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Introduction: Diabetes mellitus, a chronic metabolic disorder, leads to systemic organ damage characterized by oxidative stress and
structural alterations, contributing to increased morbidity and mortality. Traditional subcutaneous insulin therapy, while managing
hyperglycemia, often falls short in addressing the oxidative damage and preventing organ-specific complications. This study evaluates
the therapeutic efficacy of a novel oral nanoparticle-mediated insulin (nCOF/Insulin) against these diabetes-induced changes,
comparing it with traditional subcutaneous insulin in a streptozotocin (STZ)-induced diabetic rat model.

Methods: We induced diabetes in Wistar rats, dividing them into four groups: standard control, diabetic control, diabetic treated with
subcutaneous insulin, and diabetic treated with oral nanoparticle-mediated insulin (nCOF/Insulin). Assessments included organ and
body weights, histopathological examinations, and oxidative stress markers (MDA and PCOs) across various organs, including the
brain, muscle, intestine, spleen, heart, liver, kidney, and adrenal glands. Additionally, we evaluated antioxidant parameters (GSH and
catalase) and conducted immunohistochemical analysis of E-cadherin to assess intestinal integrity.

Results: Our findings reveal that STZ-induced diabetes significantly impacts organ health, with subcutaneous insulin providing
limited mitigation and, in some cases, exacerbating oxidative stress. Conversely, oral nCOF/Insulin treatment effectively restored
organ and body weights, reduced oxidative stress markers, and mitigated histological damage. This suggests that oral nCOF/Insulin not
only offers superior glycemic control but also addresses the underlying oxidative stress.

Conclusion: nCOF/Insulin emerges as a promising treatment for diabetes, with the potential to improve patient quality of life by
ameliorating oxidative stress and preventing organ-specific complications. This study underscores the need for further investigation
into the long-term effects and mechanisms of action of oral nCOF/Insulin, aiming to revolutionize diabetes management and treatment
strategies.
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Introduction
Diabetes mellitus is a group of metabolic disorders marked by persistent hyperglycemia.' Over half a billion people are
living with diabetes worldwide, which represents more than 10.5% of the world’s adult population.” This widespread
prevalence underscores its status as a major global health challenge.'

Diabetes mellitus, a complex metabolic disorder, is intricately linked to systemic oxidative stress, a key factor in its
pathogenesis. It is now understood that the onset of diabetes originates from oxidative stress within pancreatic cells,

which triggers inflammation and prompts the release of pro-inflammatory cytokines, ultimately leading to the death of
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pancreatic beta cells.>* This loss of beta cells results in hypoinsulinemia and hyperglycemia, which in turn creates
a vicious cycle of oxidative stress throughout the organism.>® This systemic oxidative stress then triggers functional and
structural alterations in various organs, leading to diabetes-related complications and consequently making diabetes one
of the principal causes of mortality and morbidity worldwide.”®

The contemporary understanding of diabetes has evolved to recognize it as a complex dysglycemic disorder, not just
defined by chronic high blood sugar levels (hyperglycemia) but also involving two additional critical mechanisms:
glucose variability, and hypoglycemic incidents. These mechanisms collectively contribute to triggering oxidative stress
in diabetic patients.” Oxidative stress is implicated in inducing various alterations across organs,'®'" amplifying the
stress response, and perpetuating a cycle of tissue damage that compromises organ function.'>'> A self-sustaining
pattern of oxidative stress pervades the entire body,*'¢ ultimately resulting in diabetic complications.>'’

These mechanisms are particularly pertinent to type 1 diabetes (TD1), where therapeutic management primarily relies
on subcutaneous insulin (SC Ins). Understanding these mechanisms not only sheds light on the complexities of diabetes
pathology but also underscores the challenges inherent in current insulin therapy. While subcutaneous insulin effectively
targets hyperglycemia, its limitations become apparent when considering the multifactorial nature of diabetes. The
management of diabetes should not only be limited to addressing chronic hyperglycemia but should systematically
consider glucose variability, and hypoglycemic incidents. However, the reliance on subcutaneous insulin injections fails
to address the underlying dysglycemic mechanisms and oxidative stress induced by diabetes.>'? Furthermore, the
pharmacokinetic limitations of subcutaneous insulin necessitate frequent administrations to achieve glycemic control,
inherently associated with risks of hypoglycemia and inadequate postprandial glucose management.'®'? Consequently,
insulin therapy, as currently administered, does not adequately prevent diabetes-related complications and may even
exacerbate them by further exacerbating oxidative stress.”>° The challenge today is to develop therapies that address all
the pathophysiological mechanisms of diabetes.

An ideal diabetes management system requires swift glucose level adjustments without causing insulin overdose or
hypoglycemia. It must support lifelong therapy with easy, predictable use, minimal side effects, and stable performance
over time. These features are crucial in developing a glucose-responsive insulin delivery system aimed at achieving
a synthetic pancreas, addressing challenges like preventing burst release, ensuring ease of administration, and
managing degradation and immune responses. This is why alternatives are currently being sought, with nanoparticle-
based approache for oral insulin emerging as a promising option due to its ability to closely mimic physiological
insulin.*'** Nanoparticles can be engineered to encapsulate and deliver insulin in a controlled manner, offering several
advantages over conventional insulin therapy (Figure 1). These advantages include improved pharmacokinetics,
enhanced bioavailability, and targeted delivery to specific tissues or cells. To address these needs, covalent organic
framework nanoparticles (nCOFs), have shown great promise. nCOFs, known for their robustness, tunability, and
suitability for biological applications due to their stability in water and acidic environments, offer a novel approach to
insulin delivery. In a previous study, we highlighted the use of a specific nCOF, synthesized from 2,6-diformylpyridine
and 4,4'4"-(1,3,5-triazine-2,4,6-triyl)trianiline, which demonstrated high insulin loading capacity, biocompatibility, and
effective glucose-triggered insulin release (nCOF/Insulin).'” The system allows insulin to be stored between nanosheet
layers, enhancing its protection in the stomach’s harsh conditions and subsequent controlled delivery. Furthermore, this
method directly absorbs insulin through the intestinal epithelium and delivers it to the liver, more accurately
mimicking the natural central-to-peripheral insulin distribution. This approach ensures that the liver receives the
highest concentration of insulin, acting as a buffer to prevent peripheral hyperinsulinemia. Moreover, the insulin
release from the nCOF/Insulin system closely mimics physiological processes. Under natural conditions, insulin
secretion is regulated in a pulsatile, non-linear manner in response to blood glucose levels, a pattern crucial for
maintaining glucose homeostasis and aligning insulin levels with metabolic needs. Subcutaneous insulin (SC Ins) often
results in a rapid spike in insulin levels, which does not replicate this natural pulsatile secretion. Our oral nCOF/Insulin
formulation, however, demonstrates a controlled and gradual release of insulin, thereby reducing the risk of hypogly-
cemic episodes and offering a more natural and physiologically relevant delivery method. Additionally, the nCOF/
Insulin system features a dose-dependent and self-regulated release mechanism. This on-off regulation mimics the
pulsatile release of endogenous insulin, ensuring tight control of insulin levels and preventing both hypo- and
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Figure | Comparative Effects of Oral and Subcutaneous Insulin Delivery on Diabetic Complications in Rats. The left panel shows that subcutaneous insulin delivery in
diabetic rats results in hypoglycemic episodes, non-optimal glycemic control, and glucose variability, leading to dysglycemia and subsequently exacerbating diabetes-induced
oxidative stress, which may contribute to organ alterations and long-term diabetes complications. In contrast, the right panel demonstrates that oral administration of
nCOF/Insulin has the potential to improve glycemic control with fewer hypoglycemic episodes and reduced glucose variability, thereby promoting euglycemia. This method
reduces diabetes-induced oxidative stress in organs which could help mitigate the severity of organ-specific complications.

hyperglycemia. These unique properties of the nCOF/Insulin system—central-to-peripheral distribution, non-linear and
pulsatile release, and dose-dependent response—play a crucial role in its physiological efficacy. Collectively, these
mechanisms enable the oral nCOF/Insulin formulation to more closely replicate natural insulin secretion, highlighting
its advancement over traditional subcutaneous injections.'® Furthermore, our last study showed that the nCOF can
prevent hemostasis disorder and endothelial injuries related to type 1 diabetes, while the traditional subcutaneous
treatment exacerbates them. Specifically, we have shown that oral insulin delivered via nCOF addresses various
mechanisms in the systemic circulation, such as dyslipidemia, inflammation, oxidative stress, and cortisol levels.>*

This intriguing observation underscores the intricate interplay between insulin delivery methods and resulting
physiological responses. Building upon these findings, the present study aims to delve deeper into this phenomenon
by comparing the effects of subcutaneous and oral nCOF/Insulin on oxidative stress profiles and tissue integrity in
a diabetic rat model. Through detailed histopathological analysis, we aim to elucidate the specific impacts of oral nCOF/
Insulin, particularly its potential to mitigate diabetes-induced tissue alterations. Additionally, this study examines the
non-toxicological profile of oral nCOF/Insulin compared to SC insulin, reinforcing its promise as a viable and effective
alternative for diabetes management.

By offering a comprehensive evaluation of oral nCOF/Insulin’s efficacy and safety, this research provides critical
insights into the potential of innovative nanoparticle insulin delivery strategies. While the study demonstrates promis-
ing short-term effects, the findings suggest that such strategies may also contribute to addressing the complex
challenges of diabetes treatment and potentially mitigating diabetic complications in the long term, thereby advancing
the field toward more effective and patient-friendly therapeutic options.
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Methods
Insulin Loaded nCOF Nanoparticles (nCOF/Insulin)

Synthesis and Characterization of Insulin-Loaded nCOF Nanoparticles (nCOF/Insulin)

nCOFs were synthesized through a co-condensation of 2.6-diformylpyridine (DFP, 21 mg, 0.15 mmol) and 4,4',4"-
(1,3,5-triazine-2,4,6-triyl)trianiline (TTA, 12 mg, 0.03 mmol) in anhydrous 1,4-dioxane (3 mL) with 0.5 mL of acetic
acid (13 M) to achieve a final concentration of 4.0 M. This mixture was reacted at room temperature for 10 minutes and
subsequently dialyzed in water to remove unreacted materials, yielding a stable colloidal suspension of nCOFs. The
resultant nanoparticles exhibited an average diameter of 123.7 + 18.1 nm and a spherical morphology confirmed via
Transmission Electron Microscopy (TEM). The surface charge was determined by zeta potential measurements, indicat-
ing a value of —16 mV, which suggests good colloidal stability.'’

Drug Loading and Encapsulation Efficiency

For insulin loading, nCOFs (5 mg) were dispersed in 2 mL of HEPES buffer, to which a HEPES-buffered aqueous
solution of insulin (10 mg/mL, 1 mL) was added, maintaining an nCOF ratio of 1:2. This mixture was stirred overnight at
pH 7.4 and room temperature. The unbound insulin was removed by multiple centrifugation washes with deionized
water. The insulin loading capacity reached 64.6 = 1.7 wt%, with encapsulation efficiency confirmed through various
advanced characterization techniques such as fluorescence and Fourier Transform Infrared (FTIR) Spectroscopies as well
as X-ray Photoelectron Spectroscopy (XPS), which indicated specific interactions between insulin and the nCOF
framework. Additional studies utilizing Powder X-ray Diffraction (PXRD) showed distinct peaks confirming the crystal-
line structure, while Brunauer-Emmett-Teller (BET) analysis demonstrated a significant surface area, ensuring the
structural integrity and porosity essential for insulin encapsulation.'®

Stability and Release Profile

Stability assessments under simulated gastrointestinal and bloodstream conditions confirmed that the nanoparticles
maintained their integrity and protected the insulin payload. Insulin release studies demonstrated a controlled release
profile, particularly under hyperglycemic conditions, suggesting a glucose-responsive release mechanism facilitated by
the nanoscale dimensions and porous structure of the nCOFs, which enable rapid glucose-mediated insulin
displacement.'’

Biocompatibility and Efficacy Studies

In vitro and in vivo studies confirmed the biocompatibility and efficacy of the nCOF/insulin system for oral insulin
delivery. Viability assays on several cell lines (Hep-G2, HCT-116, HCT-8, RKO, HelLa, A2780, MDAMB-231, MCF-7,
HEK-293 and U251-MG) showed no cytotoxic effects, affirming the system’s suitability for oral use. Further TEM
analysis demonstrated that nCOF/insulin did not alter cellular ultrastructure, suggesting safe endocytosis and internal
processing. Hemolytic assays confirmed the formulation’s non-immunotoxic nature, underlining its safety for blood-
stream entry. Ex vivo experiments showed that the nanoparticles effectively crossed the intestinal barrier, enhancing
insulin permeability and demonstrating a promising method for diabetes treatment. Oral administration in diabetic rats
led to significant reductions in blood glucose levels up to 10 hours without causing organ damage or affecting kidney and
liver functions, highlighting the potential of nCOF/insulin to maintain glucose homeostasis and serve as a substitute for
subcutaneous injections."’

In vivo Experiments

Animals

This study utilized twenty Wistar rats, comprising ten males and ten females, aged 12 weeks and weighing approximately
200 + 20 g, which were obtained from the Pasteur Institute. The rats were housed in plastic cages with wood-chip
bedding, under a constant temperature of 25 °C and a 12:12-hour light/dark cycle. The animals were provided with
a standard pellet diet (Teklad Global 18% protein rodent diet, Harlan Laboratories, 58% carbohydrate, 24% protein, 18%
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fat) and had unrestricted access to water throughout the study. All procedures were conducted in strict accordance with
national standards for the care and use of laboratory animals, and the study protocol was approved by the Animal
Research Ethics Committee of the University Abou Bekr Belkaid of Tlemcen in 2020 (accreditation number:
DOINO1UN130120150006).

TID Induction

T1D was induced via a single intraperitoneal injection of streptozotocin (STZ, dissolved in 10 mM citrate buffer at pH
4.5) at a dose of 45 mg.kg ' of body weight.”>° The rats were then returned to their cages and provided with food and
water until the onset of diabetes. Blood glucose levels were monitored using a blood glucose monitoring system
(AccuChek Performa, Hoffman-La Roche) by sampling from the rat’s tail vein. Rats with fasting glycemia > 250 mg.
dL™! (13.7 mmol.L™") were considered diabetic and selected for the study; the experimental protocol is summarized in

Figure 2.

Study Design

Following the induction of diabetes, the rats were categorized into four distinct groups, each consisting of five animals.
The groups were organized as follows: standard control (C), diabetic control (DC), diabetic rats treated with subcuta-
neous insulin (SC Ins, at a dosage of 5 IU kg '), and diabetic rats treated with oral administration of nanoparticle-
formulated insulin (Oral nCOF/Ins, at a dosage of 50 TU kg™'). After their allocation into groups, the rats underwent an
overnight fasting period (12 hours) with free access to water. Subsequently, they received a single dose of insulin when
applicable in the early morning. Throughout the remainder of the day, the rats had access to food and water. They were

Non diabetic
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(7,
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5 ) Insulin
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© || withfasting glycemia
= é >250 mg/dL ya4 — nCOF/Insulin,
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Figure 2 Overview of the Study Protocol. The diagram illustrates the ordered process employed in our investigation. The induction of type | diabetes (TID) in rats was
achieved through a single dose of streptozotocin (STZ). Five rats were randomly selected and set as the non-diabetic control group. The remaining |15 rats were
administered STZ, and after confirming that their fasting glucose levels had exceeded 250 mg/dL, they were randomly assigned to three different treatment groups for
subsequent analysis. These groups were subjected to various insulin treatment protocols. Post-treatment, following an overnight fast, the rats underwent weighing and were
subsequently euthanized. A comprehensive collection of organs was undertaken, including the brain, heart, liver, spleen, kidneys with their adrenal glands, intestines, and
soleus muscle, which were all washed with ice-cold 0.1 M phosphate-buffered saline. The four treatment groups’ heart, liver, spleen, and kidneys were weighed to determine
relative organ weights. For histological evaluation, sections of each organ were dissected and preserved in 10% formalin. The intestine was specifically assessed via
immunohistochemical analysis for E-cadherin, and the brain, heart, liver, spleen, kidneys, intestines, and soleus muscle were examined for oxidative stress markers, including
MDA and PCOs, as well as antioxidant defense enzymes such as GSH and catalase. The statistical analysis of the data was executed using SPSS software.
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then fasted overnight once again. The sacrifice was conducted in the early morning following this overnight fasting
period, during which the rats had free access to water.

In our study design, the dosages for subcutaneous (5 [U/kg) and oral (50 IU/kg) insulin delivery were selected based
on the distinct bioavailability profiles of these administration routes. Subcutaneous delivery provides nearly 100%
bioavailability, allowing lower doses to be effective. In contrast, oral administration involves challenges such as
significant enzymatic degradation and first-pass metabolism, leading to markedly lower bioavailability. To compensate
for this and ensure sufficient systemic insulin levels, a higher dose is used for oral administration. This dosage strategy is
critical for comparing the therapeutic efficacy of the two delivery methods under equivalent systemic exposure

conditions.

Sample Collection
Following an overnight fast, the animals were weighted and then euthanized under deep anesthesia with isoflurane, at
a concentration of approximately 2.5% v/v.>”*® Then, various organs were harvested for analysis. The organs collected
included the intestine, spleen, heart, liver, kidney, brain, and soleus muscle, all of which were immediately rinsed with
ice-cold 0.1 M phosphate-buffered saline (PBS; pH 7.4) to remove any residual blood and debris. The weights of the
spleen, heart, liver, and kidneys were accurately measured. For biochemical analyses, a portion of each tissue was
homogenized in a solution of ice-cold 10 mM phosphate-buffered saline. This process was performed using an ultra-
Turrax homogenizer (Bioblock Scientific, Illkirch, France) for three cycles of 10 seconds each, ensuring thorough
disruption of the tissue. The homogenates were then centrifuged at 3000 rpm and 4 °C for 5 minutes to separate the
supernatant fractions, which were collected for subsequent redox marker determinations.

For histological examination, samples were carefully sectioned using a sharp razor blade and fixed in a 10% formalin
solution to preserve tissue architecture. These samples were then subjected to a dehydration process through a series of
alcohol baths of increasing concentration, preparing them for embedding in paraffin blocks. This meticulous preparation

allows for detailed microscopic examination of tissue structure and pathology.?*~*°

Biomarkers of Oxidative Stress and Antioxidant Defense

Malondialdehyde (MDA), a biomarker of lipid peroxidation, was quantified in tissue samples by measuring
thiobarbituric acid reactive substances (TBARS). The procedure involved treating the samples overnight with
Sodium Dodecyl Sulfate (SDS), followed by quantification of TBARS through their reaction with thiobarbituric
acid (TBA) under acidic conditions. This reaction produces a pink chromophore, the intensity of which was
measured spectrophotometrically at a wavelength of 532 nm.*' The MDA concentration was reported as micromoles
of MDA per mg protein and expressed as percentage of the Control Protein Carbonyls (PCOs), indicators of protein
oxidation, were assessed by determining the carbonyl group content via reaction with dinitrophenylhydrazine
(DNPH), according to a well-established protocol.*? Protein precipitation was achieved using 20% trichloroacetic
acid, followed by redissolution in DNPH. The absorbance of the resulting solution was measured spectrophotome-
trically at 370 nm, with PCO concentration expressed as nanomoles of PCOs per milligram of protein and expressed
as percentage of the Control.

Catalase activity, an important enzymatic antioxidant defense, was assessed by measuring the rate of hydrogen
peroxide decomposition using a spectrophotometric kinetic method.>® The decrease in absorbance due to hydrogen
peroxide breakdown was monitored at 240 nm. Catalase activity was expressed as micromoles of hydrogen peroxide
degraded per minute per milligram of protein and expressed as percentage of the Control.

Glutathione (GSH) levels, reflecting the tissue’s antioxidant capacity, were determined using a method that involves
the reduction of 5.5'-dithiobis(2-nitrobenzoic acid) (DTNB) by reduced glutathione, leading to the formation of a yellow
compound.’” The intensity of this color, directly proportional to the GSH concentration, was measured at 405 nm. GSH
concentration was quantified as micromoles of GSH per milligram of protein and expressed as a percentage of the

Control.
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Histopathological Study

For the histopathological analysis, sections with a thickness of 5 um were meticulously prepared from the paraffin-
embedded blocks utilizing a microtome. Following preparation, these sections were stained with hematoxylin and eosin
(H&E) to enhance the visualization of cellular and tissue structures.?*° The stained sections were then examined and
documented using an optical microscope (AX80, Olympus, Tokyo, Japan). During the microscopic examination,
observations were documented based on criteria established through a comparison of the histological features of the
samples to those of the control group. Each notable observation, such as deviations from normal tissue architecture or the
presence of specific pathological features, was recorded with a photograph. To ensure a comprehensive assessment of
tissue alterations, we systematically examined sections from each organ of every rat used in the study. This was followed
by comparative imaging across other samples to ensure consistency and representativeness of the findings.

Immunohistochemical Staining

Immunohistochemical staining was employed to investigate the impact of nCOF/Insulin on the expression of E-cadherin,
a critical cell adhesion protein essential for the cohesion and integrity of epithelial cell layers, in the intestines of diabetic
rats. The procedure began with the collection of intestinal tissue samples from both the treatment group, receiving nCOF/
Insulin, and the control group. These samples were then fixed in buffered paraformaldehyde, dehydrated through
a graded series of ethanol, cleared in xylene, and finally embedded in paraffin. Tissue sections of 4-5 um thickness
were prepared using a microtome, deparaffinized, and rehydrated. Antigen retrieval was performed by heating the
sections in a citrate buffer, followed by blocking of non-specific binding sites. The sections were incubated with
Dako’s E-Cadherin antibody (Clone: NCH-38, Cat. No. M3612), according to the manufacturer’s recommendations.
E-cadherin expression was visualized as violet staining.

Statistical Analysis

The data were analyzed using SPSS (IBM, SPSS Statistics, version 23, USA) and expressed as means + standard error of
the mean (SEM). Data were analyzed using one-way ANOVA with post hoc Tukey’s tests for multiple comparisons.
A value of p < 0.05 was considered statistically significant.

Results
Rat Weight and Organ Weight

Diabetes significantly reduced the body weight of rats (Figure 3a) and increased the relative weights of their organs
(Figure 3b), indicating metabolic distress. Subcutaneous insulin fails to restore body weights, and while it does normalize
relative organ weights of the rat, heart, and kidney, it does not achieve the same effect in the liver. Notably, oral
administration of nCOF/Insulin effectively counteracted these effects, reinstating body and relative organ weight to near-
normal levels.

Oxidative Stress

Our findings suggest that diabetes disrupts the balance between oxidants and antioxidants. Diabetes induces oxidative
stress, as evidenced by disturbances in MDA levels in all organs of untreated diabetic rats (Figure 3c, D.C.), along with
an increase in protein carbonyl concentrations in the spleen, heart, and muscle (Figure 3d). Furthermore, antioxidant
concentrations in certain organs are impacted, particularly in the intestine for GSH (glutathione), and in the heart and
muscle for GSH and catalase, respectively (Figure 3e and f).

Injections of insulin in diabetic rats, administered subcutaneously (SC Ins), appeared to mitigate the increases in
MDA induced by diabetes in some organs (liver, kidney, and brain, Figure 3c), as well as protein carbonyls in the spleen
and heart, although not in the muscles (Figure 3d). However, subcutaneous insulin treatment also increased protein
carbonyl concentrations in the intestine and muscle.

Administration of Oral nCOF/Insulin resulted in a reduction of oxidative stress levels induced by diabetes. MDA
levels (Figure 3c) and protein carbonyl concentrations (Figure 3d) in diabetic rats treated with Oral nCOF/Insulin closely
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Figure 3 Body and organ weight, and biochemical alterations in rat models. (a) Rat body weight changes across Control (C., blue), Diabetic Control (D.C., red), Subcutaneous
Insulin-treated Diabetic (SC Ins, blue), and Oral nCOF/Insulin-treated Diabetic (Oral nCOF/Ins) groups, shown as a percentage of the Control. (b) Organ weight variations for
spleen, heart, liver, and kidney. (c) Malondialdehyde (MDA), (d) Protein Carbonyls (PCOs), (e) Glutathione (GSH), and (f) Catalase concentration variations in intestine, spleen,
heart, liver, kidney, brain, and muscle. Results are mean + SEM, expressed as a percentage of the Control group. Comparisons: a vs C., b vs D.C. (*p < 0.05); (tp < 0.001).

resembled those of non-diabetic rats (C.), indicating a restoration of oxidative balance. Moreover, the increased
concentrations of GSH in the muscle (Figure 3e) and catalase in the intestine and heart (Figure 3f) underscore the
antioxidant properties of Oral nCOF/Insulin on diabetic organs.

Histological Sections of Rat Intestine

Under microscopic examination, the intestinal lining of control rats displayed a highly organized structure, characterized
by well-defined epithelial villi and a pronounced muscular layer (Figure 4, Control). At high magnification of the villi,
lymphoid elements were observed in the lamina propria, a connective tissue layer at the core of the villi. Additionally,
glands responsible for the secretion of digestive enzymes and mucus were located within the epithelial layer.
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Figure 4 Histological Comparison of Rat Intestinal Sections Stained with Hematoxylin and Eosin across Four Experimental Conditions: Non-diabetic Control, Diabetic
Control, Diabetic Treated with Subcutaneous Insulin (SC Ins), and Diabetic Treated with Oral nCOF/Insulin (Oral nCOF/Ins). Annotations: V for villi, M for muscular layer,
with the villi borders highlighted by double dashed black arrows. The upper panel (X50) displays the cross-section of the intestine, demonstrating the general structure and
condition of the tissue. The non-diabetic control shows healthy, a well-defined villus (V) and an underlying muscular layer (M), representing a normal intestinal architecture.
Diabetic control sections reveal villi degeneration, as indicated by dashed red arrows. The middle panel (X500) provides a higher magnification of the villi within the lamina
propria, where lymphoid elements (black arrows) are observed in the Control and insulin-treated specimens, suggesting preserved immune cell populations. The lower panel
(X500) offers a closer look at the base of the villi. Healthy glandular structures (yellow arrows) are evident in the Control and Oral nCOF/Ins-treated groups. In stark
contrast, the diabetic control and SC Ins-treated groups exhibit clear signs of pathology with necrotic glands (red arrows) and extensive necrotic zones (red asterisks),
indicating significant histological damage associated with diabetic conditions.

Diabetes markedly induced epithelial degeneration within the intestine, as evidenced by increased crypt depth and
villus height in untreated diabetic rats (Figure 4, Diabetic Control), compared to control and insulin-treated groups.
Detailed examination at higher magnification revealed a notable decrease in lymphoid elements in the Diabetic Control
group, contrasting sharply with the Control and insulin-treated rats. Lymphoid elements are crucial for antibody
synthesis, playing a vital role in regulating microbial growth and maintaining intestinal health.

In diabetic rats treated with oral nanoparticle-mediated insulin (Figure 4, Oral nCOF/Ins), the intestinal villi
showcased endocrine cells and glands mirroring the structural integrity observed in non-diabetic controls (yellow
arrows). This contrasts with the untreated diabetic group and those receiving subcutaneous insulin (Figure 4, Diabetic
Control and SC Ins), where significant architectural disruption and cellular necrosis were observed (red asterisks),
leading to obscured intestinal glands (red arrows).

Histological Sections of Rat Spleen
Microscopic examination of the spleen in control rats revealed a well-defined architecture, characterized by a clear
distinction between the red pulp and the white pulp, the latter marked by white circles for identification (Figure 5,
Control). The white pulp is further organized into a germinal zone (GZ) encircled by a marginal zone (MZ), reflecting the
typical histological features of a healthy spleen.

Diabetes significantly alters spleen morphology, most notably reducing the white pulp to red pulp ratio, which is often
associated with alterations in immune response (Figure 5, Diabetic Control). The germinal zone (GZ) within the white
pulp of untreated diabetic rats appeared diminished and blurred, lacking the distinct marginal zone (MZ) observed in
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Figure 5 Comparative Histological Analysis of Rat Spleen Sections Stained with Hematoxylin and Eosin across Non-diabetic Control, Diabetic Control, Diabetic Treated
with Subcutaneous Insulin (SC Ins), and Diabetic Treated with Oral nCOF/Insulin (Oral nCOF/Ins) Groups. The upper panel provides an overview of the spleen’s
architecture (X25), while the middle and lower panels offer high-magnification views (X500) of the red and white pulp, respectively. White dashed circles in the upper
panel highlight the white pulp, showcasing the Germinal Zones (GZ) and Marginal Zones (MZ) which are particularly discernible in the Control and Oral nCOF/Ins
specimens. The middle panel shows the red pulp, where both the Control and Oral nCOF/Ins samples display healthy cellularity. Conversely, the Diabetic Control and SC Ins
groups exhibit a contracted tissue with thick Billroth cords, as indicated by red arrows. The lower panel zooms into the white pulp, revealing dilations (black asterisks)
around the Central Artery (CA) in the Diabetic Control samples. However, the Control, Oral nCOF/Ins, and SC Ins groups exhibit typical lymphoid tissue (yellow arrows)
surrounding the central arteries, while such tissue is notably absent in the Diabetic Control group, suggesting immune depletion.

healthy spleens. This structural degradation was similarly noted in rats receiving subcutaneous insulin, with an unclear
demarcation between the two pulp zones (Figure 5, SC Ins).

High-magnification observations revealed densely packed Billroth cords in the red pulp of control specimens,
indicative of robust cellular activity (Figure 5, Control). In contrast, diabetic rats exhibited a significant reduction in
red pulp cellularity, with noticeable thickening of the Billroth cords which appeared contracted (Figure 5, Diabetic
Control, red arrow), suggesting compromised spleen function. This condition was exacerbated in rats treated with
subcutaneous insulin (Figure 5, SC Ins, red arrow).

In the white pulp, observation of the central artery (CA) revealed lymphoid tissue surrounding it in control, a typical
structure (Figure 5, Control, yellow arrows). However, in untreated diabetic rats, significant dilatation marked by black
asterisks and an absence of lymphocytic cells, indicative of immunodepletion, was observed (Figure 5, Diabetic Control).
Subcutaneous insulin treatment restored lymphocytes in diabetic rats, indicating a positive effect on lymphocyte presence
(Figure 5, SC Ins, yellow arrow).

Remarkably, diabetic rats treated with oral nCOF/Insulin showed a restoration of the spleen’s structural integrity, with
the white pulp/red pulp ratio and the clarity of the GZ and MZ closely resembling those of control rats and a red pulp
with good cellularity and a white pulp rich in lymphocytes (yellow arrow) (Figure 5, Oral nCOF/Ins).

Histological Sections of Rat Heart

Microscopic examination of heart cross-sections from control rats delineated the heart’s layered architecture with
remarkable clarity (Figure 6, Control), with the innermost layer, the endocardium (Ed), lines the heart chambers, playing
a crucial role in maintaining a smooth, frictionless environment for blood flow. The myocardium (My), the thick,
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Figure 6 Histological Analysis of Rat Heart Sections Stained with Hematoxylin and Eosin for Different Groups: Non-diabetic Control, Diabetic Control, Diabetic Treated
with Subcutaneous Insulin (SC Ins), and Diabetic Treated with Oral nCOF/Insulin (Oral nCOF/Ins). The upper panel presents a wide-field view of the heart’s cross-section
(X25), illustrating the layers from the endocardium (Ed) inward (indicated by the black arrow) to the epicardium (Ep) outward, including the myocardium (My) in the middle.
Myocardial dilation, marked by the black asterisk, is observed prominently in the Diabetic Control specimens. The lower panel (X50) provides a focused view of the
subendocardial area, showing the tissue’s condition and arrangement in each group.

muscular middle layer, is instrumental in the heart’s contraction, facilitating blood circulation throughout the body. The
outermost layer, the epicardium (Ep), serves as a protective sheath for the heart.

In contrast, untreated diabetic rats exhibited significant pathological changes, including thickening of the subendo-
cardial area and notable myocardial dilation (Figure 6 Diabetic Control, black asterisk). These changes suggest
a compromised cardiac function, likely attributable to the metabolic disturbances associated with diabetes.

Remarkably, both subcutaneous and oral nanoparticle-mediated insulin treatments appeared to mitigate these diabetic-
induced cardiac alterations. The treated rats’ heart tissues closely resembled the healthy architecture observed in control
rats, suggesting that the insulin treatment effectively repairs heart alterations induced by diabetes (Figure 6, SC Ins and
Oral nCOF/Ins).

Histological Sections of Rat Liver

Microscopic examination revealed that the liver tissue of control rats and those treated with oral nCOF/Insulin exhibited
a normal histological architecture. This was characterized by a well-defined centro-lobular vein (cv) surrounded by
hepatocytes, which were evenly spaced by sinuses of regular thickness, indicative of healthy liver function (Figure 7,
Control and Oral nCOF/Ins, black arrow).

In contrast, Diabetic Control and diabetic rats treated with subcutaneous insulin (SC Ins) showed severe pathological
changes: untreated diabetic rats exhibited atrophied hepatocytes, leading to dilated sinuses (Figure 7, Diabetic Control,
red arrow), which are symptoms of cellular degeneration due to insulin deficiency and compromised metabolic activity.
Rats treated with subcutaneous insulin also showed signs of cellular distress, including cellular swelling, indicative of
impending necrosis, and resulting in a reduction in sinus spacing (Figure 7, SC Ins, red arrow). Additionally, high-
magnification of liver sections from untreated diabetic rats and those receiving subcutaneous insulin therapy displayed
significant pathological alterations. Notably, these sections were marked by extensive necrotic areas (red asterisks),
identifiable by necrotic cells with pale, white nuclei (red arrows), signaling severe tissue damage (Figure 7, Diabetic
Control and SC Ins).

Conversely, the liver tissue of diabetic rats treated with oral nCOF/Insulin exhibited significant restoration of its
normal structure. Hepatocytes in these rats displayed dark, prominent nuclei. Additionally, there was a notable presence
of binucleated cells (double black arrows) which can be linked to enhanced metabolic activity and cellular regeneration
(Figure 7, Oral nCOF/Ins).
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Figure 7 Histological Sections of Rat Liver Stained with Hematoxylin and Eosin across four groups: Non-diabetic Control, Diabetic Control, Diabetic Treated with
Subcutaneous Insulin (SC Ins), and Diabetic Treated with Oral nCOF/Insulin (Oral nCOF/Ins). Key identifiers include: cv representing the central vein and black arrows
indicating hepatic sinusoids. The upper panel presents an overview of the liver’s architecture (X200), and the lower panel provides a higher magnification of the hepatic
microstructure (X500). In the non-diabetic control and Oral nCOF/Ins treated rats, the liver architecture around the central vein (cv) appears normal with regular sinusoids
(black arrows) between the cells. Pathological changes are evident in the hepatic sinusoids of both the Diabetic Control and SC Ins groups, as indicated by red arrows. In the
diabetic group, the sinusoids appear dilated, while the hepatocytes exhibit signs of atrophy. In the SC Ins group, the sinusoids appear retracted, suggesting hepatocyte
swelling. Higher magnification in the lower panel reveals necrotic hepatocytes (red asterisks) in both the Diabetic Control and SC Ins groups. Additionally, some cells exhibit
pale, white nuclei, indicative of cellular necrosis (highlighted by red arrows). However, in the Control and Oral nCOF/Ins groups, healthy dark nuclei, which are indicative of
high metabolism, are observed. Additionally, it is noteworthy that some hepatocytes in these groups appear binucleated, suggesting cellular regeneration or proliferation, as
indicated by the double black arrows.

Histological Sections of Rat Kidney

Microscopic analysis of kidney sections from control rats displayed a pristine renal architecture, characterized by healthy
glomeruli (G), intact renal tubules, and an intact brush border (black arrow), all indicative of optimal kidney function
(Figure 8, Control). The nuclei within these structures were prominently visible underscoring the tissue’s health.

Control Diabetic Control Oral nCOF/Ins

[ Renal glomeruli ][ Renal tubules ]

Figure 8 Histological Examination of Rat Kidney Sections Stained with Hematoxylin and Eosin (X500) across four groups: Non-diabetic Control, Diabetic Control, Diabetic
Treated with Subcutaneous Insulin (SC Ins), and Diabetic Treated with Oral nCOF/Insulin (Oral nCOF/Ins). The Control and Oral nCOF/Ins sections display healthy
glomeruli (G) and tubules with an intact epithelial lining, characterized by dark nuclei indicative of cellular integrity, along with a healthy brush border evident along the
tubules (black arrows), indicating normal renal histology. In contrast, the Diabetic Control and SC Ins sections reveal signs of renal damage: glomerular necrosis (red
asterisks), tubular dilation (black asterisks), and loss of the brush border (red arrows), suggesting pathological alterations in diabetic conditions.
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In contrast, kidney sections from untreated diabetic rats and those treated with subcutaneous insulin revealed
significant histological alterations. Notably, these changes included glomerular degeneration (red asterisks), dilation of
renal tubules (black asterisk), and a conspicuous loss of the brush border (red arrow) (Figures 8, Diabetic Control and SC
Ins). These findings highlight the detrimental impact of diabetes on renal integrity and the insufficiency of subcutaneous
insulin in mitigating these effects.

Remarkably, diabetic rats treated with oral nCOF/Insulin exhibited kidney sections that mirrored the healthy
architecture observed in control rats, with intact glomeruli (G) and tubules featuring healthy tubular epithelial cells
and a healthy brush border (Figure 8, Oral nCOF/Ins, black arrow).

Histological Sections of Rat Adrenal Gland

The adrenal gland of control rats exhibits a well-organized structure, characterized by three distinct cortical zones: the
Zona Glomerulosa (ZG), the Zona Fasciculata (ZF), and the Zona Reticularis (ZR), alongside a centrally located medulla
(M) (Figure 9, Control). This organization is crucial for the gland’s endocrine function, with each zone responsible for
producing specific hormones.

In untreated diabetic rats, significant morphological changes were observed in the adrenal glands, suggesting stress-
induced alterations in adrenal function. In the first panel, the medulla (M) appeared unusually expanded (Figure 9,
Diabetic Control), while alterations in the proportions of the different zones of the cortex were observed (highlighted by
double red arrows). Additionally, at high magnification in the third panel, vacuolization within the Zona Fasciculata
suggested hyperactivity and hypersecretion of hormones (Figure 9, Diabetic Control, red arrows). Furthermore, diabetic
rats treated with subcutaneous insulin exhibited an enlarged adrenal cortex, particularly the ZF, which was approximately
twice the size observed in control rats (Figure 9, SC Ins, double red arrows). At lower magnification, the ZF in SC Ins
rats appeared indiscernible and resembled a large necrotic zone (red asterisk, first panel); however, higher magnification
revealed vacuolated areas similar to those observed in untreated diabetic rats (red arrow, third panel).

Conversely, diabetic rats treated with oral nanoparticle-mediated insulin (nCOF/Insulin) showed adrenal glands with
cortical zones (ZG, ZF, and ZR) and a medulla closely resembling the organized structure seen in control rats (Figure 9,
Oral nCOF/Ins).

Immunohistochemical Analysis of E-Cadherin Expression
Observation of the intestine section stained with E-cadherin antibody in Figure 10 revealed that the intensity of
E-cadherin staining in rats treated with oral nCOF/Insulin matched that of the control group, indicating no depletion
of E-cadherin post-treatment. Similarly, untreated diabetic rats and those treated with subcutaneous insulin exhibited
E-cadherin expression levels comparable to the control group.

Comprehensive histopathological examinations of muscle and brain tissues across the four groups did not reveal any
significant changes.

Discussion

Our comprehensive study on the effects of diabetes and subsequent insulin treatments on various organs in rats provides
significant insights into the pathological changes induced by diabetes and the therapeutic potential of oral nanoparticle-
mediated insulin (nCOF/Insulin) in comparison to subcutaneous insulin.

Our findings indicate that streptozotocin-induced diabetes causes widespread organ toxicity, as evidenced by notable
changes in organ weight, disruption of the oxidative-antioxidative equilibrium, and various histological modifications,
primarily including necrosis, vasodilations, and karyolysis (loss of nuclei) in tissues of various organs. The observed
reduction in body weight alongside increased organ weights in diabetic rats underscores the metabolic distress caused by
diabetes. Additionally, the increase in relative organ weights provides insight into the toxicity within the organs. The
restoration of body and organ weights to near-normal levels with oral nCOF/Insulin treatment highlights its efficacy in
counteracting the metabolic imbalances and the underlying stress induced by diabetes, suggesting a promising therapeutic
avenue for managing diabetes-induced cachexia and organ hypertrophy.
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Figure 9 Histological Sections of Rat Adrenal Glands Stained with Hematoxylin and Eosin across four groups: Non-diabetic Control, Untreated Diabetic Control, Diabetic
Treated with Subcutaneous Insulin (SC Ins), and Diabetic Treated with Oral nCOF/Insulin (Oral nCOF/Ins). The upper two panels provide an overview of the adrenal glands
(X25 and X50), showing the cortex with its three zones: Zona Glomerulosa (ZG), Zona Fasciculata (ZF), and Zona Reticularis (ZR), along with the medulla (M) at the core.
In the Control and Oral nCOF/Ins groups, each zone is discernible, and the proportions of the different areas are similar between the two groups. However, in the Diabetic
Control and SC Ins groups, the cortex exhibits altered proportions (highlighted by the double red arrows), with increased thickness, particularly in the ZF. The ZF in the SC
Ins group shows a poorly defined structure, with regions resembling necrosis (indicated by red asterisks), suggesting severe impairment. Additionally, in the Diabetic Control
rats, the medulla appears loosely and dilated compared to the Control and Oral nCOF/Ins groups, indicating potential stress or damage. In the second panel (X500), a high-
magnification focus on the ZG reveals its structural integrity. The third panel (X500) focuses on the ZF, where the Diabetic Control and SC Ins samples show altered
morphology and the presence of significant lipid droplets (highlighted by red arrows). These observations suggest metabolic disruptions and imply an overproduction of
hormones by the ZF. Finally, the fourth panel examines the medulla (X500).

The imbalance between oxidants and antioxidants, leading to heightened oxidative stress, is a hallmark of diabetes
pathology. Our findings of elevated malondialdehyde (MDA) levels and protein carbonyl concentrations across various
organs in diabetic rats underscore the systemic nature of oxidative damage. Notably, oral nCOF/Insulin administration
effectively reduced these oxidative stress markers, aligning them with those observed in non-diabetic rats. This suggests
that oral nCOF/Insulin not only mitigates hyperglycemia but also addresses the underlying oxidative stress through

10974 heesidoioreio i sanrse International Journal of Nanomedicine 2024:19
DovePress


https://www.dovepress.com
https://www.dovepress.com

Dove Kaddour et al

Control ‘ Diabetic Control

Oral nCOF/Ins

s

E-cadherin

Figure 10 Immunohistochemical Analysis of E-cadherin Expression in Rat Intestinal Tissue across four groups: Non-diabetic Control, Untreated Diabetic Control, Diabetic
Treated with Subcutaneous Insulin (SC Ins), and Diabetic Treated with Oral nCOF/Insulin (Oral nCOF/Ins). The staining highlights E-cadherin distribution in the intestinal
epithelium across the different treatment conditions. The first row provides an overview at low magnification (X50), while the following rows offer detailed views at higher
magnification (X500).

effective insulinization, which implies metabolic improvement. This offers a comprehensive therapeutic strategy for
diabetes management.

Brain

The long-term impact of diabetes on brain health is well-documented,>* with the immediate effects of increased oxidative
stress being clearly observable in our findings. During diabetes, the brain undergoes impaired energy metabolism. This
impairment can result from a combination of factors, including reduced glucose uptake and increased oxidative
stress.>>° The brain, with its lipid-rich composition, is especially susceptible to lipid peroxidation due to metabolic
imbalances caused by a lack of insulin.*”*® Our study reveals that insulin therapies, administered both orally and
subcutaneously, are effective in mitigating lipid peroxidation. This is evidenced by the reduced malondialdehyde (MDA)
levels in the brains of diabetic rats. However, subcutaneous insulin therapy has limitations, particularly in inducing
hypoglycemia. In contrast, our findings demonstrate that nCOF administration effectively reduces MDA levels in the
brain, akin to subcutaneous insulin, but without the associated risk of hypoglycemia,*® as evidenced by our previous
study.'® This highlights the potential of nCOF as a safer alternative treatment option for diabetes-related alterations
affecting the brain.

Muscle

Streptozotocin is known to trigger oxidative stress in muscle tissue, resulting in functional decline.**** Moreover, the
lack of insulin compromises the cellular uptake of glucose and amino acids, leading to increased proteolysis, muscle
degradation, and the consequent weight loss observed in diabetes.*'*** In our study, we observed significant weight loss
and increased oxidative stress in the skeletal muscle of diabetic rats and those treated with subcutaneous insulin, with
a notably higher level of protein carbonylation in diabetic rats treated with subcutaneous insulin. This aligns with
previous research, which has shown that subcutaneous injections of insulin lead to peripheral hyperinsulinemia, linked to
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elevated oxidative stress in muscle tissues.*>*** This phenomenon elucidates why insulin administered subcutaneously
does not reestablish the equilibrium between pro-oxidants and antioxidants, but rather exacerbates oxidative stress in the
muscles through the hyper-insulinemia it induces. Interestingly, the oral administration of nCOF/Insulin not only restored
body weight but also reestablished the balance between pro-oxidant and antioxidant, highlighting the therapeutic
potential of this delivery method.

Intestine

Our investigation into the intestinal alterations in diabetic rats reveals a significant deepening of crypts, highlighting the
adverse effects of diabetes on intestinal health. These observations align with previous findings that attribute such
histological changes to oxidative stress and apoptotic mechanisms induced by diabetes in the intestine.*>*® Our analysis
indicates that these histological alterations are primarily due to an imbalance in the oxidant/antioxidant balance, notably
characterized by a reduction in antioxidant levels in individuals with diabetes. Interestingly, insulin treatments, whether
administered subcutaneously or orally, appear to mitigate these histological changes. However, with subcutaneous insulin
administration, we observed significant necrotic areas within the intestinal tissue, accompanied by elevated levels of
carbonylated proteins, a marker associated with chemical alterations in the intestine due to diabetes.'**” The effective-
ness of oral nCOF/Insulin treatment in restoring intestinal architecture underscores its potential in preventing diabetes-
induced gastrointestinal complications.

The immunohistochemical analysis of E-cadherin was specifically used to assess intestinal barrier integrity, which is
crucial for our study given that our newly formulated nanoparticles are absorbed in the intestine. E-cadherins are
essential transmembrane adhesion molecules crucial for the cohesion of the intestinal epithelium.*® Our E-cadherin
labeling in the intestine shows that despite the effective absorption of the nanoparticles, the integrity of the intestinal
barrier is preserved, as indicated by the comparable levels of E-cadherin across all groups, including the control.

These findings are corroborated by those from our previous in vitro analysis where transmission electron microscopy
(TEM) images revealed that the nCOF/insulin nanoparticles were located inside goblet cells of the intestinal tissue and
were excreted into the gut lumen through cell secretion.'® This confirms that our nanoparticle formulation can traverse
the intestinal barrier while maintaining its integrity and carrying the insulin cargo without causing significant patholo-
gical changes to intestinal tissues.

Spleen

Diabetes is associated with degenerative changes in splenic tissues induced by oxidative stress.'"*** In our study,
streptozotocin-induced diabetes resulted in a marked reduction of the white pulp and the marginal zone within the
spleen—key anatomical regions integral to the organ’s immune function. This reduction in white pulp has been
characterized as stemming from an increase in apoptosis triggered by oxidative stress accumulation due to prolonged
hyperglycemia.’® Such alterations in splenic structure contribute significantly to the immunodeficiency observed in
diabetic conditions, underscoring the spleen’s critical role in the array of diabetic complications. Furthermore, our
findings indicate that while subcutaneous insulin treatment may mitigate some aspects of this degeneration, it appears to
offer only limited protection against the comprehensive degradation of splenic tissues. This observation suggests that
subcutaneous insulin administration alone may not adequately prevent the onset of immunodeficiency disorders asso-
ciated with diabetes, highlighting the need for more effective therapeutic strategies to preserve immune function in
diabetic patients. The restoration of splenic architecture with oral nCOF/Insulin treatment suggests its role in preserving
immune competence in diabetic conditions, potentially mitigating the risk of immunodeficiency and related
complications.

Heart
Chronic hyperglycemia associated with diabetes is known to exert pathological effects on the structure and function of

>3! and for inducing subendocardial stress-related alterations.”® Microscopic examination of heart

the myocardium,
sections from diabetic rats treated with either subcutaneous insulin or oral nCOF/Insulin showed normal histological

architecture, indicating that both treatments effectively restored cardiac integrity. This observation is consistent with
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existing research, which suggests that the pathological alterations in the heart induced by diabetes can potentially be

reversed through insulin therapy.>*~>*

Liver

The pathophysiology of diabetes involves an impairment of antioxidants and an increase in oxidative stress at the hepatic
cell level, leading to intracellular damage.’>>® These biochemical imbalances result in observable alterations under the
microscope: hepatocyte ballooning, periportal necrosis, and dilatation.”” Our findings are in line with existing literature,
and our histological sections reveal alterations in both untreated diabetic rats and those administered subcutaneous
insulin. Although subcutaneous insulin administration was observed to decrease malondialdehyde (MDA) and protein
carbonyls (PCOs) levels in the livers of diabetic rats, it failed to ameliorate tissue alterations. This aligns with previous
findings suggesting that subcutaneous insulin is ineffective in mitigating liver oxidative stress damage.'* This collective
evidence underscores the limitations of subcutaneous insulin in addressing diverse aspects of hepatic pathology
associated with diabetes. This ineffectiveness can be attributed to insufficient insulinization, leading to inadequate
restoration of glucose uptake and impairment in liver glucose metabolism.’® This underscores the critical role of the
administration route in insulin assimilation by organs and its metabolism.

Kidney

The impact of diabetes on renal function and structure is extensively documented, aligning with our findings that
corroborate previous research indicating significant histological changes within renal tubules, nephrons, and
vasculature.*>>® These alterations are mediated by the impairment of oxidative species in the kidney.**° Notably,
Ghavimishamekh et al explored the efficacy of both subcutaneous and oral insulin in mitigating these renal alterations in
diabetic rats, reporting no observable improvements.** Consistent with these findings, our study also revealed that
subcutaneous insulin administration failed to ameliorate the diabetes-induced histological changes in the kidneys.
However, our investigation into the effects of oral nCOF/Insulin presents a contrasting outcome, indicating a potential
therapeutic advantage of this novel insulin delivery method in preserving renal integrity in the context of diabetes.

Adrenals

The adrenal glands, pivotal in the endocrine system,®' experience significant structural and compositional changes in the
context of diabetes.®%® Research indicates that diabetes, particularly when induced by streptozotocin (STZ), leads to the
hypersecretion of adrenocorticotropic hormone (ACTH) from the pituitary gland. This process stimulates the growth of
the zona fasciculata within the adrenal cortex while concurrently causing atrophy in the zona glomerulosa.®*
Furthermore, it has been observed that subcutaneous insulin treatment impacts the adrenal glands by promoting the
secretion of androgens, thereby contributing to structural alterations and notably increasing cortex thickness.*”®> These
results demonstrate that insulin can influence various metabolic processes, including the secretion of other hormones.
Interestingly, diabetic rats treated with oral nCOF/Insulin exhibit adrenal glands that resemble those of non-diabetic
controls. This suggests that the different assimilation and metabolism of oral insulin, compared to subcutaneous insulin,
may modulate hormonal responses in diabetic rats due to its gradual absorption.

Our study primarily focuses on the implications of insulin delivery routes, highlighting how oral nanoparticle-
mediated insulin (nCOF/Insulin) can offer distinct advantages over subcutaneous administration. While the rapid repair
observed in our study is notable, it should be interpreted in the context of the relatively recent onset of hyperglycemia in
our model. It is worth noting that the tissue alterations observed in this study were assessed one week after streptozotocin
administration, a period when the hyperglycemic effects of diabetes are becoming fully established. Our findings suggest
that the observed damage may still be somewhat reversible. This potential for repair within a short timeframe may reflect
the early stages of metabolic imbalance rather than long-term complications.

A key advantage of the nCOF/Insulin formulation is its controlled release of insulin over 10 hours, compared to the
approximately one hour of coverage provided by subcutaneous insulin.'® This sustained release aligns with blood glucose
concentrations throughout the 24-hour period when the animals had access to food. By ensuring continuous insulin
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delivery, the nCOF/Insulin formulation facilitates glucose uptake and potentially reduces cellular stress, contributing to
the restoration of tissue architecture.

Moreover, restoring glycemic homeostasis is crucial for mitigating diabetes-induced damage. Our previous studies
have demonstrated that the nCOF/Insulin formulation not only alleviates hyperglycemia but also addresses associated
conditions such as hyperinsulinemia, hypertriglyceridemia, and inflammation.'®** Additionally, the formulation may
influence adrenal hormone levels. All these factors are known to impact tissue damage. By managing these conditions,
the nCOF/Insulin formulation supports a more favorable tissue environment, likely contributing to the impressive results
observed in our study.

This study serves as an exploratory investigation into the therapeutic potential of oral nCOF/Insulin, providing
a comprehensive analysis of its short-term effects on multiple organs and offering novel insights into diabetes treatment.
As a pioneering effort in nanoparticle-based therapies, it highlights the effectiveness of oral nCOF/Insulin in ameliorating
metabolic disturbances and oxidative stress, demonstrating its potential to significantly impact diabetes management.
However, the study’s short duration is a limitation that underscores the need for further research to fully understand the
long-term efficacy and underlying mechanisms of this delivery method. While the rapid improvements observed are
promising, future studies are essential to establish a more comprehensive view of its therapeutic benefits and validate its
potential in clinical settings.

Conclusion

In conclusion, our study provides compelling evidence of the effectiveness of oral nanoparticle-mediated insulin delivery
(nCOF/Insulin) in mitigating organ damage induced by diabetes in rat models. We have elucidated the pathophysiological
changes that diabetes imposes on various organs, including alterations in organ and body weights, disruption of the
oxidative-antioxidative balance, and histopathological changes. Our findings suggest that the innovative nCOF/Insulin
treatment may help to reverse these detrimental effects and facilitate a return to normative physiological functions.
Notably, our results indicate that oral nCOF/Insulin may support brain health by reducing lipid peroxidation, mitigate
muscle wasting by reducing oxidative stress, and restore intestinal integrity. Furthermore, it appears effective in
improving splenic immune function, myocardial structure, hepatic architecture, renal integrity, and adrenal gland
composition.

While our research highlights the limitations of existing diabetes treatments and positions oral nanoparticle-mediated
insulin delivery as a promising therapeutic strategy, we recognize that these findings are preliminary. The short treatment
period used in this study necessitates further investigation to fully understand the long-term efficacy and safety of this
approach. Additional research is essential to unravel the intricate mechanisms of action of nCOF/Insulin and to validate
its therapeutic potential in humans. Future studies should aim to expand on our findings, exploring the long-term efficacy
and safety of oral nCOF/Insulin, as well as its integration into existing diabetes treatment regimens. The journey towards
a more effective diabetes treatment is far from over, but our study marks a significant step forward.
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nCOF/Insulin, Oral Insulin Loaded with Nanoparticles comprising covalent organic frameworks; TD1, Type 1 diabetes;
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insulin; Oral nCOF/Ins, Diabetic rats treated with oral administration of nanoparticle-formulated insulin; PBS, Phosphate
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Acid); HE, Hematoxylin and Eosin; GZ, Germinal Zone; MZ, Marginal Zone; CA, Central artery; Ed, Endocardium;
My, Myocardium; Ep, Epicardium; CV, Centro-Lobular Vein; G, Glomerular Structures; ZG, Zona Glomerulosa;
ZF, Zona Fasciculata; ZR, Zona Reticularis; M, Medulla.
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