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Prevention of beta cell dysfunction and apoptosis by adenoviral
gene transfer of rat insulin-like growth factor 1
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Background Islet B-cells are almost completely destroyed when patients with type 1 diabete are diagnosed. To date,
insulin substitute therapy is still one of the main treatments. The cure of type 1 diabetes requires B-cell regeneration from
islet cell precursors and prevention of recurring autoimmunity. Therefore, 3-cell regeneration and proliferation emerge as
a new research focus on therapy for type 1 diabetes. Islet B-cell regeneration and development are controlled by many
growth factors, especially insulin-like growth factor-1 (IGF-1).

Methods Recombinant adenovirus encoding rat IGF-1 (rlIGF-1) was constructed and transduced into rat B-cells,
RINmSF cells. Western blotting analysis and ELISA were used to detect rIGF-1 protein. Streptozotocin (STZ) was used to
induce RINm5F cell destruction. The level of nitric oxide (NO) was detected in cell culture supernatants by the Griess
reaction. Islet cell function was evaluated by glucose-stimulated insulin production. Flow cytometry analysis was further
used to investigate the apoptosis of RINmSF cells. Thiaoollyl blue viability assay was applied to determine cell viability.
Results The recombined adenovirus-riGF-1 was successfully constructed and the titer was 4.0x10® pfu/ml. The rIGF-1
protein was effectively expressed in the RINm5F cells and cell culture supernatants. rIGF-1 expression remarkably
inhibited STZ-induced islet cell apoptosis and significantly decreased the level of NO. Furthermore, IGF-1 expression
also significantly protected insulin secretion and cell proliferation in a time-dependent manner.

Conclusions Our study suggests that locally produced rIGF-I from RINm5F cells may be beneficial in maintaining
B-cell function, protecting B-cells from the destruction of apoptosis factors and promoting B-cell survival and proliferation.
IGF-I might be considered as a candidate gene in gene therapy for type 1 diabetes. In addition, it appears that the

apoptosis induced by STZ may be NO-dependent.

ype 1 diabetes is characterized by progressive

destruction of pancreatic B-cells, resulting in insulin
deficiency and hyperglycemia. The onset of spontaneous
type 1 diabetes in humans is preceded by progressive
leukocyte infiltration into islets (insulitis), which persists
for a relatively long period of time before massive islet
B-cell destruction.' Type 1 diabetes is diagnosed when
B-cell destruction is almost complete and patients need
insulin replacement therapy to survive. However,
glycemia is not always properly regulated, and chronic
hyperglycemia leads to severe microvascular,
macrovascular and neurological complications. These
devastating complications can be prevented by
normalization of blood glucose levels. This can be
achieved by pancreas and islet transplantation to restore
endogenous insulin secretion.” However, the shortage of
donors and potential elimination of transplanted islets by
autoimmune reactions are serious limitations.' Thus, the
restoration of functional insulin-producing B-cells is
important as a curative therapy for type 1 diabetes.

Islet B-cell regeneration and development are controlled
by the availability of growth factors, and especially
insulin-like growth factors (IGFs). IGF-I has insulin-like
metabolic effects and stimulates cell proliferation and
differentiation.” Several in vitro studies confirm that
IGF-I protects islets against cytokine-mediated inhibition
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of insulin secretion, stimulation of nitric oxide (NO)
formation, and apoptosis.*” Other studies indicate the
contrary, that IGF-I had a tendency to induce diabetes.®’
In those studies, however, isolated rat and human islet
cells were used and there was interference by endocrine,
exocrine or other pancreatic cells and isolation-associated
cell damage. And human IGF-1 was usually used.
Therefore we examined a method for the “in vitro”
sensitization and type of the rat islet B-cell RINmSF, by
using recombinant adenovirus encoded rat IGF-1 (rIGF-1)
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for treating streptozotocin (STZ)-induced impairment. We
found that rIGF-1 expressed from the adenoviral vector
can counteract STZ-induced impairment of islets and
B-cell death by apoptosis, and increase cell viability.

METHODS

Cell culture

The glucose-sensitive pancreatic cell line RINmSF was
purchased from the American Type Culture Collection
(ATCC, USA). The cells were maintained in Rosewell
Park Memorial Institute (RPMI) 1640 medium (Gibco
BRL, USA) supplemented with 10% fetal bovine serum
(FBS) (Gibco BRL), 100 U/ml penicillin, and 100 mg/ml
streptomycin, and incubated at 37 °C in an atmosphere of
5% CO, and 95% O, air. Two hundred and ninty-three
cells were kindly provided by Prof. LUO Bing (Qingdao
University Medical College, Qingdao, China) and
cultured in DMEM (Gibco BRL) supplemented with 10%
FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin.
For assays, the cells were detached by a brief incubation
with trypsin/EDTA (Gibco BRL).

Preparation of RNA and rIGF-1 cDNA

Rat livers were cut into small pieces. RNA was extracted
using Trizol (Invitrogen, USA) following the
manufacturer's  instructions. Total RNA  was
reverse-transcribed with random hexamer primers and
Superscript Il reverse transcriptase (Invitrogen).
First-strand ¢cDNA was used as the template. Specific
primers for rat IGF-1 were designed based on the
sequence in GenBank (NM 178866.2). The forward
primer was 5'-ggCAgATCTATgTCgTCTTCACATCTC-3’
and the reverse primer was 5'-gcgATATCCCTC-
CTACATTCTgTAggTC-3', and these contained Bgl II
and EcoR V sites (underlined), respectively. The thermal
profile for PCR amplification was as follows:
denaturation at 95°C for 5 minutes followed by 35 cycles
of 30 seconds at 95°C, 30 seconds at 58°C and 45
seconds at 72°C, and the end of the extension step at
72°C for 5 minutes.

Generation of recombinant adenoviral vectors

RT-PCR products were excised from 2% agarose gel and
purified with a Qiaquick gel extraction kit (Qiagen,
Germany). The plasmid pAdTrack-CMV and BJ5183
bacteria with pAdEasy-1 (containing the viral backbone)
were also kindly provided by Prof. LUO Bing. The
purified RT-PCR products and pAdTrack-CMV were
digested using Bgl II and EcoR V (Takara, Japan) and
religated, to give pAd-CMV-rIGF-1. This plasmid
pAd-CMV-IGF-1 was linearized by Pmel (New England
Biolabs, USA) and co-transformed into electro-competent
BJ5183 bacteria with pAdEasy-1 and selected on
Kanamycin LB plates. The plasmid pAd-rIGF-1 in
bacteria was amplified and purified using a standard
alkaline lysis procedure and sequenced (Shanghai Sangon,
China). The complete adenovector was linearized with
Pacl (New England Biolabs) and used for transduction of
293 cells.

Production of adenoviruses in mammalian cells
Approximately 5x10° 293 cells were plated in 25-cm’
flasks 24 hours before transduction, when they reached
about 80% confluency. Transduction was mediated by
Lipofectamine 2000 and OptiMEM (Invitrogen), as
described in the manufacturer’s instructions. Transducted
cells were monitored for green fluorescent protein (GFP)
expression after 16 hours of transduction and collected
7-10 days after transduction. After three cycles of
freezing in a methanol-dry ice bath and rapid thawing at
37°C, 1 ml of viral lysate was used to transduct 5x10°
cells in a 25-cm’ flask. Three to four days later, virus
were harvested as described above. The recombinant
adenovirus encoding rIGF-1 was named Ad-rIGF-1, and
the viral particles were further amplified, purified, and
titered according to GFP-positive units. Ad-eGFP was
used as a control virus that does not affect the function or
apoptosis of the islet in vivo, similar to Ad-LacZ.
Therefore, Ad-eGFP was generated as described above.

Gene transfer of GFP and rIGF-1 to RINm5F cells in
culture using adenoviral vectors

Approximately 5x10° RINmSF cells were plated in
25-cm’ flasks for 48 hours before transduction. They
were then transducted with Ad-eGFP or Ad-rIGF-1 at
5x10° plaque-forming units (pfu) in a minimal volume of
serum-free RPMI 1640 for 4 hours at 37°C. After
transduction, RINmSF cells were washed twice in
serum-free medium and once with medium containing
10% FBS, and then incubated at 37°C in complete
medium for 2 days, after which all assays were carried
out. All the functional assays described below were
performed in triplicate on at least three different
occasions unless otherwise indicated.

Detection of secreted transgene products

(1) RT-PCR: RNA was isolated from each group (control,
Ad-rIGF-1, and Ad-eGFP). Total cellular RNA was
extracted using Trizol reagent and then treated with
DNase I (Promega, USA) to eliminate potential
contamination with residual genomic DNA. RT-PCR was
then carried out to detect the transfer genes. (2) ELISA:
Secreted rIGF-1 protein was detected in culture
supernatants 2 days after transduction using an ELISA kit
(Santa Cruz, USA). (3) Western blotting analysis: At the
end of incubation, cells were harvested in lysis buffer and,
after quantification by Lowry’s method, 15 pg of cell
protein was loaded onto 10% SDS-acrylamide gels. At
the end of the run, proteins were transferred to a
nitrocellulose membrane and incubated overnight with
polyclonal antibodies against IGF-1 (1:1000, Santa Cruz),
and then with suitable peroxidase-conjugated secondary
antibodies for 1 hour. Proteins were detected by
chemiluminescence. Loading control was performed
using actin immunodetection.

Evaluation of RINm5F cells function and NO levels
after treatment with STZ
To assess the effects of STZ on RINmSF cells, glucose-
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Figure 1. A: Electrophoresis analysis of RT-PCR product M: DNA
marker. Lane 1: the RT-PCR product size of 406 bp. Lane 2:
negative control. B: Electrophoresis analysis of pAd-CMV-rIGF-1
with endonuclease EcoRV and BglII double-digestion. M: DNA
marker. Lane 1: negative control. Lane 2: the expected product size
of pAd-CMV-IGF-1 with double-digestion (9220 bp and 406 bp).
Lane 3: the RT-PCR product size of 406 bp. C: Electrophoresis
analysis of pAd-rIGF-1 with endonuclease Pacl digestion. M:

DNA marker. Lanes 1 and 2: pAd-rIGF-1 with endonuclease Pacl digestion. D: GFP reporter expression in adenoviral transducted 293
cells (Original magnificationx200). E: Western blotting analysis of the rIGF-1 in adenoviral transducted RINmSF cells. Lane 1:
untransducted RINmSF cells. Lane 2: RINmSF cells transducted with Ad-eGFP. Lanes 3 and 4: RINmSF cells transducted with

Ad-rIGF-1.

stimulated insulin secretion was used to detect cell
function. Three groups were divided into two subgroups
respectively (control, STZ, Ad-rIGF-1, Ad-rIGF-1+STZ,
Ad-eGFP, Ad-eGFP+STZ) and each subgroup consisted
of 8 flasks. Each group of cells were first treated with
medium containing 10% FBS and/or 1.5 mmol/L STZ
(final concentration) (Sigma, USA) respectively for 24
hours after preincubation in fresh medium for 16-24
hours. The medium was removed to detect NO products
using the Griess reaction, and the cells were washed twice
with cold RPMI 1640 medium. Incubation was carried
out at 37°C in RPMI 1640 containing 0.2% BSA (Sigma)
and 16.7 mmol/L (final concentration) glucose for 1 hour.
The supernatant was subsequently removed, and its insulin
content was determined by an ELISA kit (Santa Cruz).

Assessment of apoptosis activation by flow cytometry

After the cells in the six groups were treated by
transduction and impairment by STZ as previously
described, each group cells were harvested. The pellets
were mixed with a 1:1 (v/v) mixture of PBS and 0.2
mol/L. Na,HPQOy,, 0.1 mol/L citric acid (pH 7.5), and fixed
with ice-cold ethanol at 4°C for 1 hour. The cells were
washed twice with PBS and resuspended in 1 ml of a
staining solution containing 10 mg/ml propidium iodide
(Sigma). The cell suspensions were incubated at room
temperature for 1 hour and 50 000 cells were analyzed on
a FACSCalibur flow cytometer. The percentage of
apoptotic cells was determined using multicycle software.

Cell viability and proliferation measurement

Cell wviability was determined by colorimetric
measurement of the reduction product of 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium  bromide
(MTT) (Sigma). Approximately 1x10* RINmSF cells
were plated in 96-well plates. The treatment procedures
were performed as described above (not including
glucose-stimulated  insulin  secretion), then were
continued to culture for 12, 24, 36, 48 and 60 hours. The
original medium was removed from the 96-well plates,
and the cells were washed in PBS. The cells were

incubated for 4 hours at 37°C in the presence of RPMI
1640 medium with 10% FBS containing 5 mg/ml MTT.
The incubation medium was then removed and resulting
formazan crystals were dissolved in 20 upl dimethyl
sulfoxide (DMSO) by shaking for 10 minutes. The
absorbance at 490 nm was measured with a spectro-
photometer. Cell viability and proliferation was defined
as the ratio (expressed as a percentage) of the absorbance
of treated cells to that of untreated cells on the first day.

Statistical analysis

Data are expressed as mean + standard deviation (SD).
Statistical ~ analysis was performed using the
Student-Newman-Keuls test. P <0.05 was considered
statistically significant and P <0.01 was considered
remarkably statistically significance.

RESULTS

Generating recombinant adenovirus with rat IGF-1
rIGF-1 DNA was amplified by RT-PCR. Electrophoretic
analysis of the RT-PCR products showed a band of the
expected size (406 bp, Figure 1A). Figure 1A also shows
the results of an electrophoretic analysis of
pAd-CMV-rIGF-1 using double-digestion with Bgl II and
EcoR V. The sequencing results were identical to the
GenBank sequences (NM 178866.2) (data not shown).
The positive recombinant vector pAd-rIGF-1 was
digested with Pac I (Figure 1B). The products of
pAd-rIGF-1 digested by Pac I were transducted into 293
cells. After transduction, the GFP reporter was observed
by fluoroscopy (Figure 1C). The recombined Ad-rIGF-1
was constructed successfully and its titer was about
4.0x10® pfu/ml. The titer of Ad-eGFP was approximately
8.0x10® pfu/ml.

Detecting the products of riIGF-1

To detect the product of the transgene, total cellular RNA
was extracted and subjected to RT-PCR. A band of the
expected size (406 bp) was seen in Ad-rIGF-1-
transducted RINmSF cells, but not in Ad-eGFP-
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transducted RINmMSF cells or untransducted RINmMSF
cells (data not shown). Secreted rIGF-1 was detected
using the ELISA method at levels as high as
(91.60+16.80) ng/ml with no detectable rIGF-1 in the
media of untransducted RINmSF cells or RINmSF cells
transducted with Ad-eGFP. Figure 1D shows that rIGF-1
was present in Ad-rIGF-1-transducted RINmSF cells as
measured by Western blotting. rIGF-1 was not found in
untransducted RINmSF cells and RINmSF cells
transducted with Ad-eGFP. These results demonstrate that
RINmMSF cells can be efficiently transducted with
adenoviral vectors and that they can synthesize and
secrete significant levels of rIGF-1 protein.

rIGF-1 protects against STZ-induced impairment of
insulin secretion

Previous findings had indicated that the cytotoxic effect
of low doses of STZ on B-cell involves activation of the
apoptotic pathway, whereas at high doses, B-cell death
occurs predominantly through necrosis. Thus, a STZ
concentration of 1.5 mmol/L was selected, which is
sufficient to impair the ability of RINmSF cells to
respond to a high glucose concentration in both
untransducted RINmMSF cells and in those transducted
with the Ad-eGFP controls. RINmSF cells that were
transducted with Ad-rIGF-1 maintained a normal insulin
secretory response to glucose after STZ treatment, and
this response was almost identical to that of unmodified

RINmMSF cells that were not treated with STZ (Figure 2A).

The adenovirus itself did not affect the response of
RINmMSF cells to high glucose levels in the absence of
STZ, as demonstrated using Ad-eGFP.
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Figure 2. The levels of glucose-stimulated insulin (A) and NO
production (B) from RINmS5F cells transducted with Ad-rIGF-1,
Ad-eGFP, or untransducted cells followed by incubation with or
without STZ. "P <0.01 compared with control.

rIGF-1 expression suppresses NO production

Untransducted RINmSF cells and those transducted with
Ad-eGFP produced detectable levels of NO in the
absence of STZ in all experiments. Untransducted

RINmSF cells exposed to STZ produced the most NO (P
<0.01), whereas exposure of Ad-rIGF-1-transducted
RINmSF cells to STZ had no effect on the stimulation of
NO production relative to mock transducted RINmSF
cells (Figure 2B). Finally, RINmSF cells that had been
transducted with Ad-rIGF-1 appeared to have reduced
basal NO production.

rIGF-1 expression inhibits apoptosis

The percentage of apoptotic RINmSF cells among cells
that had been treated with STZ was significantly higher
than that among intact RINmSF cells (P <0.01). No
significant difference was observed in the percentage of
apoptotic cells between cells transducted Ad-rIGF-1 in
the presence of STZ and intact RINmSF cells. In contrast,
Ad-eGFP did not protect RINmSF cells from apoptosis
induced by STZ, and the percentage of apoptotic cells
was similar to that in RINmSF cells after STZ treatment
and significantly higher than that in intact RINmSF cells
(Figure 3A).

rIGF-1 plays an important role in RINm5F

cell survival

Using the MTT assay we determined that the percentage
of surviving cells among untransducted cells and those
transducted by Ad-eGFP treated with STZ was
significantly decreased at all time points (12, 24, 36, 48
and 60 hours) compared to the controls (P <0.01). IGF-1
increased the wviability of RINmSF cells in a
time-dependent manner. At all points between 12 hours
and 60 hours (Figure 3C), the cell viability was higher by
about 22% and 32% in the control and Ad-rIGF-1 group,
respectively. There was no significant difference in the
percentage of surviving cells between cells transducted
with Ad-rIGF-1 after STZ treatment and the control
(Figure 3B). These results show that IGF-1 has a very
important influence on survival and proliferation of
RINmSF cells.

DISCUSSION

Pancreatic B-cells are the only cells of the body that
produce and secrete insulin in a manner finely controlled
by blood glucose concentrations. Recent studies have
confirmed that pancreatic B-cells have the capabality to
regenerate.® Growth of B-cells can take place by at least
two pathwags replication of differentiated B-cells or
neogenesis.” Both processes occur during neonatal
development of the pancreas. However, in adults, B-cells
expanding via mitogenesis make up only 1.5%—6% of the
total B-cells population, which is primarily the result of
replication of differentiated pre-existing B-cells.
Circulating IGF-1 is mainly synthesized by the liver, but
is also produced locally in most tissues where it acts in an
autocrine/paracrine manner and it is of interest that serum
concentrations of IGF-1 in type 1 diabetes patients are
significantly deceased. The pancreatic microenvironment
can play an important function in B-cell death, making
these cells more susceptible or resistant to damage.'® This
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Figure 3. The percentages of apoptosis (A) and cell viability after 24 hours (B) from RINmS5F cells transducted with Ad-rIGF-1, Ad-eGFP,
or untransducted cells followed by incubation with or without STZ. *P <0.01 compared to control. The proliferation rate curves of
viability for RINmSF cells after 12, 24, 36, 48 and 60 hours from RINmSF cells transducted with Ad-rIGF-1, Ad-eGFP, or untransducted
cells followed by incubation with or without STZ. This proliferation was in a time-dependent manner (C).

is an important theoretical concept; that a good
microenvironment can ensure B-cell regeneration.

In recent years, it has become a routine procedure that a
gene can be expressed in a target cells by use of
recombinant technology and transgenic technology.
Recombinant adenoviruses are currently used for this
purpose, including gene transfer in vitro, vaccination in
vivo, and gene therapy.'"'? Several features of adenovirus
biology have made them the vectors of choice for some of
these applications. For example, adenoviruses transfer
genes to a broad spectrum of cell types, and gene transfer
is not dependent on active cell division. Additionally,
high titers of viruses and high levels of transgene
expression generally can be obtained. In 1998, He et al”
introduced a simplified system for generating
recombinant adenovirus and we used their method in this
study. We successfully generated high titers of
recombinant adenovirus containing rIGF-1. Ad-rIGF-1
was confirmed using restriction endonuclease digestion
and sequencing. We also measured rIGF-1 that was
present in Ad-rIGF-1-transducted RINmSF cells by
Western blotting and the factor that had been secreted into
the culture supernatant by ELISA.

Although several reports have suggested that IGF-1
inhibits insulin secretion in vivo and in certain instances
in vitro,14 in our study, transduction of RINmSF cells
with adenovirus containing rIGF-1 in culture did not
change their viability or functional characteristics. At a
high glucose concentration (16.7 mmol/L), RINmSF cells
that had been transducted with Ad-rIGF-1 produced more
insulin than untransducted RINmSF cells or those that
had been transducted with Ad-eGFP. Our results also
demonstrate that adenoviral gene transfer of reporter
genes and the rIGF-1 gene to RINmSF cells in vitro does
not impair the insulin secretory response to exogenous
glucose and can suppress the STZ-induced impairment of
glucose-stimulated insulin secretion.

In this study, we have demonstrated that transduction of
RINmMSF cells with a replication-defective adenoviral
vector expressing rIGF-1 can protect them against
STZ-induced NO formation. Some studies have

suggested that adenoviral transduction can lead to the
stimulation of NO production and this can impede the
efficiency of adenoviral-mediated gene transfer.''® We
have observed that treatment of untransducted RINmSF
cells with STZ yields the highest nitrite levels in all islet
cells examined, whereas transduction with Ad-eGFP or
Ad-rIGF-1 alone does not give nitrite levels any higher
than those in the control. This could be due to a lack of
resident macrophages which become activated around
RINmMSF cells.

In addition to blocking STZ-mediated dysfunction and
NO production in RINmSF cells, rIGF-1 expression by
RINmMSF  cells also clearly protects against
STZ-stimulated apoptosis and increases cell viability in a
time-dependent manner. The anti-apoptotic effects of
IGF-1 have been documented in transformed cell lines,
neurons, and hematopoietic progenitor cells.'""® Although
it is unclear exactly how IGF-1 expression in islet cells
regulates apoptosis, IGF-1 has been implicated in
blocking apoptosis through several different pathways.
The main signaling pathway for IGF-I receptor—mediated
protection against apoptosis originates in the interaction
of the IGF-I receptor with IRS-1, which leads to the
activation of PI 3'-kinase and Akt/protein kinase B!
and the phosphorylation and the activation of BAD, a
member of the Bcl-2 family of proteins.21 The IGF-I
receptor also activates alternative pathways for protection:
one through the activation of mitogen-activated protein
kinase (MAPK) and another through the activation of
Raf-1 and its translocation to the mitochondria.”’
However, the high percentages of apoptotic RINmSF
cells parallells the increased NO concentration in the
culture supernatant, which indicates that the apoptosis
induced by STZ in RINmS5F cells results from NO.

In summary, our results demonstrate the feasibility of
preventing STZ-induced impairment of rat B-cell function
after gene transfer of rat IGF-1. Additionally, our results
demonstrate that local rIGF-1 production from genetically
modified rat B-cells can suppress NO production in the
presence of STZ, protect against STZ—induced apoptosis
and increase cell viability in a time-dependent manner.
The dysfunction and apoptosis induced by STZ in
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RINmMSF cells result from NO. Our present results
suggest that IGF-I might be considered a candidate gene
to be transferred to pancreatic islets as a new approach in
gene therapy for type 1 diabetes. These results may also
suggest the RINmSF cell line is a suitable model for study
of B-cell growth and function.
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