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Abstract:
Background: Diabetes mellitus is a chronic metabolic disorder that undesirably affects both central and periph-
eral nervous systems through the apoptosis of neurons. Insulin and insulin-like growth factors (IGFs) inhibit
apoptosis of oligodendrocytes. The objective of this study was to determine whether oral insulin in the form of
nanoparticles may have similar effects to injectable insulin in increasing the gene expression of IGF1 and IGF2.
Methods: Insulin-loaded trimethyl chitosan nanoparticles were prepared using the polyelectrolyte complex
method and characterized for size, polydispersity index, zeta potential, drug loading, and entrapment effi-
ciency. An in vivo study was performed in different groups of male Wistar rats with diabetes mellitus type 1
treated with insulin-loaded trimethyl chitosan nanoparticles and subcutaneous injection of trade insulin (neu-
tral protamine Hagedorn). The hippocampus of rats were studied for the expression of IGF1 and IGF2 genes by
using real-time PCR, and the fold changes in gene expression were evaluated using the 2−ΔΔCt method.
Results: The expression of IGF1 and IGF2 genes in the groups treated with nano-insulin and injected insulin
were significantly higher than that in the diabetic control group (p<0.001) and meaningfully lower than that in
the healthy control group. However, there was no significant difference to the treated groups.
Conclusion: Our findings suggest that future research might provide a new formulation of drugs for treating
type 1 diabetes, in the form of oral insulin.
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Introduction

Various pathological processes play a role in the development of diabetes, from the autoimmune destruction of
β-pancreatic cells, and consequently insulin deficiency, to processes that lead to insulin resistance, which is the
basis of disorders in the metabolism of carbohydrates, lipids, and proteins. Disorders of insulin secretion and
insufficiency of insulin function are commonly found in diabetic patients, and it is often unclear which of these
disorders are the main cause of hyperglycemia [1]. Currently, researchers are trying to achieve a non-invasive
method for using insulin orally, which has fewer side effects for patients. There are many barriers to oral insulin
administration, including physical agents (e.g. mucosal layers, mucin, electrolytes, and tight joints); enzymatic
barriers, including pepsin enzymes, trypsin, and chymotrypins; and insulin instability in the gastrointestinal
tract due to high pH changes. These agents cause insulin to be absorbed orally, and about 2% of the amount of
insulin consumed enters the bloodstream. However, over the past decades, a nanoparticle program has been
developed to treat diabetes with the aim of delivering insulin through nanoparticles [2], [3], [4], [5]. In nan-
otechnology, the material is loaded onto polymer nanoparticles that direct it for a purpose into a region of
the gastrointestinal tract. As mentioned, cognitive impairment due to damage to hippocampal neurons is also
a complication of diabetes, and deficits in memory, learning, and recognition are more common in diabetics
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than in non-diabetics [6]. The hippocampus is sensitive to high blood glucose, as an important learning and
memory center, and its neurons are extremely vulnerable to type 1 diabetes [7], [8]. Although the mechanism of
destruction of diabetes-induced nerve cells in the hippocampus is not well known, dendritic atrophy, decrease
in glucocorticoid receptors, changes in the expression of insulin-like growth factor (IGF) receptors, insulin se-
cretion, and induction of apoptosis have been proposed [9]. Research has also shown that IGF1 has a role of
regulating brain hexokinase activity, which may contribute to reducing glucose consumption. This information
demonstrates the role of anabolic IGF1 signaling in brain metabolism [10]. Another purpose of insulin IGF1 sig-
naling is via AKT in the brain with respect to glycogen β3 synthase kinase (GSK3β) [11]. Research has shown that
IGF1 inhibits the activity of β3GSK and promotes neuronal growth, and indeed GSK3β acts as a pro-apoptotic
factor in neurons [2], [12], [13]. Changes in the level of IGF1 related to diabetes mellitus occur practically due to
reduced free-living physical activity and reduced bioavailability of the growth factor. By considering the posi-
tive potential and supportive effects of IGF1 in the processes of tissue repair and regeneration of damaged cells,
reducing the free surface of this substance causes or intensifies various disorders and complications. Early and
progressive reductions in serum IGF1 levels that occur in parallel with aging in diabetic patients cause the IGF2-
protective and other protective effects on the kidneys, eyes, and neurons to be inadequate, and provide a basis
for the onset of complications in these organs [13]. Nanoparticles, including nanospheres and nanocapsules,
can absorb and encapsulate drugs, thereby protecting against enzymatic and chemical degradation. Nanocap-
sules are vesicular systems in which the drug is placed in a hole surrounded by a polymeric membrane, while
nanospheres are matrix systems in which the drug is dispersed physically and uniformly in the carrier. In
recent years, biodegradable polymer nanoparticles have received considerable attention as potential systems
for drug delivery [2]. Polymers of nanoparticles, including biodegradable polymers of chitosan, were reported
by Hu and Luo for oral delivery of insulin nanoparticles prepared from polysaccharides, including chitosan,
alginate, dextran, and glucan [14]. These polymers are considered for their biocompatibility and usability in
natural pathways. Chitin is a mucopolysaccharide derived naturally and found to be produced abundantly
(second to cellulose) through biosynthesis. Chitins are characterized as white, non-elastic, hard, nitrogenous
polysaccharides that have been estimated to be synthesized at approximately 1 billion tons annually [15], [16].
Chitosan, a polysaccharide derived from chitins, which are extracted from the shells of arthropods such as crab,
shrimp, and lobster, is becoming the most wanted biopolymer for use toward therapeutic interventions [17].
The aim of this study was to investigate the effect of insulin-loaded trimethyl chitosan nanoparticles on the
gene expression of IGF1 and IGF2 in the hippocampus of male Wistar rats with diabetes mellitus type 1.

Materials and methods

Preparation of insulin-loaded nanoparticles

Insulin-loaded trimethyl chitosan nanoparticles were prepared using the modified complex polyelectrolyte
method [18]. The basis of this method is the reaction between the positively charged polymer and the neg-
atively charged insulin. Briefly, 15 mL of polymer solution, trimethyl chitosan, was added to equal volume of
insulin at pH 3 for 20 min and centrifuged at 500 g (4 °C) for 20 min. The sediment was used to prepare the
lyophilized powder. For this purpose, the sediment was dissolved with alginate powder (90 mg) and mannitol
(450 mg) in distilled water (5 mL). Thereafter, it was sonicated for 3 min at 24 °C and was subsequently kept
frozen at −20 °C and lyophilized in a freeze dryer at −53 °C temperature and 38 mm Hg pressure for 5 days.
The lyophilizing process was done until the lyophilized powder was prepared.

Physicochemical characterization

Zetasizer (Malvern Instruments, Malvern, UK) was used to determine the particle size in disposable polystyrene
cuvettes at 25 °C. A transmission electron microscope (Zeiss S500, Germany) with acceleration voltage of 0.8
kV was used for morphological examination. High-pressure liquid chromatography was used to determine the
entrapment efficiency (EE) and drug loading (DL) of the prepared insulin-loaded nanoparticles. Insulin loading
content and loading efficiency were calculated [19], [20]. Insulin-loaded trimethyl chitosan was characterized
in vitro for particle size, particle size distribution, and zeta potential.
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Inductionof diabetes mellitus type 1

Diabetes mellitus type 1 was induced by intraperitoneal injection of 60 mg/kg freshly prepared streptozotocin
(Santa Cruz Biotechnology Inc., Dallas, TX, USA). Fasting blood sugar (FBS) level >250 mg/dL was considered
as diabetes. Measurements of FBS were also repeated at 8 and 10 weeks after diabetes induction.

Experimental design and sampling

Twenty-five male Wistar rats with an average weight of 200 g were obtained from Hamadan University of Med-
ical Sciences animal laboratory (Hamadan, Iran). They were handled under conditions that were approved by
the local Ethics Committee of the university and the National Medical Board, in accordance with the ethics
standards of the Principles of Laboratory Animal Care. The animals were housed throughout the acclimatiza-
tion and experimental periods in standard cages and appropriate conditions, including 12-h light/dark cycles,
normal temperature (25±2 °C), and free access to commercial rat chow diet and tap water. After 1 week of ac-
climation, all rats except the normal group with no treatment (G1) were subjected to diabetes induction. Six
weeks after diabetes induction, the animals were randomly divided into five groups, including the diabetes
mellitus group with no treatment (G2), diabetes mellitus group treated with nanoparticles (G3: 1 mL/day by
gavage), diabetes mellitus group treated with insulin-loaded nanoparticles (G4: 1 mL/day by gavage), and di-
abetes mellitus group treated with insulin (G5: 2 U/day by subcutaneous injection). Each group was equally
assigned five rats, which were treated daily for 2 weeks. The body weight of all groups was measured before
and after diabetes induction and every 2 weeks until the day the animals were sacrificed. The sera were pre-
pared from the blood samples by centrifugation (3000×g, 10 min). The animals were sacrificed after anesthesia,
and the hippocampus was removed from the brain. Thereafter, the hippocampus sample was kept at −80 °C
in a freezer for the real-time test. All procedures for the treatment of animals were approved by the Research
Committee of Hamadan University of Medical Sciences, Iran (IR. UMSHA.REC.1394.104).

Real-time PCR analysis

RNA extraction from the hippocampus tissue was performed using RNX-Plus solution (Sinaclon, Tehran, Iran)
according to the manufacturer’s protocol. The RNA concentrations were evaluated by Nanodrop measure-
ments, and the RNA quality was examined using gel electrophoresis. The cDNA was synthesized using a Re-
vertAid First Strand cDNA Synthesis kit (Thermo Scientific, Vilnius, Lithuania), following the protocols of the
manufacturer. The gene expression of IGF1 and IGF2 was measured using quantitative real-time PCR using the
SYBR Premix ExTaq real-time PCR kit (Takara Bio Inc., Tokyo, Japan), according to the manufacturer’s instruc-
tions. The primer sequences used in this study are shown in Table 1. The β-actin gene was used as the reference
gene. The fold changes in gene expression were evaluated using the 2−ΔΔCt method [21].

Table 1: Characteristics of primers of IGF1, IGF2, and β-actin genes.

Genes Primers Primers Primer length GC% Tm, °C Product length

IGF1 Forward CTGGTGGACGCTCTTCAGTTC 21 57.14 60.94 112
Reverse ACTCATCCACAATGCCCGT 19 52.63 59.31

IGF2 Forward GCTTGTTGACACGCTTCAGT 20 50.00 59.34 153
Reverse GGGGTGGCACAGTATGTCTC 20 60.00 60.11

β-Actin Forward GATCAAGATCATTGCTCCTCCTGA 24 45.83 60.20 170
Reverse CAGCTCAGTAACAGTCCGCC 20 60.00 60.74

Statistical analysis

All data were expressed as mean±standard deviation. One-way analysis of variance was used for statistical
comparison of data, followed by a post-hoc Tukey test. Analyses were performed using Statistical Package for
Social Sciences version 21 (SPSS Inc., Chicago, IL, USA) and GraphPad Prism version 6.0 (GraphPad Software,
San Diego, CA, USA). The differences were considered statistically significant at p<0.05. Non-normal variables
were assessed using the Mann-Whitney U-test.
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Results

Insulin-loaded trimethyl chitosan was characterized in vitro for particle size, particle size distribution, zeta
potential, and DL% and EE% (Table 2). The effect of treatment with insulin and nano-insulin on body weights,
serum glucose, proteins of IGF1 and IGF2, and apoptosis levels in all rats with diabetes mellitus type 1 are
shown in Table 3. TheΔΔCt values of genes in the studied groups were obtained from the difference ofΔCt in the
treatment groups compared with the control group. Moreover, the formula 2−∆∆Ct was used for the expression
of genes, which provides comparative values in the statistical standpoint. Figure 1 presents the expression of
IGF1 and IGF2 genes in all groups. In accordance with our previous study [22], body weights, serum glucose
levels, proteins of IGF1 and IGF2, and apoptosis levels were obtained (as seen in the Table 3). In the present
study, the correlation between these factors and the percentage expression of IGF1 and IGF2 genes showed a
negative significant correlation with glucose and apoptosis, although this relationship for weight, protein of
IGF1, and protein of IGF2 revealed a positive significant correlation (p<0.0) (Table 4).

Figure 1: Graphs of expression of IGF1/IGF2 genes in different groups.
G1, control normal group; G2, rats with diabetes mellitus with no treatment; G3, rats with diabetes mellitus treated with
nanoparticles; G4, rats with diabetes mellitus treated with insulin-loaded nanoparticles; G5, rats with diabetes mellitus
treated with insulin. Data are shown as mean±standard deviation. aSignificant difference between group G1 and all other
groups, p<0.01. bp<0.05, cp<0.01, dp<0.001.

Table 2: Particle sizes, polydispersity index, and zeta potential of insulin-loaded trimethyl chitosan nanoparticle formula-
tion.

Formulation Particle size,
nm

PI Zeta potential,
mV

Drug
loading, %

Entrapment
efficiency, %

Insulin-loaded trimethyl
chitosan nanoparticles

533.0±33.02 0.533±0.11 22.2±0.22 48.83±10.1 97.67±0.42

PI, polydispersity index.

Table 3: Effect of treatment with insulin and nano-insulin on body weights, serum glucose, proteins of IGF1 and IGF2,
and apoptosis levels in male Wistar rats with diabetes mellitus type 1.

Group Glucose, mg/dL Weight, g IGF1, IHC% IGF2, IHC% Apoptosis, %

G1 84.60±7.45 307.6±17.3 16.2±3.96 16.7±5.96 14.1±3.6
G2 507.5±129.2 177.6±28.4 12.6±4.14 21.8±4.66 26.0±4.18
G3 488.4±65.19 180.5±18.6 11.1±2.72 12.9±2.68 24.1±5.6
G4 294.1±51.54 217.0±8.16 13.1±2.64 12.5±1.71 20.1±7.20
G5 268.3±75.5 239.4±10.2 26.6±10.8 18.5±7.9 21.2±1.8

G1, control normal group; G2, rats with diabetes mellitus with no treatment; G3, rats with diabetes mellitus treated with nanoparticle;
G4, rats with diabetes mellitus treated with insulin-loaded nanoparticles; G5, rats with diabetes mellitus treated with insulin. Data are
shown as mean±standard deviation.
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Table 4: Correlation coefficients of IGF1 and IGF2 gene expression with weight, glucose, proteins of IGF1/IGF2, and
apoptosis in male Wistar rats with diabetes mellitus type 1.

Variable Weight Glucose Protein IGF1 Protein IGF2 Apoptosis

IGF1 0.653b −0.732b 0.251a 0.22a −0.442b

IGF2 0.813b −0.893b 0.284a 0.31a −0.594b

ap<0.05. bp<0.01.

Discussion

In this study, using the real-time PCR method, we examined the effect of injectable insulin and insulin nanopar-
ticles on the expression of IGF1 and IGF2 genes in diabetic rats. According to the results in diabetic rats treated
with nano-insulin, the level of IGF1 gene expression was significantly higher than that in the non-treated dia-
betic control group, and there was no significant difference in the IGF2 gene expression in the groups treated
with injectable insulin and nano-insulin. Moreover, in the group of insulin-treated diabetic rats, the level of
IGF2 gene expression was significantly higher than that in the diabetic control group without treatment, and
the rate of increase of IGF2 gene expression in the groups treated with insulin and nano-insulin did not have a
significant difference. These IGFs are neurotrophic factors that can support the growth and survival of central
and peripheral neurons. IGF enhances the re-establishment of sympathetic nerves and also increases the sur-
vival of motor neurons. The occupancy of IGF receptors depends heavily on IGFs, in which IGF binding to its
receptor increases neuronal growth and the expression of genes encoding actinic cytoskeleton proteins, such as
tubulin and neurofilaments. Reducing age-related IGF and disease reduces the neurotrophic protection of IGF,
which can be a pathogenic cause of progressive neurodegenerative disorders in diabetes [23], [24]. According
to Jamali et al. and Huang et al., suppression of IGF1 signaling can induce apoptosis both in vivo and in vitro.
The level of IGF1 in rats with streptozotocin-induced diabetes decreases [25], [26]. In the study of Zhuang et
al., the mRNA of the IGF gene decreased in the neurons, liver, and nerve cord [23]. According to their results,
the level of IGF2 gene in cerebrospinal and spinal cord tissue and neural tissue of diabetic rats had a significant
reduction in non-diabetic control mice, and also the level of mRNA of the IGF1 gene in the spinal cord and
nerves of diabetic rats vs. non-diabetic rats. Treatment with IGF can partly maintain the level of mRNA related
to IGF1 and IGF2 in the nerve cord of diabetic rats that is dependent on insulin. The amount of mRNA related to
IGF1 in the liver of diabetic rats that is dependent or independent on insulin has decreased. It is estimated that
daily production of IGF1 in the liver provides sufficient blood levels of IGF1. The blood level of IGF1 decreases
in insulin-dependent diabetic rats. Treatment with IGF can partly maintain the amount of mRNA related to
IGF1 as well as its blood levels. The level of IGF2 is naturally low in adult rats, and this may be due down-
regulation of IGF2 gene expression in the liver during evolution [23]. IGF1 enhances the phosphorylation of
the pro-apoptosis factor and increases the level of Bcl-2 anti-apoptotic protein via the phosphatidylinositol 3
(PI3) kinase pathway in brain cells [27]. In previous studies, the authors examined the mechanisms involved
in type 1 diabetes and its effects on apoptosis of hippocampal neurons. Their results indicated that cognitive
impairment in diabetic rats was not detectable early in the first 2 months of life and hippocampal lesions could
be detected within 8 months [28], [29]. These lesions of the hippocampus had cellular DNA fragmentation,
TUNEL staining positivity, increased Bax/Bcl-x ratio, increased activity of caspase-3, and decreased neuronal
density in the hippocampus of diabetic rats. Insulin and IGF1 have anti-apoptotic effects. Insulin produces its
anti-apoptotic effects through the Raf-I messaging mechanism, which activates NF-κB via the PI3 kinase path-
way [30]. In addition, Stern et al., in their recent work, reported that IGF2 promotes memory enhancement [31].
They tested the effect of intracerebral injections of IGF1, IGF2, or insulin on memory consolidation and persis-
tence in rats. They found that a bilateral injection of insulin into the dorsal hippocampus transiently enhances
hippocampal-dependent memory, whereas an injection of IGF1 has no effect. Stern et al. concluded that insulin
can improve memory via a mechanism that involves IGF2. They used a pH-responsive nanoparticle system for
the oral delivery of insulin, which includes chitosan and poly-γ-glutamic acid [14], [32]. Polysaccharide chitosan
is a non-toxic soft-tissue-compatible cationic polymer that is able to attach to the mucosal surface and open the
tight junctions between contiguous epithelial cells.

Due to these features, chitosan nanoparticles are a suitable candidate for drug delivery compared with
conventional tablets and powder formulations. After permeating through the opened paracellular pathway,
insulin is carried into the systemic circulation [32].
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Conclusions

Taken together, the results of the present study showed the ability of nano-insulin to increase the expression of
IGF1 and IGF2 in rats with streptozotocin-induced diabetes. In addition, according to our previous study, we
found significant correlations between IGF1/IGF2 and weight, glucose, protein of IGF1, protein of IGF2, and
apoptosis percentage. This result focuses on the premise that chitosan nanoparticles can adhere to and infiltrate
the mucus layer of the small intestine. Subsequently, the infiltrated chitosan nanoparticles transiently open the
tight junctions between epithelial cells. Because they are pH sensitive, the nanoparticles become less stable and
disintegrate, releasing the loaded insulin, which enters the bloodstream. Our results also indicate that it could
be a suitable and effective alternative to injectable insulin for the treatment of diabetes mellitus type 1. However,
further research is still required to achieve this outcome.
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