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A B S T R A C T   

The current study inspects the therapeutic effects of orally ingested insulin-loaded chitosan 
nanobeads (INS-CsNBs) with a pectin-dextrin (PD) coating on streptozotocin (STZ)-induced dia-
betes in Wistar rats. The study also assessed antioxidant effects in pancreatic tissue homogenate, 
insulin, C-peptide, and inflammatory markers interleukin-1 beta and interleukin-6 (IL-1β and IL- 
6) in serum. Additionally, histopathological and immunohistochemical examination of insulin 
granules, oxidative stress, nuclear factor kappa B (NF-κB P65), and sirtuin-1 (SIRT-1) protein 
detection, as well as gene expression of nuclear factor erythroid 2–related factor 2 (Nrf2), heme 
oxygenase-1 (HO-1), B-cell lymphoma 2 (Bcl2), and Bcl-2-associated X protein (Bax) in pancreatic 
tissue were investigated. After induction of diabetes with STZ, rats were allocated into 6 groups: 
the normal control (C), the diabetic control (D), and the diabetic groups treated with INS-CsNBs 
coated with PD shell (50 IU/kg) (NF), free oral insulin (10 IU/kg) (FO), CsNBs-PD shell (50 IU/kg) 
(NB), and subcutaneous insulin (10 IU/kg) (Sc). The rats were treated daily for four weeks. 
Treatment of diabetic rats with INS-CsNBs coated with PD shell resulted in a significant 
improvement in blood glucose levels, elevated antioxidant activities, decreased NF-κB P65, IL-1β, 
and IL-6 levels, upregulated Nrf-2 and HO-1, in addition to a marked improvement in the his-
tological architecture and integrity compared to the diabetic group. The effects of oral INS-CsNBs 
administration were comparable to those of subcutaneous insulin. In conclusion, oral adminis-
tration of INS-loaded Cs-NBs with a pectin-dextrin shell demonstrated an ameliorative effect on 
STZ-induced diabetes, avoiding the drawbacks of subcutaneous insulin.   
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1. Introduction 

The β-cells in islets of the diabetic pancreas undergo immune-mediated malfunction, necrosis, and apoptosis, which causes 
insufficient or nonexistent insulin production and prolonged hyperglycemia [1,2]. The production of reactive oxygen species (ROS) 
and the alkylation of deoxyribonucleic acid (DNA) are two mechanisms by which streptozotocin (STZ) damages pancreatic β-cells [3]. 

Abbreviations  

NF-κB p65 Nuclear factor kappa-light-chain-enhancer of activated B cells 
SIRT1 Sirtuin-1 
HO-1 Heme oxygenase-1 
Nrf2 Nuclear factor erythroid 2–related factor 2 
Bcl2 B-cell lymphoma 2 
Bax Bcl-2-associated X protein 
GAPDH Glyceraldehyde-3-phosphate dehydrogenase  

The formation of ROS has also been linked to hyperglycemia, hence oxidative stress is currently proposed as the mechanism 
explaining diabetes and diabetic complications [4]. The function of T cells is altered, and they release numerous cytokines that cause 
inflammation in the pancreatic islets, damaging the β-cells and impairing their ability to produce insulin [5,6]. High levels of glucose 
and free fatty acids exacerbate oxidative cellular damage and yield detrimental effects by causing the production of free radicals and 
weakening antioxidant responses [7]. NF-κB p65 is a transcription factor that regulates a significant number of genes involved in 
apoptosis, immune response, inflammation, and cellular proliferation. It also markedly influences cellular responses to stress and free 
radicals [8]. SIRT-1 plays a crucial role in various processes, including cell division, differentiation, senescence, gene regulation, 
mitochondrial biogenesis, fatty acid oxidation, apoptosis, autophagy, and metabolic control of the cell [9]. HO-1, a cyto-defensive and 
antioxidant gene, is upregulated by the transcription factor Nrf2, which provides protection against excessive ROS and oxidative stress 
[10]. 

Currently, the main treatment for Type 1 diabetes (T1DM) is exogenous insulin replacement therapy. Inadequate insulin dosing is a 
critical limitation that often leads to complications from hyperglycemia or hypoglycemia. Insulin injections may lead to hypoglycemia, 
coma, and ketosis, as they cannot precisely regulate blood glucose levels or prevent diabetes-related complications. Exogenous insulin 
cannot maintain blood glucose levels within the same range as endogenous insulin produced by pancreatic β-cells [11]. Recent studies 
have concentrated on enhancing the bioavailability and absorption of orally administered insulin [12]. 

Natural nano-carriers, especially polysaccharides, exhibit high levels of biocompatibility and biodegradability. Furthermore, they 
provide enhanced safety, improved storage conditions, and greater physiological stability. They can increase the stability of insulin by 
reducing its enzymatic and hydrolytic degradation [13]. Chitosan (Cs) is an effective natural polysaccharide known for its abundant 
availability, biocompatibility, biodegradability, non-toxicity, low cost, and strong mucoadhesive properties [14]. Cs-insulin nano-
particles enhance insulin’s penetration rate into the bloodstream via paracellular pathways and prolong its residence time in the small 
intestine [15]. Pectin, a biocompatible polysaccharide, possesses potent hypoglycemic, antioxidant, and immunomodulatory prop-
erties [16]. Pectin nanoparticles have improved blood glucose and lipid levels, reduced insulin resistance, liver glycogen content, and 
glucose tolerance, and ameliorated the conditions and consequences of diabetes [17]. Unlike other polysaccharides, dextran is 
resistant to digestion by standard amylases, including salivary and malt amylase. It can only be depolymerized by dextranase in the 
lumen of the kidney, liver, spleen, and large intestine. Consequently, dextran-based drug delivery systems can protect drug molecules 
from enzymatic and chemical degradation in the stomach and small intestine, enhancing intestinal epithelial uptake and oral 
bioavailability [18]. 

The quest for alternative methods to subcutaneous insulin injections, aimed at minimizing the histopathological damage caused by 
diabetes, has become crucial. This study focuses on developing and evaluating orally administered insulin-loaded chitosan nanobeads 
with a pectin-dextrin coating (INS-CsNBs PD shell) for managing streptozotocin (STZ)-induced diabetes in Wistar rats. The primary 
research question investigates whether this innovative formula can enhance blood glucose levels. Our hypothesis is that the INS-CsNBs 
PD shell will significantly enhance glucose regulation. Additionally, we will evaluate antioxidant activity changes, hypothesizing that 
our formula will increase these activities. Moreover, the study aims to assess the impact on pancreatic histology, with a particular focus 
on preserving beta cells and preventing their destruction. This research fills a critical gap in developing non-invasive insulin delivery 
systems that offer protective benefits to pancreatic tissue. 

2. Materials and methods 

2.1. Materials 

STZ, Cs with medium molecular weight, dextrin from corn (D2006), pectin (P9135 25G 100G), and sodium tri-polyphosphate (TPP) 
were purchased from Sigma-Aldrich Co., MO, USA. Commercial insulin (Novo Nordisk, 100 IU/ml) was also acquired. Glacial acetic 
acid, sodium hydroxide, and all other reagents of analytical grade were obtained from commercial sources: the kits for determination 
of malondialdehyde (MDA) and catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GPx), and reduced glutathione 
(GSH) were purchased from BioDiagnostic CO, Dokki, Giza, Egypt. 
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2.2. Synthesis of INS-loaded CsNBs coated with PD shell 

An improved ionic gelation technique was used to create the INS-CsNBs-PD shell [19]. Briefly, the concentration of chitosan (0.3 %, 
w/v) in DW containing 1 % acetic acid, pH 4.8, and the chitosan/TPP ratio of 4:1 has been investigated. Nanoparticles were formed 
following the drop-wise addition of TPP solution to the chitosan solution, with magnetic stirring for 30 min at 1000 r.p.m. Subse-
quently, 0.1g of dextrin was dispersed in 10 mL of deionized water (1.0 % w/v). The mixture was completely gelatinized in a boiling 
water bath before being cooled to room temperature. Insulin (500 μg/ml) was then added dropwise to the dextrin solution, followed by 
magnetic stirring at 1000 r/min for 1 h. Pectin (4 % w/v) was subsequently incorporated using a high-speed homogenizer into the 
chitosan-dextrin-insulin mixture, which was then maintained at 4 ◦C for 48 h. Finally, the solution was centrifuged in a cooling 
centrifuge and lyophilized to yield the powder. 

2.3. Characterizations 

2.3.1. Morphological study 
The surface morphology and particle size of the prepared INS-loaded CsNBs with a PD coating were investigated using a high- 

resolution transmission electron microscope (HR-TEM) with a JEM 1400 (Japan) operated at 300 kV. A drop of the prepared for-
mula was placed on a film-coated copper grid, stained with a 2 % (w/v) aqueous solution of phosphor-tungstic acid, and allowed to dry 
to enhance contrast. The sample was then examined by HR-TEM. Additionally, a field emission scanning electron microscope (FESEM) 
using a Philips-XL30 device (Netherlands) equipped with energy-dispersive X-ray microanalysis hardware was used. The samples were 
prepared by dispersing the specimens in deionized water and diluting them to a 1:5 (v/v) ratio at room temperature. 

2.3.2. Determination of the entrapment efficiency (EE) and drug loading (DL) of insulin onto CsNBs-PD shell nanoparticles 
The entrapment efficiency and drug loading of insulin onto CsNBs-PD shell nanoparticles were assessed by centrifuging the samples 

at 16,000 rpm at 4 ◦C for 30 min to separate the supernatant containing free insulin. The amount of free insulin in both centrifuged and 
non-centrifuged INS-CsNBs-PD shell solutions was quantified using HPLC analysis. All measurements were performed in triplicate (n =
3). The entrapment efficiency (EE%) and drug loading (DL%) of insulin were calculated as follows:  

(EE %) = [Amount of insulin originally taken - Amount of insulin in supernatant/ Amount of insulin originally taken *100].     Eq 1  

(DL %) = [Amount of insulin originally taken /amount of CsNBs-PD shell loaded insulin*100].                                                Eq 2  

2.4. In-vivo study 

2.4.1. Experimental design 
Male Wistar albino rats (n = 36) with an average body weight of 100–140g were acquired from VACSERA (Cairo, Egypt). In the 

animal house, rats were housed in clean, aerated cages with access to water and food, under optimal conditions with a humidity of 45 

Fig. 1. A schematic diagram of the animal model and experimental design. C: the control group; D is the diabetic group; NF: oral nano-formula (INS- 
CsNBs-PD); FO: oral free insulin; NB is oral nano-formula (Nanobeads Blank Control); Sc: is subcutaneous insulin. 
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± 5 % and a temperature of 30 ± 4 ◦C, and a regular 12-h dark/light cycle. Before the experiment, animals were acclimated for one 
week, consuming only water and a basal diet consisting of 50–52 % carbohydrates, 17 % protein, 5.0 % fat, and other nutritional 
sources. The experiment was conducted in accordance with the animal ethics guidelines of the Institutional Animal Care and Use 
Committee at Beni-Suef University (IACUC Approval Number: BSU-FS-021-128). 

2.4.2. Induction of type1 diabetes mellitus (DM) 
In this study, overnight fasted albino rats were intraperitoneally (i.p.) injected with a single dose (55 mg/kg) of STZ, which was 

dissolved in a 0.1 M citrate buffer solution (pH = 4.5) [20]. To prevent hypoglycemic shock, STZ-induced diabetic rats were sup-
plemented with 10 % glucose in their drinking water after 4 h of induction. Diabetes mellitus (DM) was confirmed four days later by 
measuring blood glucose levels (BGL) after overnight fasting. Fasting and postprandial blood glucose levels were measured using the 
CERA-CHECKTM 1070, a Korean glucometer. Rats with fasting blood glucose levels above 180 mg/dl were considered diabetic. Weight 
and blood glucose levels were regularly determined every week for one month. 

2.4.3. Animal grouping 
Fig. 1 illustrates a schematic diagram of the animal model and experimental design. Wistar male experimental albino rats were 

divided into six groups, with each group consisting of six rats. The first group is the normal control © treated only with sodium citrate 
buffer (0.1 M, pH = 4.5). The second group (D) is the control diabetic group injected with a single dose of STZ (55 mg/kg) [20]. The 
third group (NF) includes diabetic rats that were orally administered INS-loaded CsNBs coated with a PD shell in HCl (0.025M) at a 
dose of 50 IU/kg, depending on the encapsulation efficiency of insulin [21]. The fourth group (FO) consists of diabetic rats treated with 
free oral insulin (10 IU/kg) to investigate the oral administration route. The fifth group (NB) is considered a blank control group 
treated orally with only nanoparticles (CsNBs-PD shell in HCl (0.025M)) at a dose of 50 IU/kg. The sixth group (Sc) is a diabetic group 
that was subcutaneously injected with insulin (10 IU/kg) [22]. After one week of STZ injection, rats received daily treatments for 4 
weeks. 

2.4.4. Blood sampling and ELISA assay 
Every week during the experiment and the day before sacrifice, blood was collected from the lateral veins of the rat tail to measure 

fasting and postprandial blood glucose levels (BGLs) using the CERA-CHECK™ 1070 glucometer, which has a maximum measuring 
capacity of 600 mg/dl. At the end of the experiment, all rats were sacrificed, and blood samples were immediately collected from the 
inferior vena cava into vacuum blood collection tubes. These tubes were then centrifuged at 3000 rpm for 10 min to separate the sera. 
The sera samples (n = 6) were stored at − 20 ◦C until analysis. Serum insulin and C-peptide levels were estimated using the ultra-
sensitive rat insulin and C-peptide ELISA kits (Crystal Chem, Inc., USA) according to the manufacturer’s instructions. Interleukin-1β 
(IL-1β) and interleukin-6 (IL-6) levels were estimated by enzyme-linked immunosorbent assay kits purchased from Cloud-Clone Corp 
(CCC, USA) following the manual instructions. Protein content was measured using Kruger’s method with the Genei, Bangalore, 
protein estimation kit [23]. 

2.4.5. Preparation of tissue homogenate and oxidative stress determination 
We excised pancreatic organs, and samples were dissected and subsequently thawed at − 70 ◦C following a rinse in liquid nitrogen. 

Pieces of pancreatic tissues from all groups were weighed and homogenized using a homogenizer to achieve a 10 % w/v concentration 
with ice-cold phosphate buffer (PBS/pH = 7.4) [24]. Tissue homogenates were centrifuged at 4000 rpm for 10 min. The supernatants 
were stored at − 20 ◦C for subsequent determination of oxidative stress markers. Samples from each group (n = 6) were analyzed. MDA 
levels were measured as a biomarker of lipid peroxidation [25]. Antioxidant enzyme levels, including CAT, SOD, GST, GPx, and GSH, 
were also measured [26]. 

2.4.6. Histological examination 
By decapitation under light anesthesia, all rats were sacrificed after the fourth week. Immediately afterward, pancreas samples 

were dissected and sectioned. Pieces of each pancreatic tissue were placed in 10 % neutral buffered formalin for one day to fix the 
tissues. Water was removed from the fixed tissues by progressively increasing the concentration of alcohol, preparing them for paraffin 
embedding. Before embedding, pancreatic tissues were cleared by replacing alcohol with xylene. Subsequently, the tissues were 
embedded in paraffin wax at 60 ◦C. Paraffin-embedded pancreatic blocks were then sliced into thin sections of approximately 4 μm 
using a microtome. De-paraffinized tissue sections (n = 6) were stained with hematoxylin and eosin (H&E) for histological examination 
[27]. 

2.4.7. Immunohistochemistry and morphometric analysis 
Insulin granules were detected in the pancreatic islets using immunohistochemical staining [28]. Briefly, 4 μm thick sections of 

paraffinized and rehydrated pancreatic tissues were mounted on specific slides (positively charged). The sections were washed with 
0.1 M phosphate-buffered saline (PBS). Following the manufacturer’s instructions, the immunohistochemical process (IHC) was 
applied to these slides (n = 6) using the Avidin-Biotin detection system (Ventana, Tucson, AZ, USA). To prevent non-specific binding 
due to endogenous peroxidase, non-specific binding was prevented by incubating the sections in 3 % H2O2 for 10 min, boiling in 
citrate buffer, pH 6, and blocking with a protein block. Primary anti-insulin antibodies (ICBTACLS), biotin, eBioscience™, acquired 
from Thermo Scientific, USA, were applied to the tissue sections for insulin detection. 
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The area percentage of insulin immune-expression reaction was measured using ImageJ software analyzer (Wayne Rasband, NIH, 
Bethesda, MD, USA) at a magnification of × 400 [29]. Five distinct non-overlapping immune-stained fields were examined in 
pancreatic tissues of each animal. Data are expressed as the mean ± SE.2.4.8. 

2.4.8. Quantitative real-time polymerase chain reaction (qRT-PCR) 
Gene expression or mRNA abundance of Bcl2-associated X apoptotic activator (Bax), anti-apoptotic mediator Bcl2 (B-cell lym-

phoma 2), Nrf2, and HO-1 were studied by qRT-PCR. RNA was extracted from frozen pancreatic samples (− 80 ◦C) (n = 6) using a 
nucleic acid extraction kit (NucleoSpin® REF. 740901.250) purchased from Macherey-Nagel GmbH & Co. KG, Germany. The con-
centrations and purity (A260/A280 ratio) of the mRNA samples were measured at 260 nm using spectrophotometry (dual wavelength 
Beckman spectrophotometer, USA) [30]. Reverse transcriptase catalyzed the conversion of RNA into complementary DNA (cDNA) 
from the RNA samples, which were then amplified using SYBRTM Green (SensiFAST™) PCR Master Mix (Thermo Scientific, USA) [31]. 
The primer sets were listed (Table 1). The prepared reaction mixtures were subjected to real-time PCR (StepOne Applied Biosystem, 
Foster City, USA). Data analysis was performed using the (2^{-\Delta\Delta Ct}) method, and the expression levels of each target gene 
were normalized to GAPDH (the reference gene) and expressed as a percentage of the control [32]. 

2.4.9. Western blot (WB) assay 
Total proteins from homogenized pancreatic samples (n = 6) were extracted using the Ready PrepTM protein extraction kit (total 

protein) provided by Bio-Rad Inc (Catalog #163–2086), following the manufacturer’s instructions. The Bradford Protein Assay Kit 
(SK3041) from Bio Basic Inc. (Markham Ontario L3R 8T4 Canada) was used for quantitative protein analysis. A 20 μg protein con-
centration from each sample was separated by SDS polyacrylamide gel electrophoresis (SDS-PAGE) using the TGX Stain-Free™ Fast 
Cast™ Acrylamide Kit from Bio-Rad Laboratories Inc (Cat # 161–0181). Proteins were transferred from the gel to a polyvinylidene 
difluoride (PVDF) membrane and blocked in tris-buffered saline with Tween 20 (TBST) buffer and 3 % bovine serum albumin (BSA) to 
prevent non-specific binding of antibodies [38]. The protein of interest was detected (in triplicate) by incubating with the primary 
antibody, followed by secondary antibody incubation. Primary antibodies used for Western blotting of NFκB p65 and SIRT1 were 
NF-κB p65 (F-6): sc-8008, and anti-SIRT1 (B-7): sc-74465 antibodies. Protein levels were normalized to β-actin, which was used as the 
loading control. Anti-β-Actin [(C-2): sc-8432] was provided by Santa Cruz Biotechnology, Inc., CA 95060, USA [39]. The electro-
generated chemiluminescence (ECL) detection system from Pierce, Rockford, IL, was used to visualize the immunoreactive bands. The 
chemiluminescent substrate was Clarity-TM Western ECL substrate (Bio-Rad cat#170–5060). 

2.5. Statistical studies 

All data were reported and presented as the mean ± standard error (SE). The statistical software IBM SPSS Statistics 17 (NY, USA) 
was used for data analysis using one-way analysis of variance (ANOVA) followed by a post hoc test. Differences between groups were 
considered statistically significant if the p-value was less than or equal to 0.05 (P < 0.05). 

Along with statistical analyses, individual data were shown as scattered dots on graphs. 

3. Results 

3.1. Morphological studies (HRTEM and FESEM) 

Fig. 2 demonstrates high-resolution transmission electron micrographs of INS-CsNBs-PD nanoparticles (NPs). HRTEM images 
revealed roughly spherical particles with an average size of 92 nm. Field Emission Scanning Electron Microscopy (FESEM) images 
(Fig. 3) showed spherical particles with smooth surfaces. These particles exhibit relatively uniform size and shape. The mean diameter 
was approximately 100 nm. There was no notable difference in the particle size between HRTEM and FESEM images. 

Table 1 
Primer sequence (Forward and Reverse) for qRT-PCR.  

Gene Gene accession number Primer sequence (5′→3′) Reference 

Bax U32098.1 F: CCTGAGCTGACCTTGGAGCA [33] 
R: GGTGGTTGCCCTTTTCTACT 

Bcl2 NM_016993.1 F: TGATAACCGGGAGATCGTGA [34] 
R: AAAGCACATCCAATAAAAAGC 

Nrf2 NM_031789.2 F: TCCCAAACAAGATGCCTTGT [35] 
R: AGAGGCCACACTGACAGAGA 

HO-1 NM_012580 F: CACCAGCCACACAGCACTAC [36] 
R: CACCCACCCCTCAAAAGACA 

GAPDH NM_017008.4 F: GGATACTGAGAGCAAGAGAGA [37] 
R: TTATGGGGTCTGGGATGGAA 

Bax, BCL2 Associated X, Apoptosis Regulator: Bcl2, B-cell lymphoma 2: Nrf2, nuclear factor, erythroid 2: HO-1, Heme oxygenase-1: GAPDH, 
glyceraldehyde-3-phosphate dehydrogenase. 
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Fig. 2. FESEM image of prepared nano-formula (INS-CsNBs-PD shell.  

Fig. 3. HR-TEM photograph of prepared nano-formula (INS-CsNBs-PD shell).  

Fig. 4. The initial (IB.wt.) and final (FB.wt.) body weights. Results are presented as mean ± SEM where n = 6. C: Control rats, D: Diabetic control 
rats, NF: Diabetic rats treated with the oral formula (INS-CsNBs-PD shell), FO: Diabetic rats treated with free oral insulin, NB: Diabetic rats treated 
with the blank oral formula (CsNBs-PD shell) and Sc: Diabetic rats injected with INS subcutaneously. b,cp < 0.05 significantly different from the 
diabetic group and cp < 0.05 and a,bp < 0.05 significantly different from the control group for initial (F = 1.480, P < 0.05) and final (F = 10.592, P 
< 0.05) body weights respectively. Groups with the same superscript letter did not represent any significant differences. 

H. Ramadan et al.                                                                                                                                                                                                     



Heliyon 10 (2024) e35636

7

3.2. Entrapment efficiency and drug loading of INS-CsNBs-PD shell 

Based on Equations (1) and (2), the encapsulation efficiency of INS-CsNBs-PD shell nanoparticles was determined to be (69.3 ±
2.75) %, and the drug loading was (26.28 ± 0.56) % (n = 3). These results confirm the successful preparation of INS-CsNBs-PD shell 
nanoparticles. 

3.3. Body weight and BGLs 

Fig. 4 displays the initial and final body weights of various treatment groups. Initially, there was no discernible difference in the 
body weights of the rats across all groups, but by the end of the study, the body weight of the untreated diabetic rats significantly 
decreased (p < 0.05) compared to the control group. The study established that after four weeks of treatment, both the oral INS-CsNBs- 
PD shell and injected insulin significantly increased the body weight of diabetic rats (p < 0.05). However, there was no statistically 
significant difference observed between these two treatments. The use of chitosan nanoparticles loaded with insulin and coated with a 
protective layer resulted in an improvement in the body weight of rats with STZ-induced diabetes. 

Fasting and postprandial blood glucose levels were illustrated (Fig. 5). Four weeks after the STZ injection, the untreated diabetic 
group had higher fasting and postprandial blood glucose levels compared to the healthy control group (P < 0.05). Nevertheless, the 
oral administration of insulin-loaded chitosan nanobeads with a pectin-dextrin shell, similar to subcutaneous insulin injections, 
significantly reduced FBS and PBS levels compared to the untreated diabetic group (P < 0.05). Compared to insulin injections, the 
insulin-loaded CsNBs-PD shell demonstrated a greater potential to lower blood glucose levels. Studies indicated that, compared to rats 
given oral insulin and subcutaneous insulin injections, the insulin-loaded CsNPs significantly lowered blood glucose levels in a diabetic 
rat model. After oral administration of the Cs-NBs-PD shell nano-formula, fasting and postprandial blood glucose levels were 
noticeably reduced due to the incorporation of pectin and chitosan (P < 0.05). 

3.4. Histopathological examinations 

Normal pancreatic tissues, with well-preserved cytoplasm and nuclei, as well as pancreatic acini with an oval or rounded 
appearance, were visible in the sections. The pancreatic acini had relatively few connective tissue septa between the pyramidal cells 
lining them, which were organized around a small acinar lumen and contained zymogen granules in their cytoplasm. The islets of 
Langerhans appeared as non-encapsulated, pale-colored round or oval clusters, composed of cell clusters arranged in irregular, 
branching, and anastomosing cords separated by blood capillaries (Fig. 6a). Compared to the control group, STZ treatment in the 
diabetic group significantly altered the pancreatic islets, primarily at their centers, showing cellular degenerations. The pancreatic 
islets generally appeared smaller and less numerous, with complete degeneration observed in some sections. Damaged cells with 
cytoplasmic vacuolation, necrotic changes, and pyknotic nuclei were observed (Fig. 6b). Other pancreatic islets had shrunken cells 
with acidophilic, vacuolated cytoplasm and congested blood vessels (Fig. 6c). The significant alterations observed in the diabetic rats 
improved markedly after oral administration of the INS-CsNBs-PD shell nano-formula. Numerous islets of various sizes were observed, 
revealing islets with improved degenerative alterations and a small number of β-cell regeneration (Fig. 6d). The pancreatic islets of 
diabetic rats treated with free oral insulin showed decreased volume and congested blood capillaries, with minimal improvement in 
oxidative stress markers (Fig. 6e). In diabetic rats treated with subcutaneous insulin, the pancreatic islet structure was restored, with 
only a few hyperchromatic nuclei detectable and a significant increase in islet size (Fig. 6g). 

3.5. Immunohistochemistry (IHC) and morphometric study of insulin granules 

The core region of the islets was occupied by the β-cells, or insulin-secreting cells, which constituted the majority of the islet cell 

Fig. 5. Fasting and postprandial blood glucose levels after treatment. Results was presented as mean ± SEM, where n = 6. FBGL: fasting blood 
glucose levels (F = 58.298, P < 0.05); PBGL: final postprandial blood glucose levels (F = 78.990, P < 0.05). a,b,cp < 0.05 significantly different from 
the diabetic group and b,c,d,ep < 0.05 significantly different from the control group. Groups with the same superscript letter did not represent any 
significant differences. 
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population. The β-cells were identified by dark brown cytoplasmic granules, a hallmark of normal positive insulin expression, as β-cells 
treated with anti-insulin antibodies exhibited an effective positive reaction (Fig. 7a). The immunological response to anti-insulin 
antibodies was significantly reduced due to the decrease in insulin-positive β-cells and the alteration of their distribution (Fig. 7b). 
There was an insignificant immunohistochemical expression of insulin following the oral administration of the INS-CsNBs-PD shell 
formula, which was associated with a limited number of β-cells (Fig. 7c). Rats given free oral insulin had tiny islets, a substantial loss of 
β-cells, and an immunohistochemical insulin response similar to that of the control diabetic group (Fig. 7d). Moreover, the oral 
administration of CsNBs-PD shell nanoparticles resulted in a significant reduction of insulin expression in pancreatic sections due to the 
presence of few normal β-cells (Fig. 7e). Sections from the pancreas of the diabetic group that received subcutaneous insulin injections 
displayed a marked increase in β-cells expressing insulin and had normal density compared to the diabetic group (Fig. 7f). 

Fig. 6. Photomicrographs of the pancreatic sections stained with H&E. a) The control group (C) showing normal pancreatic acini (ac), islet of 
Langerhans contains alpha cells on the peripheral side with dark, small peripheral nuclei (black arrows) and cords of β-cells with light and large 
nuclei (red arrows); b) Untreated diabetic group (D) revealing islets of Langerhans with cytoplasmic vacuolation (V), degeneration (black arrow), 
pyknosis (red arrow), necrosis of β-cells (blue arrow) and mitotic figure (green arrow). There are completely shrunken and degenerated islet (yellow 
arrow); c) Another pancreatic section of diabetic group (D) revealed karyomegaly of acinar cells (yellow arrows), apoptosis (blue arrows) and small 
shrunken islet (black arrow) in addition to congestion (red arrows); d) Pancreatic section of treated group orally with INS-CsNBs-PD shell (F) 
displaying islet with regeneration of small number of β-cells and improving of degenerative changes (red arrows); e) Pancreatic section from the 
diabetic group treated with free insulin via oral administration (FO) presenting shrinkage in islets with degeneration (black arrows), congestion (red 
arrows) and cytoplasmic vacuolation (blue arrow); f) Pancreatic section of diabetic group treated orally with CsNBs-PD shell (NB) showing small 
islet without degenerative effect of these nanoparticles (red arrow); g.) The section of treated group injected with subcutaneous insulin (Sc) 
exhibiting of islets with ameliorative effect and regeneration of β-cells with considerable rise in islet volume (black arrows). (Scale bar = 50 μm) (n 
= 6). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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In diabetic rats, both the free oral insulin-treated group (FO) and the group treated with 50 IU/kg of Cs-NBs-PD shell nano-formula 
had significantly reduced percentage areas of reactive islet β-cells compared to the control group I (C). Compared to the untreated 
diabetic group (D), the subcutaneous insulin group (Sc) (10 IU/kg) and the INS-CsNBs-PD shell oral formula group (NF) (50 IU/kg) 
demonstrated a significant rise in morphometric measurements (Fig. 7g). 

Fig. 7. Photomicrographs of the pancreatic sections showing immunohistochemical staining of insulin granules in β-cells of islets. a. Pancreatic 
section of the control group (C) exhibiting β-cells with strong immunoreactivity of insulin which represent most of the pancreatic islet. b. Pancreatic 
section of untreated diabetic group (D) revealing high reduction of insulin expression due to the severe degradation of β-cells. c. Pancreatic section 
of the treated group administered orally with INS-CsNBs-PD shell (F) displaying slight immunohistochemical expression of insulin related to small 
number of β-cells. d. Pancreatic section of treated group with free oral insulin (FO) revealing small islets with marked reduction in β-cells and 
immune-histochemical insulin expression as a result. e. Pancreatic section of diabetic group treated orally with CsNBs-PD shell (NB) showing 
noticeable decrease of insulin expression in β-cells. f. Pancreatic section of treated group injected with subcutaneous insulin (Sc) presenting increase 
in insulin expression relatively with regenerated β-cells. (Scale bar = 50 μm) g. Morphometric analysis is revealing changes in the mean values of 
area percentage of immune reactive pancreatic β-cells (μm2), with (a, b & c) Significant compared with the control non-diabetic Group I (C), p <
0.05, and (b, c & d) Significant compared with the diabetic Group II (D), (F = 7.851, P < 0.05). Groups with the same superscript letter did not 
represent any significant differences. (n = 6). 
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3.5.1. Morphometric study 
In diabetic rats, both the free oral insulin-treated group (FO) and the group treated with 50 IU/kg of Cs-NBs-PD shell nano-formula 

had significantly reduced percentage areas of reactive islet β-cells compared to the control group I (C). In comparison to the untreated 
diabetic group (D), the subcutaneous insulin group (Sc) (10 IU/kg) and the INS-CsNBs-PD shell oral formula group (NF) (50 IU/kg) 
demonstrated a significant rise in morphometric measurements (Fig. 7g). 

3.6. Oxidative stress of pancreas and antioxidants 

Fig. 8 (a and b) illustrate the outcomes of oxidative stress biomarkers. Diabetes significantly reduces SOD, CAT, GSH, GST, and GPx 
levels (p < 0.05). Malondialdehyde (MDA) levels significantly increase in STZ-injected animals compared to normal control rats. 
Treatment with orally coated forms of INS-loaded CsNBs-PD and non-coated subcutaneous insulin shows no discernible differences 
between them. These two treatments can reduce oxidative stress by significantly elevating SOD, CAT, GSH, GST, and GPx and lowering 
MDA (p < 0.05). The group treated with the oral CsNBs-PD shell nano-formula results in a significant reduction in MDA and an increase 
in antioxidants, owing to the presence of chitosan and pectin. Please correct the grammar and highlight the corrections. 

3.7. Determination of serum insulin and C-peptide, IL-1β and IL-6 by ELISA assay 

Fig. 9a illustrates the serum insulin and C-peptide levels in normal control and STZ-induced diabetic rats. Compared to normal rats, 
STZ-induced rats exhibited a significant reduction (p < 0.05) in serum insulin and C-peptide levels. In diabetic rats, serum levels of 
insulin and C-peptide were significantly elevated (p < 0.05) after the oral administration of the INS-CsNBs-PD shell nano-formula, 
similar to the effects of subcutaneous insulin. There were subsequent increases in serum insulin and C-peptide levels in the two 
diabetic rat groups treated with the oral CsNBs-PD shell nano-formula (NB) and free oral insulin (FO) (p < 0.05). 

The oxidative stress-induced inflammatory response in STZ-induced diabetic rats resulted in significantly increased levels of IL-1β 
and IL-6 activity, according to an ELISA study of serum pro-inflammatory cytokines (p < 0.05). The oral treatment with the INS-CsNBs- 
PD shell nano-formula reestablished IL-1β and IL-6 levels to nearly normal levels compared to the normal control group. Following the 
injection of subcutaneous insulin and the oral administration of CsNBs-PD nanoparticles, the levels of IL-1β and IL-6 were significantly 
reduced compared to the STZ-diabetic group (p < 0.05) (Fig. 9b). 

3.8. Quantitative real-time PCR 

Statistical analysis revealed that the gene expression of Bax had greatly increased in diabetic rats, while the gene expression of Bcl- 
2, Nrf2, and HO-1 had significantly decreased (p < 0.05). Compared to the control group, the diabetic group and the diabetic rats 
administered free oral insulin both exhibited significantly higher levels of Bax mRNA expression. However, compared to the diabetic 
group, gene expression of Bax was significantly lower in the rat groups injected with subcutaneous insulin and in rats treated with oral 
nano-formulas of INS-CsNBs-PD shell and CsNBs-PD shell nanoparticles. In comparison to the diabetic group, rats administered the oral 
nano-formula of INS-CsNBs-PD shell NPs and CsNBs-PD shell NPs, as well as the rats treated with subcutaneous insulin injections, 
showed significant improvements in the gene expression of Bcl-2, Nrf2, and HO-1 (p < 0.05) (Fig. 10). 

3.9. Western blot of NF-κB p65 and SIRT-1 

To further explore the functions of NF-κB P65 and SIRT-1, we examined the effects of the INS-CsNBs-PD shell nano-formula on the 
expression of these proteins in STZ-induced diabetic rats. The results indicated that oral administration of the INS-CsNBs-PD shell 
nano-formula, as well as subcutaneous insulin, significantly increased the expression of SIRT-1 protein and decreased the expression of 

Fig. 8a. Oxidative stress biomarkers, MDA, SOD and GST in pancreatic tissue homogenate of different groups of male albino rats. Values were 
expressed as mean ± SE (n = 6) for each group. a,bp < 0.05 significantly different from the diabetic group and b,c,dp < 0.05 significantly different 
from the control group. Groups with the same superscript letter did not represent any significant differences. MDA (F = 70.777, P < 0.05), SOD (F =
31.354, P < 0.05), GST (F = 99.855, P < 0.05). 
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NF-κB P65 protein compared to the diabetic group (p < 0.05). Additionally, oral treatment with CsNBs-PD shell nanoparticles 
markedly enhanced SIRT-1 protein expression and reduced NF-κB P65 expression when compared to both the diabetic group and the 
control animals (Fig. 11). 

Fig. 8b. Antioxidant biomarkers, CAT, GPx and GSH in pancreatic tissue homogenate of different groups of male albino rats. Values were expressed 
as mean ± SE (n = 6) for each group. a,b,cp < 0.05 significantly different from the diabetic group and b,c,dp < 0.05 significantly different from the 
control group. Groups with the same superscript letter did not represent any significant differences. CAT (F = 88.426, P < 0.05), GPx (F = 104.296, 
P < 0.05), GSH (F = 102.769, P < 0.05). 

Fig. 9a. Effect of the INS-CsNBs-PD shell nano-formula on serum insulin and C-peptide in the control and experimental STZ-induced diabetic rats. 
Values are presented as the mean ± SE (n = 6). Comparisons are b,c,dp < 0.05 significantly different from the diabetic group and a,b,cp < 0.05 
significantly different from the control group. Groups with the same superscript letter did not represent any significant differences. Insulin (F =
180.648, P < 0.05), C-peptide (F = 148.678, P < 0.05). 

Fig. 9b. Effect of the INS-CsNBs-PD shell nano-formula on serum IL-1β and IL-6 activity in the control and STZ-induced diabetic groups. Values are 
presented as the mean ± SE (n = 6). Comparisons are b,c,dp < 0.05 significantly different from the control group and a,bp < 0.05 significantly 
different from the diabetic group. Groups with the same superscript letter did not represent any significant differences. IL-1β (F = 77.174, P < 0.05), 
IL-6 (F = 79.768, P < 0.05). 
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4. Discussion 

This study attempts to develop an innovative oral insulin delivery method using chitosan nanobeads coated with a pectin-dextrin 
shell (INS-CsNBs PD shell) to manage STZ-induced diabetes in Wistar rats. The primary goal is to determine if this formula can improve 
blood glucose levels. It hypothesizes that the formula will enhance insulin sustained release, glucose regulation and antioxidant ac-
tivity. Additionally, the research investigates its impact on pancreatic histology, specifically the preservation of beta cells. Our findings 
reveal that the INS-CsNBs-PD formula significantly improves blood glucose regulation, enhances histological conditions, and supports 
β-cell regeneration. Both oral INS-CsNBs-PD and subcutaneous insulin treatments reduce oxidative stress, elevate antioxidant enzyme 
levels (SOD, CAT, GSH, GST, GPx), and decrease MDA levels, with the formula showing additional benefits in reducing lipid perox-
idation and increasing antioxidant activity. The treatment also increases anti-apoptotic Bcl-2 mRNA expression, decreases pro- 
apoptotic Bax transcription, and enhances SIRT1 protein expression, which reduces β-cell apoptosis by suppressing NF-kB. Further-
more, the formula significantly lowers proinflammatory cytokines (IL-1β and IL-6), thereby improving pancreatic islet function. These 
results highlight the potential of the INS-CsNBs-PD system as a non-invasive method to improve glucose regulation and protect 
pancreatic tissue in diabetic rats. 

Discomfort, trauma, and pain are typically attributed to inadequate patient compliance with subcutaneous insulin [40]. Alternative 
insulin administration methods are currently being investigated. Insulin oral delivery is one of these approaches [41]. Designing 
nanoparticles that would preserve and improve intestinal absorption of insulin and imitate its normal rate was necessary for oral 
administration of insulin [42]. Chitosan nano-carriers for insulin oral delivery provide excellent drug loading, biocompatibility, 
muco-adhesiveness, and biodegradability, as well as drug protection from enzymatic degradation [43]. Nevertheless, chitosan 
nanoparticles have a history of poor stability in the stomach environment. To address this, many modified chitosan nanomaterials have 
been developed with improved stability and GIT absorption profiles [12]. The use of chitosan-dextrin-pectin nanoparticles for insulin 
delivery offers several advantages. Firstly, the nanoparticles can protect insulin from degradation in the gastrointestinal tract and 
enhance its absorption in the bloodstream [44]. Secondly, the mucoadhesive properties of chitosan can promote the prolonged 
residence of the nanoparticles in the intestine, allowing for the sustained release of insulin [45]. Finally, the use of natural polymers 
such as chitosan, dextrin, and pectin can minimize the toxicity and immunogenicity of the carrier system [46]. Pectin polysaccharide 
and pectin-based modified nano-carriers (NCs) have also been shown in several in vitro and in vivo investigations to exhibit a variety of 
pharmacological properties, including antidiabetic, anti-inflammatory, antioxidant, blood cholesterol regulating, antibacterial, im-
mune system strengthening, anticancer, etc. [17]. The nanoparticle formulation applied in this study for insulin encapsulation into the 
core structure was consistent with the ionotropic gelation method, in line with the results of the prior experiment by Pedroso-Santana 
and Fleitas-Salazar, 2020 [47]. 

Fig. 10. Gene expression of Bax, Bcl2, Nrf2 and HO-1 in the different experimental groups. Values had statistically presented as mean ± SE (p <
0.05) (n = 4). b,c,dp < 0.05 significantly different from the diabetic group and b,ep < 0.05 significantly different from the control group. Groups with 
the same superscript letter did not represent any significant differences. Bax (F = 867.350, P < 0.05), Bcl2 (F = 116.987, P < 0.05), Nrf2 (F =
59.838, P < 0.05), HO-1 (F = 140.867, P < 0.05). 

Fig. 11. Protein expression of NF-κB P65 and SIRT-1 in different experimental rat groups represented statistically by mean ± SE (n = 3) for each 
group. b,c,dp < 0.05 significantly different from the diabetic group and b,cp < 0.05 significantly different from the control group. Groups with the 
same superscript letter did not represent any significant differences. NF-κB P65 (F = 613.885, P < 0.05), SIRT-1 (F = 145.069, P < 0.05). 
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Our findings indicate that the efficiency of the intestinally absorbed coated insulin was assessed by its impact on body weight, blood 
glucose levels, histological and immunohistochemical alterations in the pancreas, and pancreatic oxidative biomarkers. The results of 
this study demonstrate the biological activity of the coated form of insulin (insulin-loaded Cs-NBs-PD shell) and its ability to cross the 
gastrointestinal tract (GIT) and enter the bloodstream, as demonstrated by reductions in blood glucose levels, apoptotic markers, and 
improvements in histopathological effects in diabetic rats administered this treatment. The supportive result obtained from the current 
investigation is consistent with the use of insulin-loaded modified chitosan nanoparticles to reduce blood glucose levels [48]. This 
improvement may be attributed to the better regulation of high blood sugar levels, which was likely due to the protection of pancreatic 
islets and the enhancement of insulin secretion. When free insulin is administered subcutaneously to diabetic rats, blood glucose levels 
drop quickly, which can result in peripheral hyperinsulinemia and diabetic microvascular complications [49]. Changes in serum in-
sulin levels, blood sugar levels, and C-peptide, which is a byproduct of β-cell insulin, are all indicators of pancreatic function ab-
normalities [50]. Following oral administration of the nano-formula (INS-CsNBs-PD shell), serum insulin and C-peptide levels 
gradually increased. Overall, the importance of biocompatible nano-carriers and their effectiveness in delivering insulin and lowering 
blood glucose levels, as opposed to hyperinsulinemia brought on by subcutaneous insulin injection, suggests that uncomfortable and 
stressful subcutaneous injections of insulin could be replaced by the oral administration of insulin using nanoparticles in the treatment 
of type 1 diabetes [51]. 

It has been proposed that hyperglycemia promotes oxidative stress, which results in the release of pro-inflammatory cytokines [52]. 
Interleukin-1β (IL-1β) is a major proinflammatory cytokine that has been associated with pancreatic islet dysfunction. The pancreatic 
islet’s ability to determine high blood glucose levels is compromised as a result of the downregulation of glucose transporter 2 
(GLUT2). This prevents the production and release of insulin triggered by glucose [53]. IL-6 disrupts β-cell function and induces 
inflammation through interactions with monocytes and macrophages, which ultimately leads to a reduction in insulin-dependent 
signals [54]. Pectin polysaccharides and their nanoparticles have anti-inflammatory properties that can be improved to make 
anti-inflammatory medications [17]. The two primary signs of T1DM are hyperglycemia and the microscopic damage of the β-cells in 
the pancreatic islets of Langerhans [55]. STZ has been widely used to induce type 1 diabetes in animal models. A single intraperitoneal 
dose of STZ (55 mg/kg) can cause diabetes in rats [56]. 

In this study, STZ induced diabetes by damaging the islet’s β-cells through DNA alkylation and subsequent generation of reactive 
oxygen species (ROS) [57]. It has been observed that oxidative stress, necrosis, and apoptosis frequently occur due to hyperglycemia 
and play a part in multiorgan problems in diabetes mellitus [58]. The histological results of the endocrine pancreas are in line with the 
current biochemical and molecular results. In diabetic rats, both the total number and quality of the insulin-producing β-cells 
decreased, leading to lower serum insulin levels. According to the histological evaluation, the INS-CsNBs-PD shell nano-formula, 
comparable to subcutaneous insulin, improved the pancreatic histological architecture. Histopathological examination showed 
improved degenerative changes, primarily characterized by reductions in vacuolar degenerations, necrosis, apoptosis, and congestion. 
Results from earlier studies support these findings, demonstrating that chitosan nanoparticles’ antioxidant defense mechanism de-
creases lipid peroxidation, which damages organs [59]. 

The findings from this research imply that chitosan and pectin nanoparticles may mitigate oxidative stress by reducing lipid 
peroxidation. These findings imply that the protective effects of chitosan nanoparticles might be dose-dependent. In comparison to the 
diabetic group, diabetic rats given subcutaneous insulin and INS-CsNBs-PD shell nano-formula separately displayed a significant in-
crease in insulin-immune positive beta-cells. Immunohistochemical examination of insulin in pancreatic tissues after subcutaneous 
injection of insulin to diabetic rats revealed a significant increase in β-cell immunological responsiveness, with an apparent rise in 
β-cell number compared to diabetic rats. In contrast, sections of the pancreas from diabetic rats given INS-CsNBs-PD shell nano-formula 
and CsNBs-PD shell nanoparticles both demonstrated a mild increase in β-cell reactivity and insulin-immune positive beta-cells 
compared to the diabetic group. Previous research revealed that chitosan nanoparticles might prevent the generation of free radi-
cals and protect cells from oxidative stress damage [60]. 

It is well known that STZ can increase hyperglycemia and decrease antioxidant levels, causing oxidative stress [61]. Some of the 
mechanisms that could lead to oxidative stress in diabetes include the production of free radicals from glucose autoxidation, an 
imbalance in cellular oxidation and reduction, and a loss in enzymatic and nonenzymatic antioxidants [62]. The first line of defense 
against reactive oxygen species (ROS), which damage cells, is the SOD enzyme. This enzyme catalyzes the conversion of superoxide 
into oxygen and peroxide [63]. CAT and GPx aid in the conversion of peroxide into water. Pancreatic β-cells in diabetic rats are 
susceptible to oxidative stress and ultimately cell death when levels of these enzymes change [64]. The cellular membrane lipids are 
protected against oxidative damage by GPx, which also catalyzes the reaction of hydrogen peroxides with GSH to generate oxidized 
glutathione (GSSG). GST is essential for the elimination of harmful substances and their conversion into safe metabolites. In diabetic 
rats, the change in glutathione reductase (GR) activity is compensated for by an increase in GSSG, possibly due to the high levels of free 
radicals present [65]. The current study provided strong evidence that STZ induced oxidative stress due to the significant rise in MDA 
and a considerable decrease in SOD, GST, CAT, GPx, and GSH activities [66]. The oral administration of insulin in the form of an 
insulin-loaded Cs-NBs-PD shell and its influence on oxidative stress were also demonstrated by the increase in SOD, GST, CAT, GPx, 
and GSH activities and the reduction in MDA levels. In our study, nanobeads did not seem to cause any oxidative stress, but they were 
able to reduce the oxidative effects of hyperglycemia. 

In fact, helper T-cell activation causes the pancreatic tissue to release inflammatory cytokines and chemokines, which lead to 
pancreatic degeneration and loss of insulin. In Type 1 diabetes, the anti-apoptotic molecule Bcl-2 and the pro-apoptotic molecule Bax 
significantly affect the apoptotic process. Apoptosis occurs when the normal balance of pro-apoptotic Bax and anti-apoptotic Bcl-2 
proteins in the pancreatic β-cells is disturbed by prolonged high glucose exposure [67]. The two pathways by which apoptosis occurs 
are the intrinsic pathway, also known as the Bcl-2-regulated pathway or the mitochondrial pathway, which is accompanied by both 
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pro-apoptotic and anti-apoptotic signals, and the extrinsic pathway, also known as the death receptor-mediated pathway or the caspase 
pathway [68]. The current study demonstrated that downregulation of Bcl-2 gene expression and activation of the Bax genes both 
promoted β-cell apoptosis in diabetic rats. The INS-CsNBs-PD shell oral administration increased Bcl-2 mRNA expression, while 
pro-apoptotic Bax transcription levels decreased compared to STZ-induced diabetic rats. The size of the chitosan nanoparticle used in 
this study is anticipated to improve the efficacy of antioxidative stress and anti-apoptosis [69]. The scavenging action of chitosan is 
related to its capacity to donate hydrogen to free radicals, resulting in the formation of stable molecules [56]. In this study, we 
obviously show that the oral administration of chitosan nanoparticles to diabetic rats can reduce ROS production and increase levels of 
antioxidant enzymes, which in turn results in an increase in Bcl-2 expression and a decrease in Bax expression. 

Our results revealed that diabetic rats exhibited markedly decreased levels of Nrf2 and HO-1 gene expression in pancreatic tissue. 
Nrf2 protects pancreatic β-cells against the effects of diabetes by lowering oxidative stress, controlling mitochondrial function and 
biogenesis, maintaining insulin content and release, and preserving β-cell mass [70]. HO-1 can decrease pancreatic damage from 
oxidative stress caused by elevated blood glucose levels [71]. Since Nrf2 is regarded as the main regulator of the antioxidant response, 
chitosan has been proven to boost Nrf2 expression, according to numerous studies [72]. The lower intracellular ROS induced by 
chitosan, which can increase antioxidant capacity, may be the cause of this increased Nrf2 expression in pancreatic cells [73]. More 
recent investigations have demonstrated that chitosan nanoparticles activate Nrf2/HO-1 [74]. This result reveals that oral adminis-
tration of the INS-CsNBs-PD shell nano-formula could increase the levels of antioxidant enzymes in diabetic rats, enhancing the 
expression of Bcl-2, Nrf2, and HO-1 genes while decreasing the expression of the Bax gene. 

The β-cell apoptosis in T1DM is significantly induced by NF-κB P65 activation [75]. In vitro and in vivo studies have shown that 
NF-κB P65 activation is a crucial early event in the pathobiology of diabetic complications. Inflammation, oxidative stress, and 
apoptosis can all be worsened by cytotoxic substances that are enhanced by activated NF-κB P65 [76]. Following oral delivery of the 
INS-CsNBs-PD shell nano-formula in the pancreas of diabetic rats, the current study showed a significant rise in SIRT1 protein 
expression. Chitosan nano-carriers with pectin could reduce the apoptosis of pancreatic β-cells by suppressing NF-κB through the 
activation of SIRT1 [77]. 

5. Conclusion 

In this study, we developed a stable, functionalized INS-CsNBs-PD nano-formulation using a cost-effective method, which presents 
a potentially economically feasible approach. Our research provides scientific evidence supporting the potential benefits of orally 
administered insulin coated with chitosan-based nanomaterials in STZ-induced diabetic rats. These benefits include preventing hy-
perglycemia and positively influencing pancreatic β-cell activity, oxidative stress, and the gene expression of Bax, Bcl-2, Nrf2, and HO- 
1, as well as the protein expression of NF-κB P65 and SIRT-1. In many cases, the effects of oral INS-CsNBs-PD administration were 
comparable to those of subcutaneous insulin injection. Our study offers valuable insights into the potential of the INS-CsNBs-PD nano- 
formulation as an alternative to subcutaneous insulin. However, further investigations, including ultrastructural examinations, are 
necessary to understand the precise mechanisms underlying the protective effects of the INS-CsNBs-PD nano-formulation on the STZ- 
induced diabetic pancreas. Additionally, subsequent clinical trials in diabetic patients are recommended to validate these findings. 
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