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Implantation of bFGF-treated islet progenitor cells
ameliorates streptozotocin-induced diabetes in rats
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Aim: To examine whether implantation of islet preparation-derived proliferating islet cells (PIC) could ameliorate diabetes in rats.
Methods: PIC were expanded from rat islet preparation by supplementation of basic fibroblast growth factor (bFGF) and implanted into
rats with streptozotocin (STZ)-induced diabetes through the portal vein. Body weight and blood glucose levels were measured. Serum
insulin levels were measured by radioimmunoassay. The presence of insulin-positive cells was determined by hematoxylin and immu-
nohistochemical staining.

Results: Cultured islet cells (CIC) were demonstrated to dedifferentiate in vitro, and the apoptosis ratios reached more than 50% by
the 15th day post-isolation. PIC cells treated with bFGF (20 ng/mL) continued growing within 30 days after isolation, and no apoptotic
cells were detected. Implantation of PIC into diabetic rats was capable of ameliorating diabetes, in terms of the restoration of euglyce-
mia, weight gain, improved glucose response and elevated serum insulin levels for up to 130 days. Livers derived from PIC-implanted
rats were examined for insulin expression and single insulin-positive cells. In addition, most islets of PIC-implanted STZ-induced diabe-

tic rats were intact at 130 days post-transplantation and comparable to those of normal rats.
Conclusion: Implantation of bFGF-treated proliferating islet cells is a promising cellular therapeutic approach for diabetes.
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Introduction

Islet transplantation is one of the most promising therapies for
type 1 diabetes. Compared with the injection of exogenous
insulin, islet transplantation provides relatively long-term
restoration of euglycemia and dynamic insulin secretion in
response to glucose level’™. Clinical application of islet trans-
plantation is severely hampered by a scarcity of islet donors.
To overcome the shortage of tissue donors, one strategy is to
generate a large number of {8 cells or P cell-like insulin-pro-
ducing cells for replacement therapy. It is believed that islet
regeneration plays an important role in maintaining islet mass
in adult animals™* and humans'®. Earlier results supported
the idea that neogenerated islets were derived from differen-
tiated progenitor cells, which might be located in ducts™ 7,
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acinar tissues , or multi-tissues . Recent studies

have demonstrated that  cell replication was the primary
source of postnatal neogeneration of {3 cells!> ",

Despite the unclear nature of islet generation, these results
suggest the possibility that functional islet or islet-like cells
could be expanded from pancreatic tissues. Isolation and in
vitro differentiation of islet progenitor cells have been reported
by many groups! 3. The isolation strategies included clonal
identification ', flow-cytometric cell sorting!"”, and selective
cultivation® """ Another report demonstrated that combina-
tion treatment with epidermal growth factor and gastrin could
increase functional B cell mass in vitro®™. A common feature of
these studies was that the combination of growth factors with
other reagents activated the outgrowth of progenitor cells or
mature P cells, whereas withdrawal of growth factor induced
differentiation toward the endocrine phenotype. However,
most of these reports did not evaluate the implantation of in
vitro-generated insulin-producing cells with regard to their
ability to ameliorate diabetes. To our knowledge, it has not
been determined whether proliferating cells that have lost the
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ability to differentiate could indirectly induce endocrine dif-
ferentiation and reverse hyperglycemia.

On the other hand, in vivo islet regeneration promises
another path to diabetes therapy. Insulinotropic hormones,
such as betacellulin®!
like growth factor 1), have been used to facilitate islet regen-

, glucagon-like peptide 1%, and insulin-

eration. Other investigators have reported that transplanted

bone marrow could initiate islet regenerationml

in pancreas,
suggesting that islet regeneration could also be facilitated by
implanted cells.

In this study, we sought to establish a simple method to
expand cells from rat islet preparation in vitro and to amelio-
rate STZ-induced diabetes through implantation of these pro-

liferating cells.

Materials and methods

Animals

Outbred male Sprague-Dawley rats were purchased from the
Shanghai Laboratory Animal Center (Chinese Academy of Sci-
ences, Shanghai, China) and maintained in specific pathogen-
free conditions. Animals were provided with rodent chow
and tap water ad libitum on a 12-hour light/dark cycle. All
animal experimentation in the study was conducted in accord
with accepted standards of humane animal care.

Rat Islet Isolation and Culture
Pancreas islets were isolated from the pancreas of the outbred
male Sprague-Dawley rats (250 to 300 g body weight) using a
collagenase digestion technique and discontinuous Ficoll den-
sity gradient centrifugation as described previously™!. The
pancreas was distended via intraductal injection of collagenase
P solution (Roche, Basel, Switzerland) into the common bile
duct after occlusion of the distal end, close to the duodenum.
Digestion was performed in a water bath at 37 °C for approxi-
mately 40 minutes. The digestion was then stopped by the
addition of ice-cold Hank’s balanced salt solution (HBSS) sup-
plemented with 5% FBS. The suspension was washed twice
to remove collagenase (HBSS, 250%g, 3 min, 4 °C). The acinar
cells and islets were separated by Ficoll density gradient cen-
trifugation. The islet-rich layer was collected and washed with
HBSS, and islet purity was assessed by dithizone staining.
Islet preparation cells with 70%-80% purity of pancreatic
islet cells were cultured in RPMI-1640 medium with 15% fetal
bovine serum (v/v), 100 pg/mL penicillin, and 100 mg/mL
streptomycin, then incubated at 37 °C under humidified con-
ditions with 5% CO,. To facilitate the growth of islet prepara-
tion cells, recombinant rat bFGF (20 ng/mL) (R&D Systems,
Minneapolis, MN, USA) was supplemented.

RT-PCR

Total cell RNA was extracted following the manufacturer’s
protocol, using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA), and cDNA synthesis was performed following the man-
ufacturer’s protocol, using ReverTra Ace (TOYOBO, Tokyo,
Japan). PCR was carried out in a 20-pL reaction volume using
1 pL of the diluted cDNA solution (normalized correspond-

ing to the density of B-actin PCR product after 25 PCR cycles)
as template, mixed with 10 pL of PCR Master Mix (Tiangen,
Beijing, China), 10 pmol of each primer, and 7 pL deionized
water.

The forward and reverse primers of each PCR set were
designed to be located in different exon(s), based on sequences
obtained from GenBank. The gene name and the sequences of
the primers, sizes of PCR products, cycles, and annealing tem-
perature for each pair are listed in Table 1.

Cell cycle analysis by propidium iodide (PI) staining

Cells were harvested and fixed with 70% ice-cold ethanol
overnight at -20 °C; treated with 0.1 mg/mL RNase A (Roche,
Basel, Switzerland) and 0.05% Triton X-100 in PBS solution
at 37 °C for 40 min, incubated with 50 pg/mL PI (Sigma, St
Louis, MO, USA) in PBS solution at room temperature for 30
min, suspended in PBS and submitted for FACS analysis.

Apoptosis analysis

Cell apoptosis was analyzed by the TdT-mediated dUTP Nick-
End Labeling (TUNEL) method, using the DeadEnd™ Fluori-
metric TUNEL System (Promega, WI, USA). Sample prepara-
tion was carried out following the manufacturer’s protocol for
FACS analysis.

Induction of diabetes and islet transplantation

Outbred Sprague-Dawley rats, 250-300 g, were rendered
diabetic by intra-abdominal cavity injection of 60 mg/kg of
STZ (Sigma, St Louis, MO, USA) that was freshly dissolved
in citrate buffer (pH 4.5). Diabetes was confirmed by blood
glucose levels greater than 300 mg/dL prior to surgery. Then
5 to 9x10° PIC or CIC cells, suspended in 0.8 to 0.9 mL of
PBS, were injected into the portal vein, which was exposed
with an abdominal incision. After islets were infused, bleed-
ing was stopped by the application of pressure. At 1600 h,
body weight and blood glucose levels were measured, the
latter with a portable glucose meter (Medisense; Bedford,
MA, USA). Measurements were performed every three days
during the first month and once a week thereafter. Glucose
levels less than 200 mg/dL were considered euglycemic. Re-
development of diabetes was considered when 2 consecutive
nonfasting glucose levels were greater than 300 mg/dL.

Radioimmunoassay (RIA)

1 mL of blood per rat was collected from the fossa orbitalis
vein. Serum insulin contents were determined by RIA follow-
ing the manufacturer’s protocol, using a rat insulin RIA kit
(Union, Tianjin, China).

Immunohistochemical staining

Specimens were fixed in 4% buffered paraformaldehyde solu-
tion and embedded in paraffin after dehydration. To detect
the presence of insulin-positive cells, histological analysis
was performed by hematoxylin and immunohistochemical
staining. Sections 4 pm thick were deparaffinized after wash-
ing and blocking, then incubated with rabbit anti-rat insulin
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Table 1. Primers of B-actin, insulin, glucagon, somatostatin, Pdx1, amylase, nestin, and C-myc.

) Product size (bp) GeneBank™
Gene name Primer .
accession No
B-actin Forwards 5’ TAT CGG CAA TGA GCG GTT CCG 3’ 142 V01217
Reverse 5" GTT GGC ATA GAG GTC TTTACG G 3’
Insulin Forwards 5’ TCT TCT ACA CAC CCA TGT CCC 3’ 148 J00747-8
Reverse 5" GGT GCA GCA CTG ATC CAC 3’
Glucagon Forwards 5’ TGA TGA ACA CCA AGA GGA ACC 3’ 145 J00786-90
Reverse 5" CCT TTC ACC AGC CAA GCA ATG 3’
Somatostatin Forwards 5" CCA GAC TCC GTC AGT TTC TGC 3’ 128 K02808
Reverse 5' CTC AGG CTC CAG GGC ATC GTT 3’
Pdx1 Forwards 5' ACC AAA GCT CAC GCG TGG AAA 3’ 196 NM_022852
Reverse 5" TGA TGT GTC TCT CGG TCAAGT T 3’
Amylase Forwards 5" AGG AAC ATG GTT GCC TTC AG 3’ 186 M24962
Reverse 5’ AAT GAC ATC ACA GTA TGT GCC 3’
Nestin Forwards 5" GAG TCC CTG AGG TCT CCA GAAG 3’ 141 NM_012987
Reverse 5" CTC TCA AGC ATC TGG TCC TCT G 3’
C-myc Forwards 5" CGC CTA CAT CCT GTC CGT TC 3’ 148 Y00396
Reverse 5" TCC AGC TCC TCC TCACTT CC 3’

monoclonal antibody (Santa Cruz, CA, USA) at 4 °C over-
night. Anti-rabbit HRP antibody (Antibody Diagnostica Inc.,
Stamford, CA, USA) was applied and incubated for 30 min at
room temperature. Finally, the specimens were colored with
substrate 3,3-diaminobenzidine solution and counterstained
with hematoxylin.

Cellular immunofluorescence was carried out using similar
methods. Cells were mounted on 0.1% poly-lysine covered
coverslips, fixed with 4% PFA, treated with 0.05% Triton X-100
to penetrate the cell membrane, and then blocked with 3%
BSA. The sections were incubated with primary antibodies
at 4 °C overnight, washed three times in PBS, incubated with
secondary antibodies for 30 min to 2 h at room temperature,
washed 3 times in PBS, stained with DAPI, and then examined
under the fluorescence microscope. All primary antibodies
were monoclonal and purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA), except for cytokeratin antibody,
which was purchased from Sigma (St Louis, MO, USA) and
binds to several types of cytokeratin. All secondary antibodies
were purchased from Chemicon (USA).

Results

bFGF stimulated vigorous proliferation of rat islet preparation-
derived cells

First, islets of 70%—80% purity (Figure 1A) were obtained from
rats and cultured as described in “Materials and Methods.”
Cell clumps disappeared and cells became homomorphous
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within 5 days, regardless of whether bFGF was supplemented.
There was no significant difference in growth rate between the
two groups within 5 days (data not shown). The growth rate
of regularly cultured islet preparation cells gradually slowed
and finally stopped at about 15 days post-isolation (data not
shown). In contrast, cells treated with bFGF continued grow-
ing, with an average doubling time of less than 24 h for at least
30 days after isolation (data not shown). In this study, the pro-
liferating cells derived from islet preparation cells by addition
of bFGF were denoted as proliferating islet cells (PIC) (Figure
1B); cultured islet preparation cells under regular conditions
were denoted as cultured islet cells (CIC) (Figure 1C).

Gradual loss of differentiation in PIC and CIC

To examine the gene expression of PIC and CIC, RT-PCR was
performed on RNA samples prepared from FIC: CIC on days
10 and 20 and PIC on days 10, 20, and 40 post-isolation.

As illustrated in Figure 1D, expression of endocrine hor-
mones — insulin, glucagon, somatostatin, and transcription
factor pancreatic duodenal homeobox-1 (Pdx1) — decreased
gradually in both groups. Endocrine function was partially
preserved within 20 days of culture. Supplementation with
bFGF accelerated the loss of endocrine function, which might
be a side effect of its proliferation-promoting effects. On the
other hand, levels of exocrine enzymes such as amylase dimin-
ished quite quickly in vitro.

Expression levels of nestin and c-myc were also examined
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Figure 1. bFGF stimulated proliferation of rat islet preparation with gradual loss of endocrine gene expression. The islet preparation had a purity of
approximately 70%—80% (A). Cell photos of PIC (B) and CIC (C) taken on day 15 post-isolation demonstrated loss of hetero-morphs in both groups and
vigorous proliferation in PIC. Expression levels of insulin (INS), glucagon (GLU), STT (somatostatin), Pdx1, amylase (AMY), nestin, and c-myc (C). cDNA
samples were prepared from fresh islet preparation (FIC), cultured islet preparation on days 10 and 20 post-isolation (lanes labeled 10 d and 20 d CIC),
and cultured islet preparation supplemented with bFGF on days 10, 20, and 40 post-isolation (lanes labeled 10 d, 20 d, and 40 d PIC). B-actin was
used as a positive control and internal reference. Islets were examined with immunofluorescence 12 h after isolation, and most of the cells expressed
insulin (E, DAPI; F, insulin). Insulin, C-peptide, and cytokeratin were examined on PIC 40 days after isolation; only a few cells expressed the antigens
above, as demonstrated in G (DAPI), H (c-peptide), | (insulin), K (DAPI), and J (cytokeratin). Panels L and M show the cell proliferation from islet-like cell

clusters, and panels N and O show the cell death of non-islet-like cell clusters. Each image in panels L, M, N, and O was taken at O, 5, and 15 days of
culture (from top to bottom). Scale bar: 1 ym for B, C, G, H, I; 2 um for J, K; 5 ym for E, F; and 2 mm for L, M, N, and O.

[19, 26, 27]

owing to previous reports that nestin was a possible with those that were not. Remarkably, increasing expres-

molecular marker of islet progenitor cells and that c-myc plays
an important role in beta cell replication™, hypertrophy and

loss of differentiation in vivo®'. In our experiments, there were
no obvious differences in the expression patterns of either

nestin or c-myc when cells treated with bFGF were compared

sion levels of both genes have been observed in both groups
(Figure 1D).

Furthermore, immunofluorescence confirmed the results
of RT-PCR. Although most cells were insulin-positive
immediately after isolation (Figure 1E and 1F), only a few

Acta Pharmacologica Sinica
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Figure 2. bFGF protected cultured islet preparation cells from apoptosis
and had no significant effect on dividing capability. S-phase (A) and
apoptosis (B) ratios were determined using FACS on PIC and CIC samples
on days 5, 10, and 15 post-isolation (light-shaded downward diagonal
columns: PIC; heavy-shaded upward diagonal columns: CIC). There was
no significant difference in S-phase ratio between PIC and CIC groups at
any time point or between any of the two time points within one group
(P>0.05). The apoptosis ratio of CIC samples on days 10 and 15 were
significantly higher than those of other samples (°P<0.01). All values were
reported as mean+SEM. Significant difference was determined as P<0.05
using one-way ANOVA post hoc tests (LSD test, no significant difference
within groups).

IPPCs expressed insulin or C-peptide after 40 days of culture
(Figure 1G, 1H, and 1I). No Pdx1- or Ngn3-positive cells were
detected at day 40 post-isolation among PIC. On the other
hand, some authors have reported that cytokeratin 19 was
expressed in in vitro cultured islet cells®. In this study, cytok-
eratin was expressed by only a few day-40 IPPCs but not gen-
erally expressed by most of the cells (Figure 1] and 1K).

Proliferating cells came from islet or islet-peripheral cells but not
islet-unrelated cells
To determine the source of the proliferating cells, original islet
preparation cells were diluted and cultured in 96-well plates.
In total, 98 wells were cultured, and 42 of them contained
only one cell cluster; some of these were islet-like.According
to observations over 15 days, cell proliferation was observed
only in the wells containing islet-like cell clusters (Figure 1L
and 1M). In the case of the wells containing non-islet-like cell
clusters, no cell growth was observed, and almost all cells
died within 10 days (Figure 1N and 10). No evidence of cell
proliferation derived from a single cell was observed during
cultivation.

Additionally, cells that were on the bottom layer during the
islet isolation process, which should be mostly acinar cells,
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were cultured in the same condition, and no cell proliferation
was observed.

bFGF facilitates the proliferation of islet preparation cells by
reducing the apoptosis ratio rather than inducing cell replication
Cell cycles were first examined in CIC and PIC samples from
days 5, 10, and 15 post-isolation, and the percentages of cells
in S-phase were determined. Surprisingly, there was no sig-
nificant difference between PIC and CIC at any time point or
between any two time points within the CIC or PIC group.
Additionally, the S-phase ratio of CIC reached more than 10%
by day 15 post-isolation, when growth stopped (Figure 2A).

To clarify the mechanism of the proliferation-facilitation
effects of bFGF on islet preparation cells, cell apoptosis ratios
were further determined using TUNEL-FACS. The proportion
of apoptotic cells in PIC samples was less than 1%; in the case
of CIC samples, it was significantly higher at both time points
and also increased significantly during in vitro culture, reach-
ing more than 50% by day 15 post-isolation (Figure 2B).

Taking these findings together, we conclude that the vigor-
ous proliferation of PIC was due mainly to bFGF-mediated
protection against apoptosis.

Transplanted PIC reversed hyperglycemia in STZ-induced diabetic
rats

PIC at day 15 post-isolation were harvested for implantation
into STZ-induced diabetic rats through the portal vein (1=9).
Two other groups were implanted with 15-day CIC (n=4) or
PBS (n=4) as sham surgery. A group treated with STZ and
without surgery served as the control group (n=4). STZ-
treated rats with blood glucose levels between 300 and 600
mg/dL were used in this study.

As indicated in Figure 3A, the PIC group demonstrated
significantly lower blood glucose levels (P<0.01) than those in
the other 3 groups throughout the entire post-surgery period
and achieved restoration of euglycemia (<200 mg/dL). CIC
implantation also had little effect on blood glucose levels,
which were significantly lower than those in the sham surgery
and control groups at day 12 but returned to hyperglycemic
levels within one month post-surgery.

Two cases in the PIC group developed hyperglycemia again,
observed on days 25 and 160, respectively. No auto-recovery
was observed in the sham surgery or control group in this
study.

When comparing the blood glucose levels in the sham
surgery and control groups, no significant difference was
observed throughout the experimental period.

Body weight increased in both the PIC and CIC transplantation
groups

The body weights of the PIC-implanted, CIC-implanted, sham
surgery, and STZ control rats were also monitored, yielding
similar results (Figure 3B). The PIC-implanted rats weighed
significantly more than the rats in the sham surgery and con-
trol groups. The body weights of CIC-implanted rats were
neither significantly lower than those of the PIC group nor
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Figure 3. PIC implantation ameliorated STZ-induced diabetes. Blood
glucose levels and body weights of diabetic rats that underwent PIC
implantation (triangle, n=9), CIC implantation (square, n=4), sham
surgery (circle, n=4) with STZ treatment, as well as the control group
without surgery (open circle, n=4), are shown in A and B, respectively.
With respect to blood glucose levels, PIC group values were significantly
lower than those for all other groups at all time points (P<0.01); CIC
group values were significantly lower than those for the sham surgery and
control groups only at some time points from days 12 to 30 post-isolation
(P<0.05) (A). With respect to body weight, values in the PIC group were
higher than in the sham surgery and control groups at almost all time
points (P<0.01). The CIC group differed only slightly from the PIC group,
the sham surgery group and the control group (P>0.05) (B). There was no
difference between the sham surgery and control groups in either case.
All values were reported as mean+SEM, and significant difference was
determined as P<0.05 using an independent samples t-test, with equal
variances assumed.

significantly higher than those of the sham surgery or control
groups.

Similar to the trend in blood glucose levels, there were no
significant differences between the sham surgery and control
groups, which indicated that surgery has little effect on blood
glucose level or body weight in STZ-treated rats.

Delayed glucose response in PIC-implanted rats
To further evaluate the function of implanted cells, intraperito-

neal glucose tolerance testing (IPGTT) on PIC transplantation
(n=5), diabetic control (n=3), and normal rats (1=3) was per-
formed on day 30 post-surgery. As illustrated in Figure 4A,
remarkable improvement of glucose tolerance was achieved
in PIC-implanted rats as compared with diabetic control rats.
However, as compared with the blood glucose levels in nor-
mal rats (which peaked at 15 min post-glucose injection and
returned to baseline within 120 min), a moderate delay of
glucose response was observed in PIC-implanted rats. In the
latter group, the glucose response peaked at 15-90 min and
returned to baseline at 180 min.

Serum insulin levels were improved by PIC implantation

Serum was collected on days 10 and 40 post-surgery from PIC-
implanted (n=6), CIC-implanted (n=6), sham surgery (1=6),
and normal rats (1=6) for determination of nonfasting serum
insulin levels. Insulin levels in PIC-implanted rats were com-
parable to those of normal rats (P>0.05) on day 10 but not day
40, and were significantly higher than those of CIC-implanted
or sham surgery rats at both time points (Figure 4B). Such
data implied the restoration of serum insulin levels by PIC
implantation and gradual loss of graft function despite long-
lasting euglycemia. Additionally, the difference in insulin
levels between the two time points was not significant in the
PIC group but was significant in the CIC group (Figure 4B),
suggesting that graft function was lost more slowly in the case
of PIC implantation.

Single insulin-positive cells were detected in the livers of PIC-
implanted rats

Livers derived from PIC-implanted rats on days 4 and 34 post-
transplantation were examined for insulin expression. Single
insulin-positive cells could be easily recognized in liver sec-
tions at 4 days after transplantation (Figure 5A), indicating the
contribution of ectopic insulin expression in liver to the cor-
rection of hyperglycemia. In the case of post-transplantation
rats on day 34, although their blood glucose levels remained
below 200 mg/dL, no insulin-positive cells were detected (Fig-
ure 5B). Notably, insulin-positive cells were detected in STZ-
treated mice®. In our study, no insulin-positive cells were
observed in STZ-induced diabetic rats (Figure 5C), indicating
that the insulin-positive cells in liver derive, either directly or
indirectly, from implanted PIC.

Islet mass was maintained in pancreata of PIC-implanted rats

To elucidate the causes of long-term correction of hypergly-
cemia in PIC-implanted rats, we examined pancreatic islets
of PIC-implanted rats 130 days after surgery, with a diabetic
rat 130 days after sham surgery and a normal rat of similar
age as controls. Nearly all islets in diabetic control rats were
destroyed; hardly any intact islets could be observed (Figure
5G). By contrast, our examination of more than 20 pancreas
sections derived from two PIC-implanted rats determined that
most islets were intact (Figure 5E and 5F) and comparable to
those of normal rats (Figure 5D). Additionally, the rat that
re-developed diabetes on day 106 post-transplantation was

Acta Pharmacologica Sinica
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Figure 4. PIC-implanted rats demonstrated improved tolerance in
response to glucose challenge (A) and elevated levels of serum insulin (B).
IPGTT was performed on day 30 post-surgery in rats that had received PIC
that same day (triangle, n=5), sham surgery rats (circle, n=3), and normal
rats (diamond, n=3). Delayed but significantly improved glucose response
was observed in PIC-implanted rats. Blood glucose levels in normal rats
were significantly lower than those in sham group rats at all time points (not
indicated). Blood glucose levels in PIC-implanted rats were significantly
lower than those in the sham group at 0, 120, and 180 min (°P<0.05) and
significantly higher than those in normal rats at 30 and 60 min (°P<0.05)
after glucose injection. Serum insulin levels were determined in rats that
received PIC implantation, rats that received CIC implantation, rats that
underwent sham surgery on day 10 post-surgery (gray columns) and rats
that underwent sham surgery on day 40 post-surgery (dotted columns),
with normal rats (black column) as control. Sample size in each group
was 6. The only insulin levels comparable to those of normal control
animals (P>0.05) were those of PIC-implanted rats on day 10 post-surgery
(not shown). PIC-implanted rats on days 10 and 40 post-isolation and CIC-
implanted rats on day 10 post-isolation demonstrated significantly higher
insulin levels than sham rats (°P<0.01). The difference in insulin levels
between two time points within one group was significant only in the CIC
implantation group (°P<0.05). Additionally, insulin levels in PIC-implanted
rats were significantly higher than those in CIC-implanted rats at both
time points (not shown). All values were reported as mean+SEM, and
significant difference was determined as P<0.05 using one-way ANOVA
post hoc tests (LSD test, no significant difference within groups).

examined to determine islet mass, and modest destruction of
the islet was observed (Figure 5H).
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Figure 5. Insulin IHC examination. Single insulin-positive cells could be
easily recognized in the liver sections of PIC-implanted rats on day 4 post-
transplantation (A, indicated by arrowhead). No insulin-positive cells were
observed in PIC-implanted rats on day 34 post-isolation (B) or in diabetic
control rats 10 days after STZ injection (C). Islets of PIC-implanted rats at
day 130 post-isolation (E, F) remained intact and comparable to those of
normal rats of similar age (D). Serious islet destruction was observed in
diabetic control rats at day 130 post-surgery (G). Modest islet destruction
was observed in the pancreata of rats that re-developed diabetes (H).
Scale bar=2 ym.

Discussion

According to the in vitro characterization of PIC and CIC, nes-
tin and c-myc were both upregulated shortly after isolation in
both groups. These data suggested the replication of either
islet progenitor cells or B cells during in vitro culture. Addi-
tionally, the cessation of growth observed in cultured islet
preparation cells was caused mainly by apoptosis rather than
decreased cell replication. Supplementation with bFGF effi-
ciently protected cultured cells from apoptosis, which should
enhance the proliferation of islet preparation cells. Others
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also reported an increase of cytokeratin 19-positive cells in the
population of in vitro cultured islet preparation cells and iden-
tified ductal cells as the primary source of proliferating cells®.
In this study, using immunofluorescence examination, we rec-
ognized only a few cytokeratin-positive cells in PIC samples,
without strong expression in the other types of cells. Accord-
ing to previous reports, it is possible that these cells might re-
differentiate into islet cells under suitable conditions.

Despite the various strategies for in vitro re-establishment of
pancreatic islets, re-differentiation of islet cells after expansion
is still a challenge in need of a solution®!. There are several
reports that amelioration of diabetes was achieved by implan-
tation of in vitro-generated insulin-producing cells"® /. In
our experiments, exocrine cells accounted for only a small pro-
portion of the total cultured cells, as determined by real-time
PCR. Actually, when the acinar cells were cultured using the
same protocol, massive cell death was observed within days,
with no evidence of cell proliferation.

According to single-cluster culture experiments, the prolif-
erating cells, termed PIC in this study, should derive from islet
cells, or at least islet-related cells. Single islets were observed
to proliferate during cultivation. Also, it could not be
excluded that some cells other than islet cells, such as certain
peripheral cells surrounding the islets, contributed to prolifer-
ation. After all, no evidence of cell proliferation was observed
in non-islet-like cell clusters. Single cells were not observed
to proliferate, suggesting that such proliferation might require
contributions from different types of cells.

It has also been reported that partial trans-differentiated
hepatocytes committed full endocrine differentiation in vivo
when transplanted into diabetic mice®, and putative islet
progenitor cells differentiated to endocrine and acinar lineage

cells when implanted into pancreas.

These reports indi-
cated that the in vivo environment of diabetic recipients could
facilitate differentiation toward the endocrine lineage. Under
the hypothesis that dedifferentiated proliferating cells might
commit endocrine differentiation when implanted into dia-
betic subjects, in this study PIC were directly implanted into
diabetic rats to ameliorate diabetes.

With this strategy, the initial blood glucose level might
induce the failure of euglycemia restoration. In this study,
however, 16 diabetic rats received PIC implantation, and
hyperglycemia was reversed in only 9 of them. When initial
blood glucose levels were compared, it turned out that all the
rats with blood glucose levels lower than 600 mg/dL achieved
euglycemia after PIC implantation, whereas rats with blood
glucose levels higher than 600 mg/dL failed to achieve eug-
lycemia (data not shown). It is well known that high glucose
levels could induce apoptosis of B cells as well as jeopardize
islet transplantation, which might explain the failure to restore
euglycemia in recipients with an initial blood glucose level
higher than 600 mg/dL. Rats with initial blood glucose levels
higher than 600 mg/dL might also be more vulnerable to dia-
betes. Notably, the rats in this study were were outbred, not
inbred.

By contrast, in the case of IPGTT, the delay in PIC suggested

that the implanted PIC were not equivalent to natural islets.
It is possible that newly promoted insulin-producing cells
were not functionally comparable to the original beta cells,
especially in terms of insulin secretion. This phenomenon of
the delay of IPGTT in PIC also suggested that the reversal of
high blood glucose levels by PIC implantation did not merely
reflect regeneration of native islets. Further studies are needed
to clarify the reasons for the delayed IPGTT response.

Because of the difficulty in simulating differentiation of
stem cells in vitro, some groups have tried to implant stem
cells directly into patients and then allowed them to differenti-
ate in vivo. This approach is frequently used to implant bone
marrow mesenchymal cells for injury healing, a technique that
has already been applied in clinical trials™”. Further research
will be necessary to determine whether putative islet progeni-
tor cells can ameliorate diabetes when implanted. However, it
has been reported that when bone marrow-derived cells were
transplanted into diabetic mice, these cells were able to trans-

differentiate into insulin-producing cells™
[24]

and were also able
to initiate islet regeneration In addition, bone marrow-
derived mesenchymal stem cells promoted islet revasculariza-

tion when co-cultured in vitrot

and improved islet function
when co-implanted””. In this study, the cultured islets dis-
played mesenchymal-like morphology during in vitro culture.
It is possible that the cells, proliferating under stimulation of
bFGF and, furthermore, able to reverse hyperglycemia, were
not islet cells themselves but rather peri-islet cells. In the
future, peri-islet and islet cells should be isolated and studied
separately to determine which cell type(s) respond(s) to bFGF
and contribute to the amelioration of diabetes.

In this study, single insulin-positive cells, but not well-
formed islets, were observed in the livers of PIC recipients.
Further examination revealed that long-term restoration of
euglycemia is probably associated with islet regeneration or
protection of islets from destruction. This hypothesis was sup-
ported not only by the comparable islet mass of PIC-implanted
rats that remained euglycemic at the time of examination but
also by the islet destruction observed in PIC-implanted rats
that re-developed diabetes. To elucidate the mechanism by
which implanted PIC ameliorate diabetes, further investiga-
tion should be carried out; a lineage-tracing strategy should be
quite helpful.

In summary, the current study reported that proliferating
and dedifferentiated cells derived from islet preparations were
able to ameliorate diabetes without undergoing in vitro re-
differentiation, providing a novel strategy for cellular therapy
to treat diabetes.

Acknowledgements

We thank Dr Yong-xiang LI for demonstrating the islet isola-
tion surgery and the technique for portal vein transplantation.
We also thank Dr Hui GENG for critical review of the manu-
script.

Author contribution
Da-ru LU and Zhi-qiang LU designed the experimental pro-

Acta Pharmacologica Sinica



®

www.nature.com/aps
LiGetal

1462

gram; Ge LI and Li-song HUANG performed research; Ming-
hong JIANG, Hui-ling WU, Jing CHEN, Yin HUANG, and
SaiYin HE-XI-GE contributed analytical reagents and tools;
Yan SHEN and Wei-wei FAN analyzed data; Ge LI wrote the

paper.

Abbreviation

bFGF: basic fibroblast growth factor, HBSS: Hanks" balanced
salt solution, IPGTT: intraperitoneal glucose tolerance testing,
CIC: cultured islet cells, PIC: proliferating islet cells, Pdx1:
pancreatic duodenal homeobox-1, STZ: streptozotocin.
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