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Abstract 

Background and purpose: Protein misfolding and subsequent amyloid formation are associated with various 
diseases like localized amyloidosis, type II diabetes, and other neurodegenerative diseases. Insulin can 
undergo fibrillation under specific physiological conditions, leading to the formation of localized amyloid 
deposits. Repeated subcutaneous administration of insulin fibrils induces amyloid mass at injection sites. 
Experimental approach: This study investigated the pathological consequences of insulin fibril deposition in 
a rat model and evaluated the anti-amyloid efficacy of iota-carrageenan (CG) and its liposomal nano-
formulation (nCG). Repeated subcutaneous administration of insulin for 28 days induced the formation of a 
well-defined amyloid mass. Key results: Treatment with nCG markedly reduced amyloid accumulation and 
effectively suppressed amyloid progression. Histopathological examination demonstrated a concentration-
dependent reduction in amyloid deposits following CG treatment, while nCG-treated groups exhibited no 
detectable amyloid accumulation. The formation and inhibition of amyloid were further validated by 
haematoxylin and eosin (H&E), Congo red and thioflavin T (ThT) staining. In addition, nCG showed excellent 
biocompatibility, with no observable pathological alterations in major organs. Conclusion: Collectively, these 
findings indicate that both CG and nCG possess significant anti-amyloid activity, with nanoformulated CG 
showing enhanced efficacy in preventing insulin-induced localized amyloidosis. 

©2026 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative Commons 
Attribution license (http://creativecommons.org/licenses/by/4.0/). 
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Introduction 

Amyloid formation is a significant pathological feature in several neurodegenerative diseases, including 

Alzheimer's disease (AD), Parkinson's disease (PD), Type II diabetes, and other forms of amyloidosis [1-3]. In 

these conditions, soluble proteins undergo conformational changes to form insoluble fibrillar aggregates known 

as amyloid fibrils [4]. These fibrils are well known for their highly arranged β-sheet-rich structure and typically 

exhibit thread-like morphology. They can involve toxic intermediates during the self-assembly process [5]. 
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Amyloid fibrils are composed of 2-8 protofilaments, each with a diameter of approximately 7 to 13 nm and a 

height that ranges from 2-7 nm [6,7]. Amyloid deposition can occur systemically or locally. Localized amyloid 

tumours are confined deposits that are frequently associated with mild symptoms [8]. These deposits have 

been observed in conditions such as chronic inflammation, osteomyelitis, haemodialysis, and tuberculosis. In 

some cases, amyloid deposition occurs in subcutaneous tissues or the gastrointestinal regions [9,10].  

A clinically significant type of localized amyloidosis is injection-related amyloidosis, which has been 

increasingly noted in diabetic patients receiving long-term insulin treatment [11]. Injection amyloidosis arises 

from repeated subcutaneous insulin administration at the same injection site. Regular injections promote local 

insulin accumulation, leading to misfolding and aggregation into amyloid fibrils. This localized amyloid mass is 

commonly referred to as an amyloidoma, an insulin ball, and an insulin-derived localized amyloidosis [12,13]. 

Numerous clinical studies have demonstrated that insulin injected into amyloid-containing tissue results in 

reduced, unpredictable absorption, thereby impairing glycaemic control and increasing the risk of 

hypoglycaemia [14]. To overcome these issues, many patients increase their insulin dosage, which increases 

amyloid mass accumulation [15,16]. In addition, insulin amyloid (IA) deposits are also associated with 

inflammation, local tissue stress, and cytotoxic effects on surrounding cells. Therapeutic options for insulin-

induced localized amyloidosis remain limited [17]. Currently, surgical excision is considered the only effective 

treatment. Preventive measures, such as changing injection sites and avoiding the affected area, are used to 

improve insulin absorption [18, 19]. However, they do not remove existing amyloid deposits [20]. These 

limitations highlight the urgent need for an alternative treatment approach to reduce insulin amyloid masses. 

Insulin amyloid fibrils serve as a widely used model system for studying amyloid formation and evaluating 

anti-amyloid agents for targeting neurodegenerative diseases [21,22].  

Various animal studies have established the feasibility of inducing localized insulin amyloidosis. 

Kheirbakhs et al. subcutaneously injected insulin fibrils into the left abdominal region of animals for 12 

consecutive days. Turmeric treatment reduced amyloid mass [23]. In another study, human insulin incubated 

at 57 °C for 24 h formed amyloid fibrils and was subcutaneously injected for 21 days to induce localized 

deposits in mice [24]. Similarly, amyloid fibrils formed by heating the human insulin at 65 °C were injected 

subcutaneously for 14 days. The anti-amyloid potential of lumbrokinase and serratopeptidase was studied 

by attenuating the subcutaneous amyloid mass [25]. 

These findings suggest that in vivo investigation of amyloid degradation can facilitate the identification of 

therapeutic drugs. Sulphated polysaccharides like carrageenan were studied for their anti-amyloidogenic 

activity [26]. Nanoformulation offers several advantages, including enhanced stability[27-29], sustained 

release [30], and increased surface area for interaction with fibrillar aggregates at the injection site. These 

properties may improve uniform drug distribution on the amyloid mass and increase degradation efficiency by 

minimizing toxicity. Panda et al. synthesized BDNF-loaded EGCG-dopamine-tryptophan nanoparticles that 

demonstrated enhanced therapeutic efficacy against Alzheimer's disease by inhibiting Aβ fibrillization, 

promoting amyloid plaque clearance, reducing oxidative stress, and protecting neuronal cells [31]. Nano-

particle-based drug delivery systems offer an effective strategy to overcome blood-brain barrier limitations in 

Alzheimer's disease by improving drug stability and brain penetration, thereby enhancing therapeutic efficacy 

and providing a promising platform for the development of advanced AD treatments [32,33]. RVG-NV-NPs, a 

neural stem cell (NSC) membrane-coated nanoparticle system, were developed by Huang et al. for efficient 

and traceable CNS drug delivery in Alzheimer's disease [34]. By combining RVG-mediated acetylcholine 

receptor targeting with the natural brain-homing ability of NSC membranes, the nanoparticles achieved 

prolonged blood circulation, enhanced blood-brain barrier penetration, and improved neuronal targeting. 

Encapsulation of bexarotene and AgAuSe quantum dots enabled simultaneous therapy and near-infrared-II 



ADMET & DMPK 14 (2026) 3536 Anti-amyloid activity of carrageenan-loaded liposomal nanocarriers 

doi: https://doi.org/10.5599/admet.3356  3 

imaging of the delivery process [34]. Therefore, nanoformulations offer an effective strategy for amyloidosis 

treatment by enhancing targeted delivery, inhibiting amyloid aggregation, promoting plaque clearance, and 

improving overall therapeutic outcomes. 

In our previous study, we investigated the potential effect of nanoformulated iota carrageenan (nCG) to 

degrade IA and amyloid β (Aβ) [35] fibrils both in vitro and in vivo using a zebrafish model. Currently, no animal 

model of localized amyloidosis has been reported to evaluate the anti-amyloid efficacy of nanoformulated 

carrageenan [36]. In the current investigation, preformed insulin amyloid was administered subcutaneously to 

rats in both treated and untreated groups. The formation and progression of amyloid deposits were evaluated 

using haematoxylin and eosin (H&E) staining, Congo red staining, and thioflavin T (ThT) fluorescence imaging with 

the Lumina (PerkinElmer) live animal imaging system. Excised tissue from the insulin amyloid (IA; G3) group 

showed clear amyloid deposition, as confirmed by these staining techniques. In contrast, animals treated with 

nanoformulated carrageenan (nCG) showed a marked reduction in amyloid accumulation, indicating effective 

attenuation of amyloid deposits. These findings demonstrate the anti-amyloid efficacy of both carrageenan (CG) 

and nCG in promoting the degradation of localized insulin-induced amyloidosis. Haematological and biochemical 

analyses were primarily performed to evaluate whether the intervention induced any systemic toxicity. In 

addition, histological analysis of major organs confirmed the absence of treatment-related pathological alterations 

and supports that the treatment attenuates the localized mass by maintaining systemic biocompatibility.  

Materials and methods  

Animals 

A total of 42 male Wistar albino rats weighing 200 to 300 g were purchased from TANUVAS, Madhavaram, 

Chennai. The rats were housed in the CHRI animal house under standard conditions: a 12-hour light/12-hour 

dark cycle, 50 % humidity, and a temperature of 21±2 °C. All animals were provided with unrestricted access 

to standard feed and drinking water during the experimental period. Before starting the experiment, three 

animals were housed in each cage and acclimatized in the animal house for one week. The animals were 

procured after approval from IAEC (IAEC3/proposal: 171/A. Lr: 133/ Dt: 13.12.2024).  

Chemicals used  

Iota carrageenan (CG) was procured from Himedia. Huminsulin 30/70 IU 40 (Eli Lilly and Company Pvt 

Limited), Thioflavin T dye from Sigma, Bovine serum albumin, and phosphate buffer saline were purchased 

from HiMedia; halothane and BD glide 40 IU/31G insulin syringes were procured from local shops. ImageJ 

software was used to generate intensity-based heatmaps. 

Amyloid preparation 

Amyloid fibrillation of Huminsulin was prepared through thermal incubation at 65 °C following a standard 

protocol [37]. The ThT fluorescence intensity and fluorescence microscopy confirmed the formation of 

amyloid fibrils. ThT fluorescence was measured using the Jasco-FP8300 model, and an Olympus BX51 

fluorescent microscope was used to obtain a morphological image of amyloid fibrils.  

Fourier transform infrared spectroscopy analysis 

Fourier transform infrared (FTIR) spectra of the IA samples with and without treatment were recorded 

after baseline correction. The amide I band was observed within the range of 1590-1630 cm-1, indicating the 

presence of a β-sheet structure. The degradation of IA by nCG was analysed using FTIR spectroscopy by 

comparing spectra before and after treatment. 
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Carrageenan and nanoformulated carrageenan preparation 

In this experiment, 10 mg of commercially available iota carrageenan (CG) was dissolved in distilled water 

and heated at 60 °C with continuous magnetic stirring for 30 min. Nanoformulated carrageenan (nCG) was 

synthesized using a thin-film hydration technique. A liposome was prepared using a phospholipid with NaCl, 

methanol, and chloroform [38]. The complete mixture was evaporated using a rotary vacuum pump. The thin 

lipid film was further dried in a desiccator. The film was hydrated and sonicated for 15 min. Following this, 

20 mg of CG was encapsulated within the liposomal vesicle by sonicating for 15 min at 20 to 25 °C.  

Experimental groups 

Based on the in vitro toxicity and amyloid degradation experiments in the zebrafish model. Two doses of CG 

and nCG were chosen for the study. Dose A of CG and nCG (50 mg kg-1) and Dose B of CG and nCG (300 mg kg-1). 

42 male Wistar albino rats were divided into seven groups (n=6 in each group) as mentioned below. 

The experimental animals were randomly allocated into seven groups to evaluate the therapeutic effects 

of CG and nCG under normal and IA-induced conditions. Group 1 served as the CG sample control and 

received 0.9 mL of buffer along with 0.1 mL of dose B of CG, while Group 2 functioned as the nCG sample 

control and was administered 0.9 mL of buffer and 0.1 mL of dose B of nCG. Group 3 served as the disease 

control and received 0.9 mL of IA and 0.1 mL of PBS without treatment. Treatment groups included Group 4, 

which received IA together with a low dose (dose A) of CG, and Group 5, which received IA combined with a 

high dose (dose B) of CG. Similarly, Group 6 received IA and a low dose (dose A) of nCG, whereas Group 7 

received IA with a high dose (dose B) of nCG. This experimental design enabled a comparative assessment of 

the dose-dependent effects of CG and nCG against IA-induced pathological changes while also including 

appropriate control groups for accurate evaluation. 

Each treatment sample was administered subcutaneously for 28 consecutive days on the left side of the 

abdomen. During the study period, all animal groups received a normal diet. This study's experimental 

protocol was designed in compliance with the International Guidelines for the Care and Use of Laboratory 

Animals (Institute of Laboratory Animal Resources, 1996) and approved by the Institute of Animal Ethics 

Committee (IAEC) at Chettinad Academy of Research and Education (CARE), Chennai (IAEC3/proposal: 171/A. 

Lr: 133/ Dt: 13.12.2024).  

Histopathological analysis 

After 28 days of repeated subcutaneous administration of insulin amyloid (IA) fibrils, an amyloid waxy 

mass developed in the experimental groups. This amyloid mass was excised and weighed. Major organs 

(brain, heart, liver, kidney, and spleen) were also collected from all groups to evaluate potential toxic effects. 

The collected tissues and organs were rinsed three times in 0.9 % saline and stored in 10 % formalin. The 

waxy mass tissues were then paraffin-embedded, and 5 µm-thick sections were prepared and mounted on 

glass slides. The sections were stained with haematoxylin and eosin (H&E), Congo red, and PAS and examined 

under a light microscope at 10 and 40 magnification. Intensity-based colour heatmaps were generated 

from Congo red-stained histopathological images using ImageJ software. The heatmap facilitates enhanced 

visualization and interpretation of amyloid deposition. Furthermore, ThT staining was employed to assess 

amyloid deposition in paraffin-embedded waxy mass tissue sections obtained from groups G1 to G7 using a 

Lumina small animal in vivo imaging system. The extent of amyloid-associated fluorescence was quanti-

tatively analysed by measuring the fluorescence intensity within the selected regions of interest (ROIs). 

Haematological parameters 

The animals were anesthetized, and the blood samples were collected from the retro-orbital plexus for all 

experimental groups. The collected blood was immediately transferred into EDTA-coated tubes and stored at 
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4 °C until analysis. A complete blood count (CBC) was performed, including evaluation of haematological 

parameters such as red blood cells (RBC), white blood cells (WBC), packed cell volume (PCV), mean corpuscular 

volume (MCV), mean corpuscular haemoglobin (MCH), haemoglobin, neutrophils, lymphocytes, monocytes, 

eosinophils, basophils, platelets, mean platelet volume (MPV) and mean corpuscular haemoglobin concen-

tration (MCHC). All analyses were carried out using an EXIGO EOS vet haematology analyser.  

2.9. Blood serum biochemical analysis 

Blood was collected from the retro-orbital plexus in uncoated EDTA tubes and maintained at room 

temperature for 1 h. The blood samples were then centrifuged at 4000 rpm for 10 min. Serum was used to 

analyse various serum proteins, including blood urea nitrogen (BUN), sodium, total protein, albumin, total 

bilirubin, and uric acid, using the A15 Auto biochemical analyser. 

2.10. Statistical analysis 

Significant differences between groups were analysed using One-way ANOVA. A p-value below 0.05 was 

deemed statistically significant. The experimental data were expressed as mean ± standard error. The 

differences between the control and treatments were represented as * - p <0.05, ** - p <0.02, *** - p <0.01, 

**** - p <0.001. Significant differences between groups were denoted as α - p <0.001, β - p <0.01, γ - p <0.02 

and δ - p <0.05.  

Result and discussion  

Amyloid formation analysis 

Thioflavin T (ThT) is a benzothiazole-based fluorescent dye. It exhibits increased fluorescence by binding 

to insulin amyloid fibrils. In this study, the newly formed insulin amyloid was evaluated using a ThT 

fluorescence assay after incubating insulin at 65 °C overnight. A significant increase in fluorescence intensity 

was observed compared to ThT and ThT+BSA. Bovine serum albumin (BSA) was used as a negative control 

(non-amyloidogenic). The increased fluorescence intensity indicates the formation of a characteristic cross-

β sheet structure, as depicted in Figure 1A.  

 
Figure 1. Confirmation of insulin amyloid formation by thioflavin T fluorescence analysis. (A) ThT-fluorescence assay 

demonstrates the formation of insulin amyloid fibrils. A significant increase in fluorescence intensity confirms the con-
version of soluble insulin into β-sheet-rich amyloid aggregates. The enhanced fluorescence indicates the specific binding 
of ThT dye to IA (black). ThT alone (green) and ThT+BSA (pink) exhibited minimal fluorescence, indicating the absence of 

amyloid structure. (B) Fluorescence microscopic image of IA stained with ThT showing bright green fluorescence 
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The morphological structure of the amyloid fibrils was examined using fluorescence microscopy. ThT dye 

bound to IA showed bright yellow-green fluorescence with distinct fibrillar morphology, which further 

confirms the mature IA formation (Figure 1B).  

Fourier transform infrared spectra analysis 

FTIR analysis was conducted to assess structural modifications in preformed IA alone and in IA 

treated with nCG. The untreated IA exhibited a prominent peak at 1629 cm-1, confirming a β-sheet-

rich secondary structure in the amide I region (Figure 2A). IA treated with nCG showed a peak shift 

to 1657 cm-1 with a lower intensity, indicating a reduction in β-sheets (Figure 2B). This reduction in 

β-sheet content provides strong evidence supporting the anti-amyloidogenic potential of nCG. 

 
Figure 2. FTIR spectra of IA before and after degradation by nCG. (A) FTIR spectrum of IA showing characteristic 

absorption peaks corresponding to the β-sheet structure of amyloid. (B) FTIR spectrum of IA after degradation by nCG 
showing the alterations in peak intensity, shifting of functional groups, and indicating β-sheet structural reduction of 

IA after being treated with nCG 

Morphological investigation of amyloid mass 

A distinct waxy amyloid mass developed at the left abdominal injection site after repeated subcutaneous 

injection. The growth of the amyloid mass was photographed on days 14 and 28, depicted in Figure 3. At day 

14, the G3 group showed a prominent waxy mass, as reported by Metkar et al [25]. The groups treated with 

CG and nCG showed a smaller mass, indicating that treatments reduced amyloid formation at an early stage.  

 
Figure 3. Representative images of the injection site of rats on day 14 and day 28. The images illustrate the 

comparative progression and regression of IA deposition among the experimental groups for 28 consecutive days. On 
day 14, the IA deposition was observed at the injection site in G3, G4, and G5. On day 28, the untreated IA group 

showed further enlargement of the amyloid mass in G3. In contrast, the treated groups showed a noticeable reduction 
in amyloid mass size, indicating the anti-amyloidogenic effect of the treatment 
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By day 28, the IA-injected animals showed increased mass size. However, the treated groups showed 

reduced mass size. Among them, the nCG-treated group showed better improvement than the CG-treated 

group, with a smaller mass size.  

After 28 days, the masses were excised and weighed to evaluate amyloid degradation. Two different doses 

of CG and nCG (50 mg/kg and 300 mg/kg) were tested. Morphological observation revealed a large amyloid 

mass in the untreated IA group, whereas treatment with CG and nCG resulted in a reduction in the mass size 

(Figure 4A). The excised masses were weighed, showing that CG reduced the amyloid mass by up to 36.9% 

and 43%, and nCG showed a greater reduction of 74% and 77.7% at Dose A and Dose B, respectively (Figures 

4B and C). Treatment with CG (300 mg/kg) showed a decrease compared to the IA untreated positive control. 

Notably, treatment with nCG exhibited a statistically significant reduction (p<0.001) in subcutaneous amyloid 

mass compared to both the IA and IA+CG groups. Both morphological assessment and excised tissue weight 

results confirmed nCG's distinct inhibitory effect on subcutaneous amyloid deposition.  

 
Figure 4. The weight of subcutaneously formed masses were compared between the groups: (A) morphological image 
of the excised amyloid mass (B) comparison between IA (untreated which received IA fibrils), IA+CG (which received IA 
fibrils and 50 mg kg-1, 300 mg kg-1 of CG), (C) IA (untreated which received IA fibrils), IA+nCG (which recived IA fibrils 

and 50, 300 mg kg-1 of nCG). Significant differences between control groups are represented as ***p <0.01, **** 
p<0.001, and between groups as α - p <0.001 

Monitoring of body weight, feed, and water intake 

Body weight, feed, and water intake of all experimental groups were monitored throughout the 28-day study 

period (Supplementary material, Tables S1, S2, and S3). Body weight in the G1 and G2 groups increased 
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gradually from day 1 to 28. A similar increase in body weight was also observed in the IA-injected groups. A 

significant variation was noted in the IA-injected group compared with the other treatment groups. Feed intake 

in the G3 (IA) was comparable to that of the other groups on day 1. After 7 days of injection, feed intake 

decreased significantly compared to groups G5 to G7. In the groups treated with CG and nCG, water 

consumption remained similar to that of other groups, whereas the IA-injected groups showed lower water 

intake by day 28. Overall, the findings show that although feed intake decreased after IA injection, body weight 

continued to increase, indicating the accumulation of localized amyloid deposits in the abdominal region.  

Histopathological observation 

Localized amyloid deposition and its degradation were examined histopathologically using H&E staining, 

Congo red, periodic acid-Schiff (PAS), and ThT staining. H&E staining of the IA group (G3) showed prominent 

amorphous eosinophilic deposits in the subcutaneous tissue, with significant inflammatory cell infiltration, 

focal necrosis, and sporadic multinucleated giant cells surrounding the deposits, confirming the localized 

amyloid accumulation (Figure 5A). G4 and G5 (IA+CG) treated groups exhibited eosinophilic deposition and 

necrosis in the cutaneous layer. In G4 (Figure 6A) and G5 (Figure 6B) groups, the presence of necrotic regions 

and eosinophilic deposits was shown. However, these changes were notably reduced compared to the G3 

group. This reduction indicates partial amyloid degradation. Similarly, the IA+nCG-Treated (Figure 6C and 6D) 

showed minimal necrosis and no eosinophilic deposits. Hence, these data altogether confirm the degradation 

effect of nCG. In both the G1 and G2 groups treated with CG and nCG, normal tissue morphology was 

observed. A mild inflammatory response was observed at the CG-treated injection site and reduced 

inflammation in the nCG treatment, suggesting that the nanoformulated drug effectively minimized the 

inflammatory response associated with native CG. Figure S1, Supplementary material, shows the H&E-

stained sections of rats injected with CG and nCG via subcutaneous injection. Amyloid deposition was then 

validated by Congo red staining, a gold-standard technique for amyloid detection. Figure 5C depicts the 

formation of amyloid in the excised tissue. Positive staining was noted in IA and IA+CG (G4) groups, whereas 

the nCG-treated groups (Figure 7E and 7G) did not show any positivity for Congo red staining. To visualize 

clearer positive amyloid regions, heatmaps were generated. Amyloid-positive regions were distinctly 

highlighted in yellow, whereas non-amyloid tissue regions appeared in purple (Figure 5D). The amyloid-

deposited area was 80.71% in G3. The CG-treated groups (Figure 7B and D) exhibited prominent yellow areas, 

indicating persistent amyloid deposits within the tissue sections. G4 and G5 showed 71.29 and 68.73 % 

amyloid, indicating dose-dependent attenuation. Comparatively, the nCG-treated groups (Figure 7F and H) 

showed no detectable yellow regions, suggesting effective attenuation and clearance of amyloid deposition 

following treatment. The localized amyloid IA showed negative PAS staining (Figure 5B), which corroborated 

the deposition of amyloid in the cutaneous layer. Previous studies have also reported similar findings, 

highlighting the amyloid-reducing effectiveness of turmeric [23]. Additionally, our previous study using 

lumbrokinase and serratiopeptidase demonstrated antiamyloid activity by reducing amyloid formation in a 

rat model [25]. Histopathological analysis of major organs showed various alterations among the groups. In 

CG- and nCG-treated animals, mild congestion and inflammation were noticed in the kidney, and other 

organs remained normal. In the IA-treated groups, the kidneys showed tubular damage and coagulative 

necrosis, and the spleen showed significant congestion. IA+CG (G4) showed renal congestion with 

inflammatory changes in the spleen. In G5, splenic congestion was observed with inflammation in the liver. 

The G6 group showed slight congestion, while the remaining organs appeared normal. In G7, no detectable 

abnormalities in any of the examined organs, as presented in Figure S2.  
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Figure 5. Histopathological observation of subcutaneous amyloid mass in the IA-induced group (G3). (A) H&E-stained 
section showing eosinophilic deposits. (B) PAS-stained section showing PAS-negative. (C) Congo red-stained section 

viewed under bright-field microscopy demonstrating characteristic amyloid deposits within the subcutaneous tissue. 
(D) Intensity-based heatmap representation of a Congo red-stained histopathological section showing separation of 
amyloid and non-amyloid regions. (E) ThT-stained pathology slides visualized using an in vivo imaging system. They 

show enhanced intensity corresponding to amyloid deposition. Arrows highlight eosinophilic and amyloid deposits in 
the subcutaneous layer 

 
Figure 6. H&E-stained sections of abdominal subcutaneous amyloid mass from treatment groups. (A) IA-treated with 
CG low dose. (B) IA-treated with CG high dose. (C) IA-treated with nCG low dose. (D) IA-treated with nCG high dose. 

Arrows indicate eosinophilic deposits within the subcutaneous tissue section 
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Figure 7. Congo red-stained sections of abdominal subcutaneous mass from treatment groups. (A) IA-treated with CG 

low dose. (B) Intensity-based heatmap analysis of Congo red-stained IA+CG samples revealed the presence of amyloid-
positive regions with moderate fluorescence intensity. (C) IA treated with CG high dose. IA treated with CG confirmed 

the presence of amyloid deposits within the tissue, observed as red-stained regions under bright-field microscopy.  
(D) Intensity-based heatmap analysis of Congo red-stained IA+CG (high dose). (E) IA treated with low-dose nCG,  

(F) Intensity-based heatmap analysis of Congo red-stained IA+nCG (low dose). (G) IA treated with high-dose nCG.  
(H) Intensity-based heatmap analysis of Congo red-stained IA+nCG (high dose). IA treated with nCG comparatively 

showed no visible red-stained region, indicating the antiamyloidogenic effect of the treatments on amyloid deposits. 
Amyloid-positive (red regions) are indicated by black arrows 

Thioflavin T staining  

ThT-stained pathological sections in slides were used to assess amyloid presence at the injection site. 

Strong fluorescence was observed in the IA group (Figure 5E and 8C), confirming the amyloid deposition. G4 

and G5 (Figures 8D and 8E) showed reduced fluorescence intensity, which indicates partial degradation. No 

significant fluorescence was detected in G6 and G7 (Figure 8F and 8G), suggesting effective amyloid 

degradation. Similarly, G1 and G2 showed no fluorescence, confirming the specificity of the ThT binding to 
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amyloid deposits. Quantitative analysis of fluorescence intensity was performed using the ROI tool in the 

Lumina in vivo imaging system, depicted in Figure 9. These findings confirm the aforementioned results and 

show that both nCG doses reduced amyloid mass.  

 
Figure 8. Histopathological slides stained with ThT and visualized using an in vivo imaging system exhibited 

fluorescence signals at localized amyloid deposits on the abdominal subcutaneous mass. (A) G1 received CG,  
(B) G2 received nCG and both groups showed no detectable fluorescence due to the absence of amyloid deposits.  

(C) G3 received IA, exhibited intense fluorescence, indicating significant amyloid accumulation in the subcutaneous 
layer. (D) G4 received IA and Dose A of CG, (E) G5 received IA and Dose B of CG, showing comparatively reduced 

fluorescence intensity. (F) G6 received IA and Dose A of nCG, (G) G7 received IA and Dose B of nCG, showing minimal 
fluorescence, suggesting the amyloid degradation effect of nCG 

 
Figure 9. ROI fluorescence values of ThT-stained pathology slides obtained by the in vivo imaging system. Increased 
fluorescence intensity corresponds to higher amyloid accumulation, while treatment groups showed reduced ROI 

fluorescence values compared with the untreated IA group, indicating decreased amyloid deposition after treatment 
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Hematological parameters 

Haematological parameters, including RBC, WBC, PCV, MCV, MCH, haemoglobin, neutrophils, lympho-

cytes, monocytes, eosinophils, basophils, platelets, MPV and MCHC, were analysed across all experimental 

groups (Table 1). Most parameters were within normal physiological ranges, except PCV and platelets, 

indicating that localized subcutaneous amyloid deposition did not lead to systemic amyloidosis. PCV differed 

significantly between the IA and nCG-treated groups (p <0.001), with additional variations in the CG and nCG-

treated groups compared with the control. Furthermore, there was a significant difference (p <0.05) between 

the IA and IA+nCG (Dose B) groups. Platelet counts showed statistically significant changes (p <0.001) in both 

the IA and treated groups. Basophils were absent in all groups. The alteration in PCV and platelet counts may 

be due to a localized inflammatory response. It may also result in local amyloid buildup, which can trigger 

localized inflammatory responses associated with amyloid deposition and influence haematopoiesis and 

platelet activation.  

Table 1. Haematological parameters of different treatment groups were analysed. Values are expressed as mean ± 
standard error. α - p <0.001 represents the significant differences between the groups  

Groups 
CG 

300 mg kg-1 
nCG 

300 mg kg-1 
IA 

IA+CG IA+nCG 

50 mg kg-1 300 mg kg-1 50 mg kg-1 300 mg kg-1 

Haemoglobin 11.6±1.0 12.95±0.55 11.7±0.2 11.48±2.32 11.3±1.2 12.55±0.55 11.6±1 

RBC 8.41±1.01 9±0.8 9.235±1.3 8.86±1.26 8.93±0.93 9.47±2.5 8.4±1.3 

WBC 7.71±1.71 8.03±0.63 11.405±2.6 13.03±0.03 10.67±0.37 8.8±2 8.96±2.86 

Platelets count 1097.5±5α 1159±47α 1013.5±53α 1165±85α 1098±62 1052±44β 1045.5±34.5δ 

PCV 345.25±290.75α 53.2±5α 52.2±13.2α 52.45±12.35 49.75±8.35 45.2±5.4 48.65±10 

MCV 55.7±5.3 57.1 ± 5.3 54.15±7.75 52.5±2.8 51.35±7.55 47.1±6 50.65±10 

MCH 12.45±2.25 13.85±1.25 12.85±1.95 13.7±2.6 12.65±2.35 13.8±1.9 13.75±2.75 

Neutrophils 25±5 42.5 ± 18.5 35±7 31.5±8.5 29.5±8.5 32±11 25.5±3.5 

Lymphocytes 71.5 ± 3.5 53 ± 16 59±6 63.5±6.5 67±8 65.5±9.5 66±6 

Monocytes 2.5±0.5 3.5±1.5 3.5±0.5 3.5±1.5 3±0 2±1 2.5±1.5 

Eosinophils 1±1 1±1 2±1 1.5±0.5 0.5±0.5 0.5±0.5 1±1 

Basophils - - - - - - - 

MCHC 16.15±0.55 19.5±2.8 17.85±0.35 19.9±1.7 21.6±4.2 22.85±4.35 22.2±4.2 

MPV 7.55±0.45 7.4±0.3 7.2±0.3 7.5±0 7.75±0.35 7.9±0.1 7.35±0.35 

Serum biochemical parameter analysis 

The biochemical parameters across all experimental groups are shown in Figure 10. The analyzed markers 

included BUN, sodium, total protein, albumin, blood urea nitrogen, total bilirubin, and uric acid. Among these, 

BUN levels were increased in the G6 and G7 groups, showing a significant difference (p <0.05). Uric acid 

exhibited a significant difference between the G3 and all treatment groups (p <0.001). Sodium levels also 

showed notable variation (p <0.001). Overall, the observed changes in BUN, sodium, and uric acid, and no 

notable alterations were detected in other biochemical parameters. These findings indicate that localized 

amyloid deposition and subsequent treatment do not lead to systemic toxicity.  

Amyloid deposition in the subcutaneous layer leads to the development of localized amyloidosis [39,40]. 

A prominent type of localized amyloidosis is observed at insulin injection sites among diabetic patients. Since 

the initial documentation of insulin-induced localized amyloidosis in 1983, numerous studies have explored 

the pathological characteristics and development of insulin-related amyloid accumulation in both human and 

experimental animal models. A previous study by Chinisaz et al. [24] showed that repeated subcutaneous 

injection of insulin amyloid for 21 consecutive days led to the formation of localized amyloid deposits in mice. 

Similarly, the repeated injection in rats resulted in the development of amyloid mass, while treatment with 

turmeric notably reduced the size of amyloid and modified tissue structure [23]. Azarfar et al. reported that 

silymarin reduced amyloid deposition and inflammatory markers such as MMP2, TNF-α, and IL-6 in localized 

insulin-derived amyloidosis in a rat model [9].  
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Figure 10. Biochemical levels of animals treated with different experimental groups. (A) BUN, (B) sodium,  

(C) creatinine, (D) total protein, (E) uric acid, (F) total bilirubin, (G) albumin. Statistical significance within the groups 
was represented as δ - p <0.05, γ - p <0.02 and α - p <0.001 

Oleanolic acid exhibited antioxidant and anti-Alzheimer's properties by reducing oxidative stress and 

inhibiting Aβ1-42 aggregation [41]. These findings highlight the potential of insulin-derived localized 

amyloidosis models for exploring antiamyloid therapeutic agents. Zhang et al. reported that low-molecular-

weight λ-carrageenan enhanced cognitive function and reduced amyloid-related pathology in rats induced 

with AD [42]. K-carrageenan oligosaccharides decreased Aβ1-42 deposition and mitigated inflammation by 

inhibiting microglial activation in APP/PS1 transgenic mice [43]. The CG liposomes loaded with homotaurine 

effectively inhibited the aggregation of amyloid peptide [44].  

CG has shown promising antiamyloid activity in ND models; however, few studies have explored its impact 

on localized insulin-derived amyloidosis. In the present study, insulin amyloid was injected over 28 

consecutive days, resulting in localized amyloid masses confirmed by increased size and histopathological 

staining. Compared with the untreated group IA (G3), the CG- and nCG-treated groups significantly reduced 

localized amyloid deposition; nCG (300 mg kg-1) showed an excellent inhibitory effect. Previous in vitro 

findings from our work demonstrated that nCG effectively inhibited amyloid, and the present in vivo 

observation on localized amyloidosis further supports these results. Currently, the treatment of localized 

amyloidosis primarily depends on the surgical removal of insulin mass and avoidance of injection sites. 

Therefore, these results indicate that nCG could be a therapeutic option for localized insulin amyloidosis. The 

experimental model used in this research may provide a valuable platform for assessing new antiamyloid 

agents under physiological conditions.  
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Conclusion 

The current study extends our previous research using a zebrafish model, in which administration of CG 

and nCG resulted in a significant reduction in insulin amyloid fibrils within 2 h of injection. In that particular 

study, insulin amyloids were co-injected with a marine source, and amyloid degradation was measured 

without allowing the development of a localized amyloid mass within the organism. To better mimic the 

pathological progression of localized amyloidosis, the current study was extended to an in vivo rat model. 

The insulin amyloid mass was developed prior to therapeutic intervention. This method made it possible to 

assess the amyloid degradation efficacy of CG and nCG on pre-existing amyloid deposits. This physiologically 

relevant evaluation of the nanoformulation supports its use in reducing localized amyloidosis and suggests 

its application for clearing accumulation in other tissues. The histopathological observation of amyloid mass 

sections further supported these findings. In the experimental groups treated with nCG, H&E staining 

revealed no detectable amyloid degradation, while Congo red staining was negative in treated samples and 

positive for amyloid deposits in IA. The presence of amyloid deposits was confirmed by groups that had 

insulin amyloid mass and showed a prominent eosinophilic appearance in H&E-stained sections.  
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