiol Endocrinol Metab 292: E158-E165, 2007. First published
August 22, 2006; doi:10.1152/ajpendo.00180.2006.—We recently
found that pancreatic acinar cells isolated from normal adult mouse
can transdifferentiate into insulin-secreting cells in vitro. Using two
different animal models of type 1 diabetes, we show here that
insulin-secreting cells can also be generated from pancreatic acinar
cells of rodents in the diabetic state with absolute insulin deficiency.
When pancreatic acinar cells of streptozotocin-treated mice were
cultured in suspension in the presence of epidermal growth factor and
nicotinamide under low-serum condition, expressions of insulin genes
gradually increased. In addition, expressions of other pancreatic
hormones, including glucagon, somatostatin, and pancreatic polypep-
tide, were also induced. Analysis by the Cre/loxP-based direct cell
lineage tracing system revealed that these newly made cells originated
from amylase-expressing pancreatic acinar cells. Insulin secretion
from the newly made cells was significantly stimulated by high
glucose and other secretagogues. In addition, insulin-secreting cells
were generated from pancreatic acinar cells of Komeda diabetes-
prone rats, another animal model of type 1 diabetes. The present study
demonstrates that insulin-secreting cells can be generated by transdif-
ferentiation from pancreatic acinar cells of rodents in the diabetic state
and further suggests that pancreatic acinar cells represent a potential
source of autologous transplantable insulin-secreting cells for treat-
ment of type 1 diabetes.

transdifferentiation; lineage tracing; streptozotocin; Komeda diabetes-
prone rat

THERE HAVE BEEN MANY ATTEMPTS to generate and/or expand
insulin-secreting cells in vitro. Recent studies have shown that
insulin-secreting cells can be generated from non-B-cells, in-
cluding mouse and human pancreatic duct cells (6, 8, 20), rat
hepatic oval cells (33), mouse bone marrow cells (30), putative
pancreatic stem/progenitor cells (21, 28, 36), and embryonic
stem cells (2, 16, 24). In addition, several studies have sug-
gested that pancreatic acinar cells can transdifferentiate into
insulin-secreting cells in vitro (3, 23). We recently found that
insulin-secreting cells can be generated from exocrine pancreas
of adult mice and provided direct evidence that the cells
originated from pancreatic acinar cells using a Cre/loxP-based
cell lineage tracing system (17). However, all of these studies
used nondiabetic animals.
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Hyperglycemia and the other metabolic disorders that char-
acterize diabetes damage various organs and tissues (19). Some
patients with type 1 diabetes exhibit considerable reduction in
weight and volume of pancreas due to severe atrophy of acinar
cells (14). Impairment of exocrine pancreatic function is also
found in type 1 diabetes (7, 11, 32). In addition, diabetic
conditions might affect the regeneration processes of progen-
itor cells. Neovascularization capacity of bone marrow-derived
mononuclear cells (BM-MNCs) is reduced in streptozotocin
(STZ)-induced diabetic mice (29). Such dysfunction is thought
to be associated with impaired differentiation of BM-MNCs
into endothelial progenitor cells in the diabetic state (29).
Dysfunction of endothelial progenitor cells also is found in
patients with diabetes (15, 31). Moreover, to our knowledge,
there has been no investigation of in vitro generation of
insulin-secreting cells from cells of animals in the diabetic
state.

In the present study, we use two animal models of type 1
diabetes that exhibit absolute loss of pancreatic B-cells: STZ-
injected mice and Komeda diabetes-prone (KDP) rats (9, 34).
We find that insulin-secreting cells can be generated from
pancreatic acinar cells of these diabetic animals. In addition,
pancreatic hormone-producing cells other than 3-cells also can
be generated from acinar cells. Thus, the present findings
represent a step toward cell therapy for type 1 diabetes by
autologous transplantation of pancreatic acinar-derived insu-
lin-secreting cells.

MATERIALS AND METHODS

Diabetic animals. Diabetes was induced by intraperitoneal injec-
tion of 200 mg/kg STZ to 8- to 12-wk-old male C57Bl/6Cr Slc mice
or ROSA26 reporter mice, in which enhanced cyan fluorescent protein
(eCFP) transgene is inserted into the ROSA26 locus with a floxed
transcriptional stop sequence (R26R-eCFP) (26). Two days after
injection of STZ, mice with blood glucose concentration above 19.4
mmol/l were used for isolation of exocrine pancreas. In some exper-
iments, STZ-injected mice were maintained for 3 wk with daily
administration of 2-4 U of NPH insulin (Novo Nordisk Pharma,
Copenhagen, Denmark). We also used KDP rats, a diabetes-prone
substrain of the Long-Evans Tokushima lean (LETL) rat (9, 34), with
blood glucose concentration above 19.4 mmol/l ~2 wk after the onset
of hyperglycemia. All animal experiments were approved by the
animal research committees of the Kyoto University Graduate School
of Medicine and the Kobe University Graduate School of Medicine.
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Preparation and culture of pancreatic exocrine cells. Collagenase-
digested pancreatic cells were subjected to Ficoll density gradient
centrifugation, and the acinar cell-enriched fraction was recovered as
a pellet. The absence of mature pancreatic islets in this fraction was
confirmed by dithizone staining (22). The acinar cells-enriched frac-
tion was cultured as reported (17). Briefly, the cells were plated onto
sticky culture dishes in RPMI 1640 medium containing 10% fetal calf
serum (FCS) for 68 h. The floating cells were then replated onto
2-methacryloyloxyethy! phosphorylcholine-treated Low-Cell-Binding
dishes (Nalge Nunc International, Rochester, NY) in RPMI 1640
medium supplemented with 0.5% FCS, 20 ng/ml epidermal growth
factor (EGF), and 10 mmol/l nicotinamide.

Immunocytochemistry. Cryostat sections were prepared from aci-
nar-derived cell pellets fixed in 4% paraformaldehyde. The sections
were blocked and permeabilized in phosphate-buffered saline contain-
ing 10% normal goat serum and 0.2% Tween 20. The primary and
secondary antibodies used were the same as previously reported (17).
Images were collected on a fluorescent microscope (Olympus, Tokyo,
Japan) with a CCD camera (Hamamatsu Photonics, Hamamatsu,
Japan).

Reverse transcriptase-polymerase chain reaction analysis. Total
RNAs were isolated from acinar-derived cells, islets, MIN6-m9 cells
(18), or INS-1 cells (1), using an RNeasy Mini Kit (Qiagen, Tokyo,
Japan). After treatment with DNasel (Qiagen), cDNA was prepared
from 1 g of total RNA by ReverTra Ace (Toyobo, Osaka, Japan),
and subjected to PCR using AmpliTaq Gold DNA polymerase (Ap-
plied Biosystems, Foster City, CA). The sequences of the primers,
sizes of PCR products, and cycles for each pair are listed in either our
previous study (17) or Table 1.

Quantitative real-time PCR was performed using either SYBR
Green PCR master mix or TagMan universal PCR master mix with an
ABI-Prism 7300 sequence detector (Applied Biosystems). Measure-
ment of the expression level of 18S ribosomal RNA (rRNA) was used
as an internal control.

Cell lineage tracing. In R26R-eCFP reporter mice, an eCFP trans-
gene is inserted into the ROSA26 locus and permanently expressed
when a floxed transcriptional stop sequence is excised by Cre-
mediated recombination (26). To trace amylase-expressing mature
pancreatic acinar cells, pancreatic exocrine cells isolated from STZ-
treated R26R-eCFP reporter mice were infected with adenovirus
expressing Cre-recombinase under control of amylase-2 promoter
7).

Measurement of insulin secretion. Insulin secretion was measured
as reported (17). Briefly, pancreatic acinar-derived cells were har-
vested and resuspended with Krebs-HEPES buffer containing 0.1%
bovine serum albumin. The cell suspension was incubated for 60 min
with various secretagogues as indicated, and insulin concentration was
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measured by ELISA (Shibayagi, Gunma, Japan). The amounts of
insulin secretion were normalized by the cellular insulin contents
determined by acid-ethanol extraction. Total protein was extracted in
1 N NaOH, and the concentration was determined using Coomasie
Brilliant Blue-G250 reagent (Bio-Rad Laboratories, Hercules, CA).

Statistical analysis. Data are expressed as means * SE. The
significance of differences between test groups was evaluated by r-test
or by one-way analysis of variance followed by Scheffé’s test.

RESULTS

Induction of genes involved in pancreatic development and
B-cell function. An insulin-deficient diabetic state was induced
in mice by injection of STZ (200 mg/kg ip). Two days after the
injection, the blood glucose levels of the mice were markedly
elevated due to disruption of almost all of the pancreatic
B-cells. Pancreatic acinar cells were isolated from mice with
elevated blood glucose concentration (>>19.4 mmol/l), and the
absence of native pancreatic islets was confirmed by dithizone
staining. We further characterized these isolated acinar cells by
quantitative real-time RT-PCR (Fig. 1). Expressions of B-cell
specific genes, including insulin-1 and -2, were almost absent,
indicating that contamination of pancreatic B-cells in the start-
ing material was negligible. We found reduced expression of
amylase in the pancreatic acinar cells of STZ-injected mice
compared with that in normal mice, suggesting that the diabetic
state affected the function of exocrine pancreas (7, 11, 32). The
cells were then cultured with 20 ng/ml EGF and 10 mmol/l
nicotinamide in suspension. Morphologically, pancreatic aci-
nar cells from STZ-injected mice formed spherical structures
as seen in normal mice (17).

We next investigated expressions of other pancreatic genes
during culture. Transcription factors necessary for the devel-
opment of pancreas, such as Pdxl, NeuroDl1, Foxa2, and
HNF6, were induced in pancreatic acinar cells of STZ-injected
mice (Fig. 24). PGP9.5, a potential marker for endocrine
progenitors (35), was induced. Genes of molecules that partic-
ipate in glucose-induced insulin secretion in pancreatic B-cells,
including glucokinase, SUR, Kir6.2, and Cavl.2, also were
induced or increased by culture (Fig. 2B). Quantitative real-
time RT-PCR analysis further confirmed induction of the genes
associated with B-cell development and function (Fig. 2C).
These results indicate acinar-to-endocrine transdifferentiation

Table 1. List of gene-specific primers for RT-PCR analysis in rats

Target Forward Reverse Size, bp Cycle
185 RNA GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 151 20
Insulin-1 AACCCTAAGTGACCAGCTACAATCATAG GCAGGCTTGGGCTCCC 241 29
Insulin-2 TAAGTGACCAGCTACAGTCGG GCTCCCCACACACCAGGTAG 307 29
CK20 AATTGGCAATGCAGAACCTC TCGGGCGTTTTCTATTTGAG 209 25
Pdx1 CATCTCCCCATACGAAGTGC TTATTCTCCTCCGGTTCTGC 249 32
GLUT2 ATCCACATTCGGAACAGGAC TCCAGAGGAACACCCAAAAC 208 30
GK CAGTGGAGCGTGAAGACAAA CTTGGTCCAATTGAGGAGGA 216 40
Kir6.2 CACAAGAACATCCGAGAGCA TGGACCTCGATGGAGAAAAG 248 33
SURI TGCCACATGTCTTTCTGCTC GATCTCACACACGAGGACGA 167 35
Cavl.2 TTCCGGAAGATGACTCCAAC AAAAAGCCCTACAACCACGA 185 35
Cavl.3 TCCGAAGAGCCTGCATTAGT AGCAGCAGTCCGTACGCTAT 217 35
SNAP25 AAAAAGCCTGGGGCAATAAT CTCATTGCCCATGTCTAGGG 206 40
VAMP2 CTGCACCTCCTCCAAATCTT CTTGGCTGCACTTGITTICAA 191 28
Stxla ACCGCTTCATGGATGAGTTC GAGCTCCTCCAGTTCCTCCT 155 30
PC1/3 GAGATACATGGAGGGCCAGA ATTGTTGTTCCGCCCATATC 196 35
PC2 CACTCCCAAAGAAGGATGGA GGCCATTGTGGTAAAAGTGG 232 30
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Fig. 1. Expressions of various genes in pancreatic acinar cells of hyperglycemic mice. Quantification of mRNA of genes was done by real-time RT-PCR using
TagMan probe. 18S rRNA was used as an internal control. Expression levels relative to normal acinar cells are shown. 2 d, Acinar cells isolated from acute
hyperglycemic mice [2 days after streptozotocin (STZ) injection]; 3 w, acinar cells isolated from chronic hyperglycemic mice (3 wk after STZ injection); isl,
mouse pancreatic islets; ND, not detected. Data are means = SE of 3 independent experiments.

in cells of STZ-injected mice similar to that found in normal
mice.

Insulin expression and its secretion in pancreatic acinar-
derived cells of STZ-injected mice. Expressions of insulin
genes were evaluated by quantitative real-time RT-PCR.
mRNA levels of both insulin-1 and insulin-2 genes were
gradually increased by culture (Fig. 3A). In addition, insulin-
positive cells were detected by immunostaining after culture
(Fig. 3B).

We then examined insulin secretion in pancreatic acinar--

derived cells of STZ-injected mice by the batch incubation
method. When incubated in the presence of 30 mmol/l KCI, the
cells exhibited a significant increase in insulin secretion over
basal condition (3 mmol/l glucose; Fig. 3C), indicating Ca®"-
triggered exocytosis in the cells. Insulin secretion was also
increased by glibenclamide (Fig. 3C), the sulfonylurea widely
used in treatment of diabetes, indicating functional ATP-
sensitive potassium channels. Glucose stimulated insulin se-
cretion from the pancreatic acinar-derived cells of STZ-in-
jected mice in a concentration-dependent manner (Fig. 3D),
indicating that the cells were glucose responsive. In addition,
glucagon-like peptide-1 (GLP-1)-(7-36 amide) potentiated in-
sulin secretion (Fig. 3D), indicating that the cAMP-mediated
potentiation system was also present in the cells. Carbachol, a
synthetic acetylcholine derivative that mobilizes intracellular
Ca** through muscarinic receptors, stimulated insulin secre-
tion (Fig. 3C), indicating that the phosphatidylinositol signal-
ing system is involved in insulin secretion in these cells. It was

AJP-Endocrinol Metab - VvOL 292

noted that no insulin secretion was detected on the day of
isolation (Fig. 3C). These results demonstrate that glucose-
responsive insulin-secreting cells can be generated from pan-
creatic acinar cells of B-cell-deficient diabetic mice.

Transdifferentiation of pancreatic acinar cells of mice with
chronic hyperglycemia. We also attempted to induce insulin-
secreting cells from pancreatic acinar cells of mice with
chronic hyperglycemia. STZ-injected mice were maintained
for 3 wk with daily administration of NPH insulin (2-4 U). By
this treatment, the mice were able to survive despite hypergly-
cemia (~11-28 mmol/l). We found that Ptfla expression was
downregulated by chronic hyperglycemia (Fig. 1). However,
pancreatic acinar cells obtained from mice with chronic hyper-
glycemia began to express B-cell-specific genes by culture
(Fig. 4A), and the newly generated cells could secrete insulin in
response to high KCI and glucose (Fig. 4B). These results
demonstrate that pancreatic acinar cells retain plasticity in their
differentiation capacity even in a chronic diabetic state.

Cell lineage tracing of pancreatic acinar cells of STZ-
injected mice. As expressions of pancreatic acinar cell marker
genes (amylase and elastase) were decreased, expressions of
insulin genes and cytokeratin (CK)19 were induced by the
culture (Fig. 54). We have previously established by direct cell
lineage tracing that pancreatic acinar cells of normal mice can
transdifferentiate into insulin-secreting cells and CK-express-
ing cells (17). In this study, we utilized STZ-injected R26R-
eCFP reporter mice for tracing. As was found in normal mice
(17), cells positive for both insulin and eCFP were found in this
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culture system (Fig. 5B), indicating that the insulin-secreting
cells were transdifferentiated from pancreatic acinar cells of
the STZ-injected mice. CK/eCFP double-positive cells also
were detected (Fig. 5B). In addition to insulin, expressions of
other pancreatic hormones were also induced by culture (Fig.
5A). Cells positive for eCFP and glucagon, somatostatin, or
pancreatic polypeptide (PP) were detected (Fig. 5B), indicating
that these cells originated from pancreatic acinar cells. These
results demonstrate that pancreatic acinar cells of B-cell-defi-
cient diabetic mice can transdifferentiate into all types of
pancreatic endocrine cells as well as ductal cells.

Generation of insulin-secreting cells from KDP rats. We
then investigated to find whether pancreatic acinar cells of

AJP-Endocrinol Metab » VOL 292

spontaneously diabetic animals could transdifferentiate into
insulin-secreting cells. The KDP rat, which was established
as a diabetes-prone substrain of the LETL rat, is a model of
type 1 diabetes (9, 34). The phenotypic features of the KDP
rat include autoimmune destruction of the pancreatic
B-cells, and about 80% of them develop diabetes within 220
days of age (9). We used diabetic KDP rats with blood
glucose concentrations above 19.4 mmol/l. No dithizone-
stained islets or fragmented islets were found in the acinar-
enriched fraction from KDP rats, indicating the absence of
native pancreatic B-cells in the fraction. RT-PCR analysis
revealed that both insulin-1 and insulin-2 genes were in-
duced by the culture in the pancreatic acinar cells of KDP
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B

(blue). Scale bar, 20 pm. C and D: insulin secretion
in acinar-derived cells from STZ-treated diabetic 0
mice. Insulin secretion was measured as accumu-
lation during 60-min incubation. The secretion at 3
mmol/l glucose (G3) represents basal secretion.
Addition of 30 mmol/l KCI, 0.1 pmol/l gliben-
clamide (Glib), or 0.1 mmol/l carbachol (Cch)
increased insulin secretion. (C). Glucose stimulated
insulin secretion in a concentration-dependent
manner (G3, 3 mmol/l; G10, 10 mmol/l; G20, 20
mmol/l). Glucagon-like peptide-1 (GLP-1)-(7-36
amide) (100 nmol/l) potentiated insulin secretion in
the presence of glucose (D). The amount of se-
creted insulin at 3 mmol/l glucose was 714 + 143
pg/mg protein. Data are means = SE of 3-5 inde-
pendent experiments.
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rats as well as in those of normal Wistar rats (Fig. 6, A and
B). In addition, the expression profiles of other pancreatic
genes in pancreatic acinar-derived cells of both normal
Wistar rats and KDP rats became similar to that of the rat
insulinoma cell line INS-1 (1) (Fig. 6, A and B). We then
measured insulin secretion in pancreatic acinar-derived cells
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of KDP rats by the batch incubation method. Although
glucose-induced insulin secretion was not observed, a high
concentration of KCI clearly stimulated insulin secretion
(Fig. 6C). These results demonstrate that insulin-secreting
cells can be transdifferentiated from pancreatic acinar cells
of spontaneously diabetic animals.
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DISCUSSION

The present study establishes that pancreatic acinar-to-en-
docrine transdifferentiation resulting in generation of insulin-
secreting cells can occur in B-cell deficient diabetic animals in
vitro. Diabetes is characterized by chronic hyperglycemia due
to relative or absolute deficiency of insulin action (5). In
addition, metabolic disorders in lipids, amino acids, and other
nutrients are often found in diabetic patients (4, 27). These
abnormalities may influence the cellular function of a variety
of tissues (19). Pancreatic exocrine function also is known to
be impaired in diabetes (7, 11, 14, 32). We found reduced
amylase expression in acinar cells of STZ-injected mice. Sim-
ilar observations were reported in STZ-injected rats, in which
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Fig. 5. Generation of endocrine cells from pancreatic
acinar cells of STZ-injected mice. A: RT-PCR analysis of
genes encoding pancreatic hormones and cytokeratin
(CK)19. Expressions of glucagon, somatostatin (sst), pan-
creatic polypeptide (PP), and CK19, as well as insulin, are
induced. B: cell lineage tracing of pancreatic acinar cells.
Pancreatic acinar cells from STZ-injected R26R-eCFP
reporter mice were labeled permanently with eCFP by
infection of Ad-pAmy-Cre. Double immunostaining was
performed after 4 days of culture. eCFP-positive cells
(red) also positive for insulin, glucagon, somatostatin, PP,
or CK were found. Pancreatic hormones and CK were
stained in green, and nuclei were counterstained with
DAPI (blue).

the mRNA level of pancreatic amylase was decreased (10, 13).
However, this reduction of amylase expression exerted only a
small, if any, effect on transdifferentiation capacity of acinar
cells.

Insulin was not detected in pancreatic acinar cell-enriched
fractions at the protein level on the day of isolation. Insulin
mRNA was detected in pancreatic acinar cell fractions of
STZ-injected mice, although the amount was extremely small.
This raises the possibility that increased expressions of endo-
crine-associated genes result from enrichment and/or prolifer-
ation of contaminated endocrine cells by culture. However, this
can be ruled out by the following considerations: /) binucle-
ated insulin-positive cells were often found (Fig. 4B); 2) almost
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Fig. 6. Generation of insulin-secreting cells from Komeda diabetes-prone (KDP) rats. A and B: RT-PCR analysis of genes associated with endocrine pancreas.
Both insulin-1 and insulin-2 genes were induced in pancreatic acinar cells of normal Wistar rats (A) and KDP rats (B) by the culture. Expression patterns of other
pancreatic genes became similar to that of rat insulinoma cell line INS-1 by the culture in pancreatic acinar-derived cells from normal Wistar (A) and KDP rats
(B). C: insulin secretion from pancreatic acinar-derived cells of KDP rats. Insulin secretion was increased significantly by addition of 30 mmol/l KCI. The amount

of secreted insulin at 3 mmol/l glucose was 97 * 56 pg/mg protein.
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all of the insulin-positive cells expressed PGP9.5 (17); 3) cell
proliferation was rarely detected, especially in insulin-positive
cells, in this culture system (17); and 4) the expression of
pancreatic exocrine specific transcription factor Mist1 showed
no significant change by the culture (Fig. 2). Although trans-
differentiation of pancreatic acinar cells into endocrine cells
occurs in our culture system, because the transdifferentiated
insulin-secreting cells have features not found in native B-cells
(two nuclei, expressions of PGP9.5 and Mistl), these cells
clearly are not fully differentiated endocrine cells. The low
insulin production may reflect this immaturity. In addition, we
could not detect Pax4 expression at any time point during
culture. Since Pax4 has been shown to be essential in devel-
opment of pancreatic B-cells (25), the absence of Pax4 might
indicate that the newly made insulin-secreting cells are incom-
pletely differentiated. Alternatively, the process of transdiffer-
entiation of insulin-secreting cells from acinar cells might
differ from that in normal B-cell development.

In the present study, we found that all types of pancreatic
endocrine cells can be generated from pancreatic acinar cells
by our culture system. We provide clear evidence by direct cell
lineage tracing that adult mouse pancreatic acinar cells can
transdifferentiate into cells expressing insulin, glucagon, so-
matostatin, PP, and CK. It has been reported that pancreatic
acinar cells from rat can convert into liver cells (12). We also
detected mRNAs of albumin and a-fetoprotein in our system
{data not shown). These findings indicate that adult pancreatic
acinar cells (or dedifferentiated acinar cells) possess multipo-
tentiality in differentiation capacity.

We also found that pancreatic acinar cells of KDP rats
undergo transdifferentiation by culture with EGF and nicotin-
amide. Although the STZ-injected mice diabetes model repre-
sents chemically induced acute hyperglycemia with hypoinsu-
linemia, the diabetic state of KDP rats is genetically estab-
lished and develops chronically (9). KDP rats show
autoimmune destruction of the pancreatic B-cells (9), as is
found in human type 1 diabetes. Thus our success in generating
insulin-secreting cells from pancreatic acinar cells of KDP rats
is of special significance regarding application of these tech-
niques to human subjects in the future. However, the insulin
production and secretory responses are even lower in cells
from KDP rats than from STZ-injected mice. Apparently,
genes involved in glucose sensing (GLUT?2 and glucokinase)
and metabolism-secretion coupling (ATP-sensitive potassium
channels and voltage-dependent calcium channels) are insuffi-
ciently induced. Further studies are required to investigate
differences between STZ-injected mice and KDP rats in the
transdifferentiation capacity of pancreatic acinar cells.

In conclusion, our data demonstrate that insulin-secreting
cells can be generated from pancreatic acinar cells of insulin-
deficient diabetic animals in vitro. Thus the present study is an
important first step toward treatment of type 1 diabetes by
autologous transplantation using pancreatic acinar-derived in-
sulin-secreting cells.
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