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Introduction

Type 1 diabetes mellitus is due to the autoimmune-

Abstract

Aim: To study the expression of human insulin gene wrapped with chitosan
nanoparticles in NIH3T3 cells and diabetic rats. Methods: pCMV.Ins, an
expression plasmid of the human insulin gene, was constructed. In total, 100
pug pCMV.Ins wrapped with chitosan nanoparticles (chitosan—-pCMV.Ins) was
transfected to NIH3T3 cells and diabetes rats through lavage and coloclysis,
respectively. The transfected cells were grown in Dulbecco’s modified Eagle’s
medium, containing G418, for 72 h after transfection. The clones were selected
and continued to grow in G418 medium for 24 d. The expression of human
insulin was detected by immunohistochemistry. Human insulin in the culture
medium of transfected cells was measured. Fasting blood glucose and plasma
human insulin of diabetic rats were measured for 5 d after transfection. RT-PCR
and Western blotting were performed to confirm the expression of the human
insulin gene in diabetic rats. Results: Approximately 10% of NIH3T3 cells
transfected by chitosan—-pCMV.Ins expressed human insulin. Human insulin
in the culture medium of NIH3T3 cells transfected by chitosan—pCMV.Ins
significantly increased compared with that of the control group (P<0.01). Fasting
blood glucose levels of the lavage group and the coloclysis group decreased
significantly in 5 d (P<0.01) in comparison, while plasma insulin levels were
much higher (P<0.01). The human insulin gene mRNA and human insulin
were only detected in the lavage and the coloclysis groups. Conclusion: The
human insulin gene can be transfected and expressed successfully by chitosan—
pCMV.Ins in NIH3T3 cells and diabetes rats, which indicates that chitosan is a
promising, non-viral vector for gene expression.

cloned and expressed in cultured cells in the late 1970s".

One factor critical to successful gene therapy is the
development of efficient delivery systems. Although

mediated destruction of pancreatic B cells, which results
in absolute insulin deficiency'!. Hyperglycemia can
cause long-term clinical problems, including renal
failure, retinopathy, neuropathy, and heart disease!”’.
Although intensive exogenous insulin therapy can delay
or prevent the onset of chronic complications, it is rather
cumbersome and can cause hypoglycemia, which could
be life threatening. However, the development of gene
therapy has also generated much hope and excitement for

a possible cure for diabetes since the insulin gene was first
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advances in gene transfer technology, including viral and
non-viral vectors have been made, an ideal vector system
has not yet been constructed”. Although viral vectors
can introduce exogenous genes into cells precisely and
effectively, it can easily cause immune reactions because
of the existence of antivirotic immune system. Due to
growing concerns over the toxicity and immunogenicity of
viral DNA delivery systems, DNA delivery via improved
viral routes has become more desirable".

A perfect vector should also be biocompatible, efficient,
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and modular so that it is tunable to various applications
in both research and clinical settings'”. Taken into
account this point, we selected chitosan nanoparticles, a
non-viral vector, in the present study. Non-viral vectors
include liposomes'”™™, composites'”, microspheres!",
and nanoparticles''>'”, but the cytotoxicity of the lipo-
somes limits its application in vivo. Owing to its loose
constitution, the constancy of composites is poor. The
diameter of microspheres is greater than that of the
nanoparticles. Therefore, chitosan nanoparticles are a
promising, non-viral vector comparatively.

In conventional insulin gene therapy, the exogenous
insulin gene is usually transferred by caudal vein, portal
vein, intraperitoneal, or intramuscular injection. They
are invasive methods and can result in infections or
death. The wounds and infections can also influence
the blood glucose level and the effect of gene therapy
in diabetic rats significantly. The target cells in these
methods mainly focus on hepatic and skeletal muscle cells,
but hepatic and skeletal muscle cells are not endocrinal
cells, and are quite different from B cells; they usually
need to be genetically modified in response to glucose
and processing from pro-insulin to insulin. There is a
considerable amount of endocrinal cells in gastrointestinal
tracts, which are considered ideal target cells in the gene
therapy of diabetes''*'”. Considering these facts, we
attempted to transfer the exogenous human insulin gene by
gastrointestinal tracts. The transfer of the human insulin
gene to diabetic rats by gastrointestinal tracts is very safe,
painless, and can effectively avoid infections.

In the present study, we constructed an expression
plasmid pCMV.Ins expressing the human insulin gene.
We then wrapped pCMV.Ins with chitosan nanoparticles,
a non-viral vector, which was transfected to NIH3T3
cells and diabetic rats to evaluate the efficiency of
chitosan nanoparticles as a vector and novel route for the
transfection of the human insulin gene in diabetic rats. At
present, there is no report for the transfection of the human
insulin gene to diabetic rats through gastrointestinal tracts.
There is also no report about the application of chitosan as
a vector in gene therapy for type | diabetes mellitus.

Materials and methods

Construction of the expression plasmid The cDNA
sequences of the human insulin gene were cut from the
PBAT16, hInsG1.M2 (presented by Dr Michael GERMAN,
Department of Hormone Research Institute, University of
San Francisco, CA, USA) using the Bg/1I/Notl enzyme.

It was inserted in the expression vector pCMV.eGFP at
the cohesive end. Then the recons, called pCMV.Ins,
were transformed into Escherichia coli Topl10F strains
(Invitrogen, Carlsbad, CA, USA) and screened. Plasmids
that were isolated using a large-scale alkaline lysis
procedure were purified.

Identification of the plasmid pCMV.Ins was identified
by PCR. The primers used for human insulin specifically
were 5'-ATCACTGTCCTTCTGCCA-3' (forward) and
5'-GGGTGTGTAGAAGAAGCC-3' (reverse). The
PCR products were analyzed by 1.5% agarose gel
electrophoresis, and the expected amplification length was
173 bp. The DNA sequencing of the pCMV.Ins plasmid
was performed in the Shanghai Sangon Sequencing Center
(Shanghai, China).

Preparation of the chitosan—-DNA nanoparticles
Chitosan (0.1 g) was dissolved in 100 mL acetic acid,
and the pH was adjusted to 5.5 with sodium hydrate.
The solution was stored at 4 °C after being degermed by
micropore film, of which the aperture was 0.22 pm. Before
it was used, the chitosan solution was diluted with ddH,O
until the concentration was 0.02%. In total, 100 uL DNA
solution, (200 pg/mL concentration) was added to the 100
pL sodium sulfate solution (25 mmol/L concentration).
After the chitosan and DNA solutions were heated to
55 °C in an aqueous bath for 15 min, respectively, they
were immediately mixed together. Then they would be
convoluted for 1 min. The volume of the reaction system
did not excess 500 pL, as previously suggested'®, and the
final concentration of the chitosan-DNA nanoparticles was
100 pg/mL.

Cell line and cell culture The NIH3T3 cell line was
obtained from the China Center for Type Culture Collection
(Wuhan University, Wuhan, China). The cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM,;
Sigma, St Louis, MO, USA) and 10% fetal bovine serum
GibcoBRL, Gaithersburg, MD, USA) in a 5% humidified
CO, atmosphere at 37 °C. The cells were transfected
by pCMV.eGFP and pCMV.Ins wrapped with chitosan
nanoparticles (chitosan—pCMV.Ins), respectively. The
cells were grown in DMEM, containing 700 pg/mL G418,
at 72 h after transfection. The cell clones were selected
and continued to grow in 400 ng/mL G418 (GibcoBRL,
Gaithersburg, MD, USA) medium until the d 24.

Analysis of immunohistochemistry in the transfected
cells Human insulin in the transfected cells was detected
by immunohistochemistry using a specific antibody against
human insulin (Sigma, USA). The cells were collected
by a brief trypsinization, smeared, and stained using
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normal SP immunohistochemical method. The color was
observed with 3,3'-diaminobenzidine (DAB) reagent and
stained again with hematein. Hematein-stained cells were
examined under a light microscope and photographed.
Cells that were positive for human insulin expression had
brown plasma. Five fields from 6 different wells were
randomly selected from each group, and the number of
positive cells was counted manually. The ratio of positive
cells to total cells was calculated.

Detection of human insulin in transfected cells
Human insulin in the culture medium of cells transfected
by pCMV.eGFP and chitosan—-pCMV.Ins was measured.
Human insulin was determined every second day until d 24
with a commercial human insulin radioimmunoassay (RIA)
kit from the China Institute of Atomic Energy (Beijing,
China).

Preparation of the animal model Experiments were
carried out on 45 8-week-old male Wister rats (180—190
g). After an overnight fast, the rats were given a single
intraperitoneal injection of 60 mg/kg streptozotocin (STZ;
Upjohn, Kalamazoo, MI, USA) in 0.01 mol/L citrate
buffer. Forty rats with fasting blood glucose levels >16.7
mmol/L were used in the study. The rats were randomly
divided into 4 groups. A single 1 mL dose of chitosan—
pCMV.Ins nanoparticles (containing 100 pg pCMV.Ins)
was transfected to the diabetes rats through lavage and
coloclysis, respectively. The 2 control groups were treated
with chitosan and normal saline, respectively.

Detection of fasting blood glucose and plasma
insulin in diabetic rats The fasting blood glucose and
plasma insulin of diabetic rats were measured in all of the
groups every morning after 8 h of fasting. The rats had
access to food and water ad libitum for the remaining 16 h.
The glucose levels of the blood samples obtained from the
tail veins were determined by One Touch meters and test
strips (Lifescan, USA) every morning. The plasma human
insulin level was measured with a commercial human RIA
kit from the China Institute of Atomic Energy.

RT-PCR analysis in diabetic rats RT-PCR was
used to verify the expression of the human insulin gene
in gastrointestinal tracts. Half the diabetic rats in each
group were killed on d 5. Immediately after, the stomachs,
intestines, and rectums of the treated and control animals
were flash frozen in liquid nitrogen and then stored at
—70 °C. Total RNA (5 png), obtained by using TRIzol
(GibcoBRL, USA) as per manufacturer’s instructions, was
subjected to reverse transcription by using an oligo dT21
primer, recombinant RNAsin, and Avian Myeloblastosis
Virus (AMV) reverse transcriptase (Promega, Madison,
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WI, USA). The AMV reverse transcriptase was inactivated
at 95 °C, and the PCR reactions were performed by using
a GeneAmp PCR system 9600 thermal cycler and Taq
DNA polymerase (Perkin—Elmer, Norwalk, CT, USA).
The cDNA mixture was allowed to react for 19 (GAPDH),
or 22 (insulin) cycles. The primers used for human
insulin were: 5'-ACCATGGCCCTGTGGATGCGC-3'
(forward), and 5'-CTAGTTGCAGTAGTTCTCCAG-3'
(reverse). The primers for GAPDH were: 5-ACCACA-
GTCCATGCCATCAC-3' (forward) and 5'-TCCACCA-
CCCTGTTGCTGTA-3' (reverse). Insulin primers were
designed to amplify human insulin specifically. The
primers for GAPDH were used in the control reactions.
The RT-PCR products were analyzed by 1.5% agarose
gel electrophoresis, and the expected amplification lengths
were 336 and 451 bp, respectively.

Western blot analysis in diabetic rats On d 5 after
the transfection, the stomachs, intestines, and rectums were
harvested and resuspended in lysis buffer (1% Nonidet
P-40, 50 mmol/L Tris-HCI, pH 7.4, 150 mmol/L NaCl, 200
U/mL aprotinin, and 1 mmol/L phenylmethanesulfonyl
fluoride). The tissue lysates (50 mg protein) were
separated by 12% polyacrylamide gel electrophoresis
and blotted onto polyvinylidene difluoride membranes.
Immunoblotting was performed with the antibody against
human insulin (Sigma, USA). The molecular weight of the
human insulin was 56 kDa.

Statistical analysis Data were expressed as mean+SD.
The concentrations of blood glucose and plasma insulin
were evaluated by Student’s #-test and one-way ANOVA,
respectively (SPSS for Windows 11.5; SPSS, Chicago,
IL, USA). Differences were considered significant when
P-values were less than 0.05.

Results

Identification of recombinant plasmid pCMV.Ins
The PCR products of recombinant plasmid pCMV.Ins
and bacterial suspension were amplified. One specific
band was obtained in lane 4 and lanes 5-7, respectively,
corresponding to the expected size of 173 bp. No
fragments in lanes 1 and 3 were amplified from pCMV.
eGFP and the negative control (Figure 1). This result
suggests that the human insulin gene was inserted into
recombinant plasmid pCMV.Ins successfully. The
sequencing results also revealed that the recombinant
pCMV.Ins plasmid was successfully constructed. The
number of sequencing report is LE142.

Expression of the human insulin gene in transfected
cells Approximately 10% of NIH3T3 cells transfected
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Figure 1. PCR of recombinant plasmid pCMV.Ins. PCR products
of recombinant plasmid pCMV.Ins and bacterial suspension were
amplified, corresponding to the expected size of 173 bp. No fragments
were amplified from pCMV.eGFP and the negative control. Lane 1,
pCMV.eGFP; lanes 2 and 8, molecular marker; lane 3, negative control;
lane 4, recombinant plasmid pCMV.Ins; lanes 57, bacterial suspension.

by chitosan—pCMV.Ins expressed human insulin. The
cells that were positive for human insulin expression had
brown plasma (Figure 2A). There was no expression
of human insulin in the NIH3T3 cells transfected by
pCMV.eGFP. No changes were seen in the plasma with
DAB staining in the negative cells, and nuclei in negative
cells were stained blue (Figure 2B). These results suggested
that human insulin was expressed by the exogenous
chintosan—pCMV.Ins in NIH3T3 cells, but not by the endo-
genous insulin gene.

Level of insulin in the culture medium of transfected
cells The levels of extracellular insulin in the cells
transfected by chitosan—-pCMV.Ins and pCMV.eGFP were
5.20£0.58 and 3.304+0.31 ulU/mL, respectively, on the d 24
(Table 1). The extracellular insulin levels in the chitosan—
pCMV.Ins group increased significantly compared with
those of the pPCMV.eGFP group on d 24 (P<0.05). These
results suggested that NIH3T3 cells transfected by
chitosan—-pCMV.Ins expressed human insulin successfully.

Change in fasting blood glucose in diabetic rats
Fasting blood glucose was ameliorated. The fasting blood
glucose in the lavage and coloclysis groups decreased
from 22.31+£1.38 to 5.63+0.48 mmol/L, and from
21.84+1.21 to 5.07+0.37 mmol/L after transfection on d 4,
respectively. The lavage and coloclysis groups transfected

Figure 2. (A) representative images of NIH3T3 cells transfected by
chitosan-pCMV.Ins using histochemical staining with antibodies against
human insulin (x200). Cells that were positive for human insulin
expression had brown plasma. (B) representative images of NIH3T3 cells
transfected by pCMV.eGFP using histochemical staining with antibodies
against human insulin (x200). There was no change in the color of the
cells.

with chitosan—DNA nanoparticles had significantly lower
levels of fasting blood glucose (P<0.01) compared with
the normal saline treatment from d 1-5 (Figure 3). The
blood glucose levels of the chitosan group also decreased
significantly, because chitosan ameliorated blood glucose.
The blood glucose levels of the lavage and coloclysis
groups were both significantly lower than those of the
chitosan group (P<0.01). There were no differences
in blood glucose levels at d 5 between the lavage and
coloclysis groups (P=0.746).

Table 1. Insulin levels in the culture medium of transfected cells at d 24. n=12. Mean+SD. "P<0.05 vs pCMV.eGFP group.

Group Insulin levels (uIU/mL)
do d3 de do d12 d1s dis d21 d24
Chitosan—pCMV.Ins 3.8£0.39  4.2+0.58"  4.7+0.65"  5.5+0.71°  5.8+0.76°  5.2+0.57° = 4.9+0.53"  6.1+0.64°  52+0.58"
pCMV.eGFP 384032  3.7+0.41 3.940.50  4.2+049  3.6£032  3.9+0.44 3.4+0.28 4.0+0.53  3.3+0.31
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Figure 3. Fasting blood glucose levels of each group 5 d after admini-
stration (analyzed by SPSS). Lavage and coloclysis groups transfected
with chitosan-pCMV.Ins had significantly lower levels of fasting blood
glucose compared with the chitosan and normal saline groups 5 d after
transfection. n=10. Mean+SD. °P<0.01 vs the control groups (chitosan
and normal saline groups).

Change of plasma insulin in diabetic rats The levels
of plasma insulin in the lavage and coloclysis groups
increased from 14.01+1.24 to 32.26+1.81 plU/mL, and
from14.47+1.49 to 32.79+1.84 plU/mL after transfection
on d 4, respectively. The plasma insulin levels of the
lavage, coloclysis, and chitosan groups (Figure 4) were
higher than those of the normal saline group on d 1-5
(P<0.01). There were remarkable differences between the
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Figure 4. Plasma insulin levels of each group 5 d after administration

(analyzed by SPSS). Plasma insulin levels of lavage and coloclysis

groups were higher than those of the chitosan and normal saline groups

5 d after transfection. n=10. Mean+SD. °P<0.01 vs the control groups

(chitosan and normal saline groups).
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lavage and chitosan group (P<0.01), with little difference
between the coloclysis and chitosan groups (P<0.01), and
between the lavage and coloclysis groups (P=0.56). These
results are consistent with the reduction of fasting blood
glucose.

Verification of the expression of the human insulin
gene in diabetic rats To analyze the expression of the
human insulin gene, RT-PCR and Western blot analysis
were carried out in the stomachs, intestines, and rectums of
diabetic rats. The human insulin gene and human insulin
were only detected in the intestines of diabetic rats. In the
reactions using primers specific for GAPDH, RNA of the
intestines were amplified, revealing a 451 bp fragment in
all of the groups (Figure 5A). However, human insulin-
specific primers produced a fragment corresponding to
the expected size of 336 bp in lanes 1 and 2, only in the
reactions containing RNA from the lavage and coloclysis
groups, respectively (Figure 5B). No products were
amplified from the cDNA of the chitosan (lane 3) and
normal saline groups (lane 4).

A

st be

P
300 bp 1000 bp
200 bp 800 bp
100 bp 600 bp

500 bp
400 bp
300 bp
200 bp

100 bp

Figure 5. (A) amplification results of GAPDH in the intestines of each
group. Lane 1, lavage group; lane 2, coloclysis group; lane 3, chitosan
group; lane 4, normal saline group; lane 5, molecular marker. (B)
expression of human insulin gene mRNA by RT-PCR in the intestines
of each group. Amplification results of the human insulin gene of each
group. Lane 1, lavage group; lane 2, coloclysis group; lane 3, chitosan
group; lane 4, normal saline group; lane 5, molecular marker.

The molecular weight of human insulin was 56 kDa
(Figure 6). One specific band was only obtained in the
intestines of the lavage and coloclysis groups (lanes 1
and 2, respectively). No products were obtained in the
chitosan group (lane 3) and normal saline group (lane
4). These results suggested that the detected mRNA
and human insulin were expressed by the exogenous
chitosan—-pCM V.Ins, not by the endogenous insulin gene.
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Figure 6. Expression of human insulin by Western blotting in the
intestines of each group. Lane 1, lavage group; lane 2, coloclysis group;
lane 3, chitosan group; lane 4, normal saline group; lane 5, molecular
marker.

Discussion

Many attempts have been made in gene therapy for type
1 diabetes mellitus, including islet!'” " and whole pancreas
transplantation”””"), the regeneration of p cells”***, and
insulin gene therapy™>". Whole organ transplants have
been found to be sustainable and durable. Advances in
islet transplantation procedures now mean that patients
with the disease can be cured by transplantation of primary
human islets of Langerhans. The major drawbacks in
these strategies are the availability of donor islets, the
invasiveness of the procedure, and high cost. Due to the
limited number of donor islet cells available, researchers
are looking for different sources of pancreatic islet
progenitor or stem cells. A stem cell with proliferative
ability may provide a valuable source of islet progenitor
cells. Several studies have demonstrated that a progenitor/
stem cell population can be expanded in vitro to generate
large numbers of islet progenitor cells™**". However, the
efficient and directed differentiation of these cells to an
endocrinal pancreatic lineage has been difficult to achieve.

Based on this, we attempted to apply insulin gene
therapy in type 1 diabetic rats in the present study. Insulin
gene therapy involves the introduction of a foreign gene
into any cell type in the body, allowing it to produce
insulin®". The gene(s) introduced could be the insulin
gene itself, perhaps under the control of a tissue-specific
promoter, allowing for the expression in a select non-f3-
cell type or a gene encoding a factor that in turn activates
the insulin gene, thereby allowing for ectopic insulin
production.

Our findings demonstrated that the human insulin
gene wrapped by chitosan nanoparticles can be expressed
efficiently in NIH3T3 cells and the gastrointestinal tracts
of diabetes rats, indicating that chitosan nanoparticles
are a non-viral vector with potential for gene expression.

Chitosan nanoparticles”” have the following benefits:
good biocompatibility, no toxicity, and can be obtained
economically. The transfection efficiency of chitosan can
be regulated by changing its molecular weight, plasmid
concentration, and the ratio of chitosan and plasmid. After
the plasmid is embedded in chitosan, it can resist the
degradation of the nuclei. It also exhibits antibacterial
activity by inhibiting the bacterium metabolism. K&ping—
Hoggard et al™ found that aerosol delivery via formulation
with chitosan oligomers resulted in improved lung
distribution of pDNA polyplexes and a 6-fold increase in
the efficiency of gene delivery in vivo over that seen with
the commonly-used intratracheal instillation method.

In the present study, we transferred the human insulin
gene to diabetic rats by gastrointestinal tracts. This is quite
different from conventional insulin gene therapy. The
exogenous insulin gene was transferred to diabetic rats by
caudal vein, portal vein, intraperitoneal, or intramuscular
injection in conventional insulin gene therapy. Koya et
al*" injected recombinant pancreatic duodenal homeobox-1
(rPdx1) into mice with STZ-induced diabetes by perito-
neum. They found that the rPdx1 treatment of mice
with STZ-induced diabetes promoted B-cell regeneration
and liver cell reprogramming, leading to restoration of
normoglycemia. These methods will injure diabetic rats
and may lead to infections or death. The wounds and
infections can also influence the blood glucose level and
the effects of gene therapy in diabetic rats significantly.
The human insulin gene transferred to diabetic rats by
gastrointestinal tracts is very safe, painless, and can avoid
infections effectively. In the present study, none of the
diabetic rats was infected.

In insulin gene therapy, one of the key issues is
the selection of carriers. Conventional viral vectors
can introduce exogenous genes into cells precisely and
effectively, but it can easily cause immune reactions
because of the existence of the antivirotic immune system.
More and more researchers are interested in non-viral
vectors. Chitosan is an ideal and new non-viral vector
and has drawn wide attention. We selected chitosan as
the vector in this study, and the results demonstrated that
chitosan was a safe and effective gene delivery vector.

In our study, we observed that the decrease of fasting
blood glucose lasted for 5 d, which could be a result of
the regeneration of gastrointestinal tract epithelial cells.
We speculate that a single 1 mL dose of chitosan—-DNA
nanoparticles (containing 100 ng pCMV.Ins) may be
cleared with the regeneration of gastrointestinal tract
epithelial cells. As already known, the regeneration of
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gastrointestinal tract epithelial cells may require 3—5 day"”.
Our results also correspond with this point.

Further research will be undertaken to detect the cells
that takes up the plasmid in vivo. We speculate that gut
K cells may take up the expression plasmid. There are
considerable gut K cells in the epithelium mucosa of
gastrointestinal tracts that create PC2 and PC3 and secrete
glucose-dependent insulinotropic polypeptides (GIP)".
PC2 and PC3 can help process pro-insulin®’’. Palizban
et al have transfected rat small intestine K cells with the
pGIP/Ins plasmid by the DOTAP liposome". GIP can
stimulate B cells to release insulin and promotes their
regeneration””*”. Some reports have suggested that the
antagonist of GIP can degrade the secretion of insulin
remarkably'*'". As mentioned earlier, K cells could be one
of the best target cells for the gene therapeutic treatment
of type 1 diabetes due to its response to glucose and its
resistance to cytokines and free radicals.

In conclusion, the human insulin gene can be
transfected successfully by chitosan nanoparticles in
vitro and in vivo, and is expressed efficiently in NIH3T3
cells and the gastrointestinal tracts of diabetes rats,
indicating that chitosan is a promising non-viral vector
for gene expression. To our knowledge, this study is to
apply chitosan to the gene therapy of diabetes in living
organisms as a vector. The benefits of using chitosan are
its safety and painlessness. If it can be applied in clinics,
it will be willingly accepted by patients. Although much
work remains to be done, the rapid progress in insulin
gene therapy provides an optimistic outlook for clinical
applications to type 1 diabetes mellitus.
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