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					ABSTRACT  

					ARTICLE INFO  

					Diabetic neuropathy is a disease caused by nerve damage due to diabetes mellitus. Researches on  

					diabetic neuropathy usually focus on behavioural changes or stimulus-response, and do not assess  

					brain damage. This study aimed to determine the structural and neuronal changes in the brain of  

					diabetic neuropathy rats. Thirty-five Sprague-Dawley rats were divided into four groups. The first  

					three groups were administered high-fat and high-glucose diet for 21 days, followed by a single  

					intraperitoneal injection of streptozotocin (STZ) at 40 mg/kg in the first month (Group 1) and  

					second month (Group 2), and at 20 mg/kg in the third month (Group 3). The fourth group (control)  

					were given sterile water for injection intraperitoneally, followed by high-fat and glucose diet for  

					10 days only. Fasting blood glucose and body weight of the rats were measured. Thereafter, the  

					rats were sacrificed under ketamine anaesthesia, brain tissues were isolated and used for  

					histological examination and flow cytometric analysis for Nrf2, NF-κB, and Caspase-3. STZ-  

					induction resulted in significant elevation of fasting blood glucose above 7.7 mmol/L  

					accompanied by significant reduction in body weight. Flow cytometric analysis showed no  

					significant changes in the expression levels of Nrf2, NF-κB, and Caspase-3, although, their  

					expression were higher in the diabetic rats, especially in the second month. Histological  

					examination revealed significant brain tissue damage characterized by inflammation, scarring,  

					gliosis, and scrambled tissue architecture in the brain of diabetic rats. These findings provide clear  

					evidence of structural and neuronal changes in the brain of diabetic neuropathy rats.  
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					The increase in blood glucose also causes the key enzyme of glycolysis,  

					hexokinase, to become saturated, thus triggering the activation of  

					Introduction  

					Diabetes mellitus is a common disease and one of the major  

					contributors to global mortality. According to a recent report, an  

					estimated 22,9 million Indonesians are diabetic.1 Diabetes is a major  

					cause of all deaths resulting from infectious and non-infectious  

					diseases, and diabetic patients are 2-3 times at risk of death compared  

					to normal individuals.2 Diabetes mellitus is associated with several  

					complications, one of which is nervous system disorders, otherwise  

					called diabetic neuropathy. Diabetic neuropathy can interfere with  

					organ function, and in the peripheral nerves, it reduces motor reflexes  

					and stimuli, and can cause pain. Symptoms range from numbness of the  

					hands and feet, decrease in cognition and memory to brain stem  

					damage. Diabetic neuropathy is more prevalent in type 2 diabetics than  

					in type 1 diabetics.3  

					The pathogenesis of diabetic neuropathy is initiated by high blood sugar  

					levels, which increase the by-products of aerobic metabolism, including  

					increased generation of ROS (Reactive Oxygen Species) such that they  

					overwhelm the body’s antioxidant defences. ROS cause disruption of  

					the protein modification process, damage protein structures, damage to  

					nerve cell components, damage to mitochondria, and ultimately leading  

					to nerve cells death.  

					several pathways such as the hexosamine pathway, and the polyol  

					pathway. The pathogenesis of diabetic neuropathy can also be induced  

					by the Receptor of Advance Glycation End Products (RAGE) signalling  

					and the Free-Fatty Acid (FFA) pathway which can increase nerve  

					inflammation. Increased inflammation can also increase the expression  

					of nociceptor proteins in Transient Receptor Potential Cation Channel  

					Ankyrin subtype 1 (TRPA1) and Transient Receptor Potential Cation  

					Channel Vanilloid subtype 1 (TRPV1) that are associated with pain.3,4  

					Research using mice as subjects has been widely conducted worldwide.  

					Modelling using mice has several advantages, which make them a  

					common choice in biomedical research. Some of these advantages  

					include similarity to humans both genetically and physiologically,  

					having a short life cycle and reproduction when compared to other  

					mammals, easy maintenance, and can be genetically modified.5-7  

					Several studies have used mice as test animal such as in the test of the  

					interaction between natural compounds and drugs,5 drug-drug  

					interactions,7 antioxidant activity tests,6 food nutrition tests,8 and new  

					drug tests.9  

					Some diabetes research also uses experimental animals like rats,  

					including research on the effects of pletekan extract on kidney  

					protection in diabetic rats,10 research on diabetic pregnant rat models,11  

					diabetic retinopathy rat model research,12 and so on. There are also  

					research on diabetic neuropathy, but these focus more on the  

					behavioural response of rats and the morphology of the peripheral  

					nervous system.13,14 However, in patients with diabetic neuropathy,  

					there are also cognitive, memory, and stimulation processing disorders  

					that indicate damage to the central nervous system, especially the brain,  

					hence, further research regarding structural changes that occur in the  

					central nervous system, especially the brain are needed.15,16 Therefore,  

					this study aimed to assess the structural and neuronal changes that occur  

					in the brain of rats with diabetic neuropathy, and this will serve as a  

					foundation for developing new treatment approach for diabetic  
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					neuropathy.  

					Measurement of fasting blood glucose and body weight  

					Fasting blood glucose levels were measured using Easy Touch® blood  

					glucose test strip. Before blood glucose measurement, the rats were  

					fasted overnight (12 hours) without food or high-fat and high-glucose  

					intervention. Blood glucose before and after STZ administration were  

					compared, and the rats with blood glucose levels ≥ 7.7 mmol/L after  

					STZ administration and with stagnant or declining body weight were  

					considered diabetic.18,20 Rats’ body weights were measured using a  

					digital scale before and after diabetes induction.  

					Materials and Methods  

					Materials  

					The materials used in this study include absolute methanol, Dulbecco′s  

					Phosphate Buffered Saline (Sigma-Aldrich, catalog number D8537-  

					500ML), Fetal Bovine Serum (Gibco, USA, catalog number  

					A3160401), Alexa Fluor® 647 anti-Nrf2 Antibody (Biolegend, USA,  

					catalog number 939206), Phycoerythrin (PE) anti-NF-kB p65 Antibody  

					(Biolegend, USA, catalog number 614154), Per-CP-Cy-7 Anti-  

					Caspase-3 Polyclonal Antibody (BIOSS, USA, catalog number bs-  

					2593R-PerCP-Cy-7), Paraformaldehyde (Pathchem 10% NBF Lot  

					Code:223011-05, BBC Chemical, USA), Flow cytometer (BD FACS  

					Calibur, USA), and CellQuest software (BD Bioscience, USA).  

					Animal sacrifice  

					At the end of the treatment period, six rats each from the normal and  

					diabetic groups were sacrificed under ketamine (300 mg/kg bw, i.p)  

					anaesthesia. Thereafter, the brains were carefully harvested and used for  

					flow cytometric and histological analyses.  

					Animals  

					Measurement of protein expression  

					The experimental animals used in this study were 35 male Sprague-  

					Dawley rats (Rattus norvegicus) aged 8-10 weeks with an average  

					weight of 150 - 200 g provided by the Department of Pharmacology,  

					Faculty of Medicine, Brawijaya University, Indonesia. The rats were  

					kept in plastic cages (33 x 22 x 15 cm), where each cage contained 2-3  

					rats. The rats were allowed access to food and water ad libitum. The rats  

					were maintained under controlled experimental conditions (18-26°C  

					temperature, and 40-70%relative humidity). The rats were acclimatized  

					to the laboratory conditions for one week before treatment to allow them  

					adapt to the new environment.  

					The harvested brain was crushed and washed with 1 mL of PBS  

					(Phosphate-buffered Saline) in a microtube, and centrifuged at 2,500  

					rpm for 5 min at 10°C. The cells (pellets) were collected and then mixed  

					with 100 μL of cytofix, vortexed, and incubated at 4°C for 20 min. The  

					cells were then added to 500 μL washperm and incubated at 4°Cfor  

					another 10 min. The cells were centrifuged at 2,500 rpm for 5 min at  

					10°C. The supernatant was discarded and the pellets were supplemented  

					with 100 μL antibody (mouse anti-Nrf2, anti-NF-kB, and Anti-Caspase-  

					3 intracellular antibody). The pellets were washed with antibody  

					dilution buffer (PBS + 10% Fetal Bovine Serum or FBS) and  

					centrifuged. The centrifuged cell pellets were resuspended in 300 μL  

					PBS and transferred to a cuvette for measurement of Nrf2, NF-kB,  

					andCaspase-3 using flow cytometry.21  

					Ethical approval  

					Ethical clearance for the study was obtained from the Health Ethics  

					Committee, Faculty of Medicine, Brawijaya University ethics  

					committee, with ethical approval number 103 / EC / KEPK / 2024.  

					Histopathological investigation  

					Cross-sections of the brains of rats were stained with Hematoxylin-  

					Eosin (HE) for histopathological analysis. The histological slides were  

					scanned using Aperio Digital Pathology Slide Scanners (Leica  

					Biosystems) at the Laboratory of Pathological Analytics, Faculty of  

					Medicine, Brawijaya University, and analyzed using ImageScope  

					Software to determine histological changes and the level of tissue  

					damage.22  

					Study design  

					The study is an in vivo completely randomized experimental design.  

					The location, temperature, and other environmental conditions were  

					strictly controlled. Thirty-five (35) male Sprague-Dawley rats were  

					divided into four groups consisting of three test groups (10 rats each)  

					and one control group (5 rats). The test groups were high-fat and high-  

					glucose fed rats induced with streptozotocin (STZ). The STZ was  

					administered as a single intraperitoneal injection at a dose of 40 mg/kg  

					body weight in the first and second month (Groups 1 and 2), and at 20  

					mg/kg body weight in the third month (Group 3). The control (Group  

					4) consists of healthy rats fed with regular feed, followed by  

					intraperitoneal administration of sterile water for injection. The effect  

					of the treatment was monitored through measurement of body weight,  

					fasting blood sugar levels, and expression of Nrf2, NF-kB, and Caspase-  

					3.  

					Statistical analysis  

					Data were analyzed using non-parametric tests, including Kruskall-  

					Wallis test for body weight and glucose level, and Mann-Whitney test  

					for flow cytometric analysis, followed by Dunn’s post hoc test.  

					Statistical significance was set at p ≤ 0.05. The statistical analysis was  

					performed using SPSS version 16 for Windows.  

					Results and Discussion  

					Preparation of streptozotocin (STZ) solution  

					Blood glucose levels and body weights of rats  

					Streptozotocin (40 mg) was dissolved in 1 mL of sterile injection water  

					in a 1.5 mL microtube to make a 40 mg/mL STZ solution. This  

					concentration falls within the dose range of 35-60 mg/kg body weight  

					which is the ideal dose for diabetes induction in rats.17,18  

					Table 1 shows the fasting blood glucose levels and body weights of rats  

					in the normal and diabetic groups. The results show significant (p <  

					0.05) changes in both fasting blood glucose and body weights of the rats  

					before and after STZ-induction. There was inverse relationship between  

					fasting blood glucose and body weight. While fasting blood glucose  

					increased following STZ-induction, body weight decreased. This  

					metabolic data supports classical diabetes phenotypes: Significant  

					increases in blood glucose levels were paralleled by a drop in body  

					weight, a pattern indicative of impaired glucose utilization and muscle  

					catabolism. These metabolic disturbances are also linked with  

					neuropathological outcomes via mechanisms involving Advanced  

					glycation end products (AGEs), Free-fatty acids (FFAs), and oxidative  

					stress pathways.3,23  

					Animal treatment  

					Prior to STZ induction, the rats were fed with high sugar and fat food  

					(50 g consisting of 60% chicken bran, 30% solid cooking oil and 10%  

					duck egg yolk) and beverage (10% glucose) for 21 days. On the 22nd  

					day following high-fat and glucose intervention, eighteen rats were  

					administered a single intraperitoneal injection of STZ at a dose of 40  

					mg/kg body weight in the first and second month (Groups 1 and 2) and  

					at 20 mg/kg body weight in the third month (Group 3). The remaining  

					seventeen rats were used as the control (Group 4), and were treated with  

					intraperitoneal injection of sterile injection water only (without high fat  

					and glucose-food or beverage), followed by high-fat and high-glucose  

					diet (glucose: 50 mg/kg body weight, and fat: 30% of total calories) for  

					10 days.19  

					In general, the main characteristic of diabetes mellitus is high fasting  

					blood glucose, accompanied by a rapid weight loss resulting from  

					disturbances in glucose metabolism and dehydration due to more  

					frequent urination.24  
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					Table 1: Blood glucose level and body weight of rats over the treatment period  

					Median  

					Kruskal-Wallis  

					p-value  

					Category  

					Condition  

					1st Month  

					2nd Month  

					3rd Month  

					4.77 ± 0.49  

					Normal (n:17)  

					4.83 ± 0.46  

					4.97 ± 1.19  

					-

					Blood  

					Glucose  

					(mmol/L)  

					27.00 ± 0.00*  

					26.30 ± 1.69*  

					13.70 ± 7.69*  

					320.33 ± 28.00  

					224.33 ± 15.70*  

					Diabetic (n = 18)  

					Normal (n = 17)  

					Diabetic (n = 18)  

					0.034  

					-

					265.33 ± 33.65  

					157.33 ± 28.91*  

					276.00 ± 55.75  

					192.67 ± 6.81*  

					Body Weight (g)  

					0.039  

					‘*’: Significant difference compared to the control group at p < 0.05.  

					Nrf2, NF-kB, and Caspase-3 expressions  

					Interestingly, despite clear histological pathology, flow cytometric  

					analysis of Nrf2, NF-κB and Caspase-3 expression did not show  

					significant changes across the three months. This could stem from  

					limitations in tissue homogenization, masking region-specific effects of  

					oxidative stress responses.  

					While the second month of induction (40 mg/kg BW STZ) produced the  

					most pronounced brain tissue damage, it also resulted in higher  

					mortality. This implies a need for model optimization to balance  

					neuropathological severity and animal welfare. Adjustments, such as  

					dose reduction to 20 mg/kg in the third month, succeeded in reducing  

					mortality but may have dampened the observable neuropathological  

					responses.  

					The results of the flow cytometric analysis for Nrf2, NF-kB, and  

					Caspase-3 protein expressions are presented in Figure 1. The results  

					revealed a high fluctuation in the protein expressions in the second  

					month in the diabetic neuropathy rat model, although, there were no  

					significant differences in the expression levels of these proteins in both  

					the normal and diabetic rats (p > 0.05). Nrf2 and NF-kB are known to  

					act as protective transcription factors in oxidative environments, and  

					their upregulation during the second month may reflect a compensatory  

					cellular response to increasing stress.25,26 The concurrent increase in  

					Caspase-3 expression also indicates apoptosis of neural cells, especially  

					during the peak induction phase, despite the statistical non-significance.  

					These findings resonate with the dual nature of diabetic stress: chronic  

					inflammation coexisting with compensatory antioxidant activity.25,27 It  

					is important to state that in the second month of the study, the death of  

					three rats were observed during the STZ induction process, and this may  

					be due to increased stress levels in the brain as indicated by increased  

					levels of Nrf2, NF-kB, and Caspase-3 expressions in the diabetic rats.  

					However, in the third month of the study, there were lower expressions  

					of NF-kB, Nrf2, and Caspase-3 compared to the second month. This  

					could be due to the healing process occurring in the rats, leading to  

					reduction in oxidative stress at the cellular level in the rats’ brain  

					(Figure 1). Although, in the third month, there was reduced mortality of  

					the rats, STZ injections at a lower dose (20 mg/kg bw) was required to  

					maintain diabetic state.  

					Overall, this study emphasizes the relevance of including central  

					nervous system assessment in diabetic neuropathy models. Most prior  

					models focused only on peripheral nerves, yet cognitive and structural  

					CNS impairments are increasingly evident in clinical diabetes.15,16  

					Figure 1: Flow cytometric result showing the expression  

					levels of Nrf2, NF-kB, and Caspase-3 in the brain of normal  

					and diabetic rats. n = 4, NS: not significant (p > 0.05)  

					Figure 2: Photomicrographs of brain tissues of normal and  

					diabetic rats; A: Cortex region of normal rat brain, B: White  

					matter of normal rat brain, C: Cortex region of diabetic rats in  

					the 1st month, D: White matter of diabetic rats in the 1st month,  

					E: Cortex region of diabetic rats in the 2nd month, F: White  

					matter of diabetic rats in the 2nd month, G: Cortex region of  

					diabetic rats in the 3rd month, H: White matter of diabetic rats  

					in the 3rd month.  

					Histopathological features of the brain of STZ-induced rats  

					The histological examination revealed significant malformations in the  

					brain tissues of diabetic rats, characterized by increased degrees of  

					gliosis, microgliosis, and neuronal vacuolization from the first to the  

					second month, followed by a mild reduction in the third month (Figure  

					2). These pathological signs suggest sustained neuroinflammatory  

					processes and glial activation, which are common responses to  

					oxidative and metabolic stress in diabetic neuropathy. This aligns with  

					previous studies indicating that prolonged hyperglycemia contributes to  

					central nervous system damage through vascular dysfunction and  

					neuroinflammation.27,28 Brain tissue malformation is also marked by the  

					reduction in the number of neuronal cells, indicated by the presence of  

					scars in the brain due to hyperglycaemia-induced stress. The appearance  

					of vascularization in the brain indicates the repair process of the brain  

					in response to damage caused by diabetic neuropathy.29,30  

					(Green arrow indicates vacuolization of neuron cell, yellow  

					arrow indicates glial cell activation or gliosis, black arrow  

					indicates microgliosis)  

					Conclusion  

					The findings from this study have shown that high-fat and high-glucose  

					diet in conjunction with single intraperitoneal injection of  

					streptozotocin is effective in inducing diabetic neuropathy in  
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					experimental rat model. The structural and neuronal damage to the brain  

					associated with diabetic neuropathy can successfully be confirmed by  

					immunohistochemical analysis of key cellular transcription factors,  

					including Nrf2, NF-kB, and Caspase-3, in addition to histological  

					examination of brain tissues. These findings provide valuable  

					foundation for future investigations exploring the impact of  

					hyperglycemia on brain structure and function.  
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