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ABSTRACT 

Purpose: Effective disease-modifying treatments for Alzheimer’s disease remain 

limited. We examined low-concentration nano-niosomal dimethyl fumarate (N-

DMF) in an acute bilateral hippocampal amyloid-β25–35 rat model. 

Methods: DMF-loaded niosomes were characterized by electron microscopy, 

dynamic light scattering, zeta-potential measurement, encapsulation analysis, and 

in vitro release. Forty adult male Wistar rats were randomly allocated to Sham, Aβ, 

Aβ+DMF, or Aβ+N-DMF groups (n=10/group). Free DMF was given orally at 25 

mg/kg on four alternate days; N-DMF delivered 1.5 mg DMF per rat per 

administration (approximately 5.0–6.0 mg/kg). Behavioral outcomes, hippocampal 

oxidative and inflammatory markers (n=6/group), immunoblot endpoints 

(n=3/group), and qualitative Congo red staining (n=3 in Sham and Aβ groups) were 

assessed. 

Results: The pre-filtration dispersion had a DLS Z-average of 404.6 nm, a 

polydispersity index of 0.316, a zeta potential of −34.0 mV, and 78.39% 

encapsulation efficiency. Compared with untreated Aβ-injected rats, N-DMF was 

associated with higher phospho-Nrf2, NQO1, and SOD activity; lower BACE1, 

phospho-NF-κB p65, calcineurin A, NFATC1, C1q, C3, MDA, TNF-α, and IL-6; 

and better performance in the measured behavioral endpoints. 

Conclusion: In this acute model, low-concentration N-DMF was associated with 

molecular, biochemical, and behavioral changes. These findings do not establish 

improved brain delivery, carrier-specific efficacy, or a causal relationship between 

Nrf2 signaling and behavioral outcomes. 
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Introduction 

Alzheimer disease is the leading cause of dementia and accounts for an estimated 60%–70% of cases worldwide.1,2 

Its clinical and societal burden is increasing, while effective disease-modifying treatments remain limited.3 Human 

Alzheimer’s disease develops over years and includes amyloid, tau, vascular, inflammatory, and 

neurodegenerative changes.4,5 Amyloidogenic cleavage of amyloid precursor protein by β-site amyloid precursor 

protein-cleaving enzyme 1 (BACE1) and γ-secretase contributes to Aβ production, but this pathway represents 

only one component of the human disorder.6 

Aβ can engage microglial pattern-recognition systems and alter calcium-dependent signaling in experimental 

models.7-9 Calcineurin-dependent activation of nuclear factor of activated T cells (NFAT) and activation of nuclear 

factor kappa B (NF-κB) have each been linked to inflammatory gene expression in the diseased brain.10-12 

Complement proteins provide another connection between glial activation and synaptic injury: microglial C1q 

and astrocyte-associated C3 can promote the recognition and removal of vulnerable synapses in model 

systems.13,14 Model-specific findings require cautious interpretation because experimental neurodegeneration 

models may reproduce a selected phenotype without representing Alzheimer disease as a whole.15 Brain 

phagocytosis can likewise be homeostatic or injurious, depending on context.16 Loss of synaptic function is closely 

related to cognitive impairment, and behavioral tasks can provide indirect readouts of the affected neural 

systems.17 

The transcription factor Nrf2 coordinates cellular responses to electrophilic and oxidative stress.18 DMF and 

related fumarates can influence Nrf2-dependent and Nrf2-independent immune pathways.19,20 Under basal 

conditions, Keap1-dependent turnover limits Nrf2 abundance; electrophilic modification of Keap1 permits Nrf2 

stabilization and transcription of antioxidant-response genes such as NQO1.21,22 DMF has therefore been studied 

in neuroinflammatory and neurodegenerative settings.23 Its established systemic use is accompanied by adverse 

effects, including flushing and gastrointestinal symptoms.24 Nrf2 responses also vary with cellular context and 

disease stage, which argues against interpreting a single phosphoprotein measurement as proof of sustained 

pathway activation.25 

Nanocarriers are being explored as a means of modifying drug stability, release, and tissue exposure.26 Nano-

niosomes have also been investigated as carriers for central nervous system delivery.27,28 However, the potential 

advantages of a nano-niosomal formulation should not be interpreted as evidence of improved blood-brain barrier 

transport without direct measurements of drug exposure in plasma and brain. Therefore, in the present study, we 

evaluated a DMF-loaded niosomal formulation in an acute bilateral hippocampal Aβ25–35 rat model and 

compared its molecular, biochemical, and behavioral effects with those observed in Aβ-injected control animals 

and in animals receiving free DMF at a non-dose-equivalent regimen. The assessments included formulation 

characteristics, Nrf2/NQO1, BACE1, NF-κB, calcineurin/NFATC1, complement proteins, oxidative and 

inflammatory markers, and three behavioral tasks. The study was exploratory and was not designed to establish 

pharmacokinetic superiority, enhanced brain delivery, or a causal pathway. 

Materials and Methods 

Preparation of DMF-loaded niosomes 

DMF-loaded niosomes were produced by thin-film hydration. Cholesterol and Span 60 were dissolved in 6 mL 

chloroform and 3 mL methanol. The solvents were removed under vacuum at 60°C in a rotary evaporator 

operating at 150 rpm, leaving a thin lipid film. The film was hydrated for 30 min at 60°C with 10 mL phosphate 

buffer (pH 7.2) containing DMF while stirring at 120 rpm. The dispersion was sonicated for 5 min using 30-s 

on/30-s off cycles at 30% amplitude under controlled temperature. It was then passed sequentially through 
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polycarbonate syringe filters with nominal pore sizes of 200 nm and 100 nm before administration. Particle size, 

PDI, and zeta potential were not remeasured after this filtration step. 

Physicochemical characterization 

Particle morphology was examined by scanning electron microscopy (MIRA3; TESCAN, Czech Republic) and 

transmission electron microscopy. Hydrodynamic diameter and polydispersity index (PDI) were measured at 25°C 

by dynamic light scattering with a Zetasizer equipped with a 633-nm laser. Surface zeta potential was measured 

on the same instrument. The reported DLS, PDI, and zeta-potential values describe the selected dispersion before 

sequential filtration. During formulation optimization, the PDI decreased from approximately 0.4 in initial 

preparations to 0.316 in the selected preparation; batch-level measurements were not retained. No experiments 

assessed rat-serum stability, protein-corona formation, aggregation in biological media, or route-specific 

absorption. 

Encapsulation efficiency 

Free DMF was separated from the niosomal fraction by ultrafiltration. The formulation was centrifuged at 4°C 

and 4000 ×g for 20 min in an Amicon Ultra-15 filter (30-kDa molecular-weight cutoff). DMF in the filtrate was 

measured spectrophotometrically at 210 nm. Encapsulation efficiency was calculated as: 

Encapsulation efficiency (%) = 
𝑡𝑜𝑡𝑎𝑙 𝐷𝑀𝐹 - 𝑓𝑟𝑒𝑒 𝐷𝑀𝐹

𝑡𝑜𝑡𝑎𝑙 𝐷𝑀𝐹
 × 100 

In vitro release 

Two milliliters of DMF-loaded niosomes, empty niosomes, or free-DMF solution were placed separately in 

dialysis bags and immersed in 50 mL phosphate-buffered saline (pH 7.4) at 37°C. Samples were collected at 1, 2, 

4, 8, 24, 48, and 72 h, and DMF was quantified at 210 nm. Cumulative release was compared between free DMF 

and N-DMF. The empty formulation was included only as an in vitro control and was not evaluated as an in vivo 

treatment group. 

Animals and ethical approval 

Forty adult male Wistar rats (250–300 g) were maintained at 22 ± 2°C under a 12-h light/dark cycle with 

unrestricted access to standard food and water. The study used males only, and sex-dependent responses were not 

assessed. Procedures were approved by the Tehran University of Medical Sciences Ethics Committee 

(IR.TUMS.AEC.1402.202 and IR.TUMS.AEC.1403.051) and were reported as compliant with ARRIVE 

guidance, EU Directive 2010/63, and the NIH Guide for the Care and Use of Laboratory Animals. Anesthesia for 

surgery consisted of intraperitoneal ketamine (70 mg/kg) and xylazine (10 mg/kg), with ketorolac (0.86 mg/kg) 

given as required for analgesia. At the endpoint, rats received ketamine (100 mg/kg) and xylazine (10 mg/kg); 

after adequate anesthesia was confirmed, they were decapitated and the remains were disposed of according to 

institutional procedures. 

Acute hippocampal Aβ25–35 model 

Under anesthesia, bilateral guide cannulae were positioned over the hippocampi using the Paxinos rat brain atlas 

(anteroposterior −3.3 mm, mediolateral ±2.0 mm, dorsoventral 3.5 mm). Animals recovered for 5 days. Aβ25–35 

(5 μg in 2.5 μL per side; Kimia Pajouh Dorsa, Iran) was then injected bilaterally once daily on study days 1–4.29 

This procedure produces an acute peptide-injection injury and does not reproduce the chronic amyloid, tau, 

vascular, and neurodegenerative features of human Alzheimer disease. 
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Treatment groups and dosing 

Animals were selected for inclusion based on the predefined body-weight range of 250–300 g and assigned to 

four experimental groups (n=10/group). The allocation of animals to the four experimental groups was performed 

randomly. Inclusion criteria were adult male Wistar rats weighing 250–300 g and appearing healthy at study entry. 

No animals were excluded based on behavioral performance or experimental response. The sample size of 10 

animals per group was selected based on previous studies and prior experience from our laboratory. 

The Sham group received 3 μL dimethyl sulfoxide (DMSO) bilaterally on days 1–4, followed by 1 mL normal 

saline by gavage on days 11, 13, 15, and 17. The Aβ group received Aβ25–35 as described above and the same 

saline schedule. The Aβ+DMF group received Aβ25–35 followed by free DMF (Parsian Pharmaceutical 

Company, Iran) at 25 mg/kg in 1 mL saline by gavage on days 11, 13, 15, and 17.30 Body weight was used to 

calculate the amount administered to each rat; at 250–300 g, this corresponded to 6.25–7.50 mg free DMF per 

administration. Across four administrations, the nominal cumulative exposure was 100 mg/kg. 

The Aβ+N-DMF group received Aβ25–35 followed by DMF-loaded niosomes on days 11, 13, 15, and 17. Each 

administration contained a fixed DMF-equivalent amount of 1.5 mg per rat. Because rats weighed 250–300 g, this 

corresponded to approximately 5.0–6.0 mg/kg per administration. Across four administrations, each rat received 

6 mg DMF in the nanoformulation, corresponding to a nominal cumulative exposure of approximately 20–24 

mg/kg.  

Behavioral assessment 

Behavioral testing included novel-object recognition, passive avoidance, and the Barnes maze. The researchers 

who conducted the behavioral tasks were different from the researchers who performed model induction and were 

blinded to group allocation. 

Novel-object recognition test 

The novel-object recognition task was conducted on days 16–18 in a 40 × 50 cm arena with 50-cm walls. On day 

16, each rat explored the empty arena for 10 min. On day 17, two identical objects were placed in separate corners 

and exploration was recorded for 10 min. On day 18, one familiar object was replaced with a novel object and 

exploration was again recorded for 10 min. Recognition was summarized using the discrimination index and the 

discrimination ratio: 

𝑑1 = 𝑇𝑛𝑜𝑣𝑒𝑙  - 𝑇𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟  

𝑑2 = 
𝑑1

(𝑇𝑛𝑜𝑣𝑒𝑙  + 𝑇𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟)
 

Passive avoidance 

The apparatus contained illuminated and dark compartments separated by a guillotine door. Its grid floor 

comprised 2-mm stainless-steel rods placed 10 mm apart. On day 16, each rat acclimated for 5 min, was placed 

in the illuminated compartment, and was allowed to enter the dark compartment. Entry was followed by one 

scrambled foot shock (0.5 mA, 1500 μs). On day 17, the procedure was repeated without shock; latency to enter 

the dark compartment was recorded as the retention outcome. 

Barnes maze 

Spatial performance was assessed on a circular, 100-cm Plexiglas platform containing twenty 10-cm perimeter 

holes. A dark 20 × 20 cm escape box could be positioned beneath the target hole and connected by a shallow 

ramp. Day 16 was an adaptation session: each rat explored the maze for 2 min without the escape box. Acquisition 

training was conducted on days 17–20, with the target hole and escape box in place; animals completed two 2-

min trials per day using stable distal visual cues. On day 21, animals completed a 2-min target-retrieval (memory-
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retention) trial using the same target location and procedure as during acquisition; the target hole and escape box 

remained available. A retention session using the same escape-box location and training procedure has been 

reported in a Barnes-maze study.31 This session was therefore not a conventional probe trial, in which the escape 

box is removed. Escape latency and the number of errors (number of non-target holes investigated before the 

target hole) were recorded. The newly supplied animal-level Barnes workbook contains one latency and one error 

value for each rat from the day-21 target-retrieval session, but no day or trial identifiers or acquisition values from 

days 17–20. 

Tissue allocation and sampling 

After behavioral testing on day 21, the animals were deeply anesthetized and decapitated. The right hippocampus 

from three rats in each of the Sham and Aβ groups was fixed in 4% formalin; paraffin blocks were prepared 4 

days later for Congo red staining. The left hippocampus from all animals was rapidly dissected, transferred in 

liquid nitrogen, and stored at −80°C. All 10 rats per group were included in the behavioral assessments. Six 

biological samples per group were selected at random for biochemical and cytokine assays, and three biological 

samples per group were selected at random for immunoblotting. Sample selection was not based on behavioral 

performance or the apparent response of an individual animal. ELISA measurements for each of the six biological 

samples were performed in duplicate technical wells. The immunoblot sample size of n=3 represents three 

different rats per group. No animals or samples were reported as excluded from the analyses. 

Immunoblotting 

Hippocampal protein was extracted in RIPA buffer and quantified with a Bradford assay kit (DNAbioTech, Iran). 

Thirty micrograms of protein per sample were separated by SDS-PAGE, transferred to PVDF membranes (Bio-

Rad Laboratories, USA), and blocked in 5% skim milk in TBST. Membranes were incubated overnight at 4°C 

with antibodies to phospho-Nrf2 (Ser40; Biorbyt, 1 μg/mL, orb6544), NQO1 (Abcam, 1:10,000, ab80588), 

BACE1 (Abcam, 1:1000, ab183612), calcineurin A (Abcam, 1:1000, ab282104), NFATC1 (Proteintech, 1:5000, 

66963-1-Ig), phospho-NF-κB p65 (Ser536; Abcam, 1:1000, ab76302), C1q (Sigma-Aldrich, 1:10,000, ZRB2039), 

C3 (Novus Biologicals, 1:1000, NBP1-32080), or β-actin (Abcam, 1:2500, ab8227). HRP-conjugated goat anti-

rabbit (Abcam, 1:10,000, ab6721) or goat anti-mouse (Abcam, 1:10,000, ab97240) secondary antibody was used 

as appropriate. Bands were detected by enhanced chemiluminescence and quantified in ImageJ. Target signals 

were normalized to β-actin. Three biological samples per group were analyzed; this small sample provides limited 

precision for pathway-level comparisons. 

Congo red staining 

Congo red staining was used to qualitatively examine Congo red-positive changes in hippocampal tissue following 

intrahippocampal administration of Aβ25–35. For this analysis, the right hippocampus from three animals in each 

of the Sham and Aβ groups was fixed in 4% formalin. After four days, the tissues were processed and embedded 

in paraffin, and sections were prepared for Congo red staining. The sections were deparaffinized and hydrated and 

then stained with 1% Congo red solution for 5 min. They were differentiated in potassium hydroxide solution for 

3–10 s and rinsed with running water. Hematoxylin was used for nuclear counterstaining. The sections were then 

dehydrated through graded alcohols, mounted, and examined under a light microscope. The assessment was 

qualitative; no counting or semiquantitative scoring was performed, and the histological assessment was 

performed under blinded conditions. 

Oxidative-stress and cytokine assays 

Malondialdehyde (MDA), used as an index of lipid peroxidation, was measured through its thiobarbituric-acid 

reaction and absorbance at 532 nm.32 For superoxide dismutase (SOD), 50 mg hippocampal tissue was 
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homogenized in 500 μL lysis buffer and centrifuged at 12,000 ×g for 5 min at 4°C. SOD activity was determined 

at 405 nm with a colorimetric kit (Navand Salamat, Iran) and expressed as reported in the source dataset. 

Hippocampal TNF-α and IL-6 were measured in duplicate with rat sandwich ELISA kits (Cusabio, China; CSB-

E11987r and CSB-E04640r). Optical density was read at 450 nm with 570-nm correction on a BioTek ELX800 

plate reader, and concentrations were derived from standard curves. 

Statistical analysis 

Analyses were performed in GraphPad Prism 10. Values are presented as mean ± SEM. Each endpoint was 

analyzed separately by one-way ANOVA followed by Tukey’s multiple-comparison test, with P<0.05 as the 

significance threshold. For each endpoint, the omnibus F statistic, P value, and omega-squared (ω²) are reported; 

Tukey-adjusted P values and Hedges’ g are provided for the indicated pairwise comparisons. For the Barnes-maze 

outcomes, the newly supplied workbook contained one day-21 latency and error value per animal (n=10/group) 

and no repeated day or trial observations. The day-21 endpoints were therefore analyzed by one-way ANOVA as 

described above; a repeated-measures or mixed-effects analysis of acquisition across days or trials, including a 

group-by-time interaction, could not be performed. No primary outcome was prespecified, and no multiplicity 

adjustment was applied across the different endpoint families. The analyses were therefore considered 

exploratory, and the findings were interpreted accordingly. 

 

The overall experimental timeline, group assignments, treatment schedule, behavioral assessments, and terminal 

tissue allocation are summarized in Figure 1. 

 

Figure 1. Experimental design and study timeline. After bilateral hippocampal cannulation and a 5-day recovery period, rats 

received bilateral DMSO or Aβ25–35 injections on study days 1–4 and were assigned to the Sham, Aβ, Aβ+DMF, or Aβ+N-

DMF groups (n=10/group). Oral gavage was administered on days 11, 13, 15, and 17. Novel-object recognition was conducted 

on days 16–18, passive avoidance on days 16–17, and the Barnes maze on days 16–21. After behavioral testing on day 21, 

hippocampal tissue was collected for qualitative Congo red staining and molecular/biochemical analyses. Aβ, amyloid-β; 

DMF, dimethyl fumarate; N-DMF, nano-niosomal dimethyl fumarate. 

 

Results 

Niosome characterization and DMF release 

Electron microscopy showed predominantly rounded vesicular structures. The mean diameter reported from TEM 

was approximately 380 nm. Before sequential filtration, dynamic light scattering yielded a Z-average of 404.6 nm 

and a PDI of 0.316, and the measured zeta potential was −34.0 mV (Figure 2a–d). During formulation 

optimization, the PDI decreased from approximately 0.4 in initial preparations to 0.316 in the selected preparation. 
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Size, PDI, and zeta potential were not re-evaluated after passage through the 200-nm and 100-nm filters; 

consequently, the hydrodynamic size and surface charge of the gavaged preparation are unknown. Batch-to-batch 

PDI, serum stability, protein-corona behavior, aggregation after biological exposure, and route-specific absorption 

were not measured. 

Figure 2. Physicochemical characterization and in vitro release of DMF-loaded niosomes. (a) Scanning electron micrograph. 

(b) Transmission electron micrograph. (c) Pre-filtration dynamic-light-scattering Z-average and polydispersity index. (d) Pre-

filtration surface zeta potential. (e) Dialysis release profiles for free DMF and N-DMF. Points represent the mean ± SEM. Size, 

PDI, and zeta potential were not remeasured after sequential 200-nm and 100-nm filtration; therefore, these measurements do 

not establish the physicochemical properties of the gavaged preparation or its behavior in serum or in vivo. 

 

Encapsulation efficiency was 78.39%. Free DMF showed rapid dialysis release, reaching approximately 90% by 

10 h and 98.5% by 24 h. N-DMF released 57% at 24 h and 64% at 72 h under the same in vitro conditions (Figure 

2e). Among the fitted models, free-DMF release had the highest reported r² for the first-order model (0.9287), 
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whereas N-DMF had the highest r² for the Higuchi model (0.8605; Table 1). These in vitro findings describe 

release under the assay conditions and do not establish route-specific absorption. 

 

Table 1. Release-model fits reported for free DMF and the selected N-DMF formulation. 

Release model/parameter Free DMF N-DMF 

Zero-order (r²) 0.5253 0.7051 

First-order (r²) 0.9287 0.7900 

Higuchi (r²) 0.6991 0.8605 

Korsmeyer–Peppas (r²) 0.8121 0.8526 

Korsmeyer–Peppas (n) 0.4471 0.5676 

 

Nrf2-related proteins 

One-way ANOVA showed significant group effects for hippocampal phospho-Nrf2 (Ser40) [F(3,8)=169.38, 

P<0.0001, ω²=0.980] and NQO1 [F(3,8)=227.74, P<0.0001, ω²=0.983] (Figure 3). For phospho-Nrf2, Tukey 

testing showed a lower signal in Aβ than in Sham (P<0.0001, Hedges’ g=9.96) and higher signals in Aβ+DMF 

(P=0.0116, g=4.66) and Aβ+N-DMF (P=0.0006, g=7.53) than in Aβ. The two treatment groups did not differ 

(P=0.1122). 

For NQO1, the signal was lower in Aβ than in Sham (P<0.0001, Hedges’ g=16.03) and higher in Aβ+DMF 

(P=0.0022, g=3.30) and Aβ+N-DMF (P<0.0001, g=9.30) than in Aβ. NQO1 was also higher in Aβ+N-DMF than 

in Aβ+DMF (P<0.0001, g=6.93; Figure 3). These analyses were based on n=3 biological samples/group. 
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Figure 3. Hippocampal phospho-Nrf2 and NQO1 after treatment. Representative immunoblots and densitometric summaries 

normalized to β-actin are shown (n=3 biological samples/group). Individual points represent biological samples; horizontal 

lines and error bars indicate the mean ± SEM. Brackets display Tukey-adjusted P values, rounded in the figure for legibility; 

the corresponding effect sizes are reported in the Results. 

 

BACE1, NF-κB, calcineurin, and NFATC1 

One-way ANOVA showed significant group effects for BACE1 [F(3,8)=166.45, P<0.0001, ω²=0.976] and 

phospho-NF-κB p65 (Ser536) [F(3,8)=67.31, P<0.0001, ω²=0.943] (Figure 4a). BACE1 was higher in Aβ than in 

Sham (P<0.0001, Hedges’ g=10.50) and lower in Aβ+DMF (P<0.0001, g=6.10) and Aβ+N-DMF (P<0.0001, 

g=8.58) than in Aβ; Aβ+N-DMF was also lower than Aβ+DMF (P=0.0016, g=6.99). Phospho-NF-κB was higher 

in Aβ than in Sham (P<0.001, g=6.51) and lower in Aβ+DMF (P=0.0008, g=3.42) and Aβ+N-DMF (P<0.001, 

g=5.46) than in Aβ; Aβ+N-DMF was lower than Aβ+DMF (P=0.0050, g=5.42). 

Significant group effects were also detected for calcineurin A [F(3,8)=61.84, P<0.0001, ω²=0.938] and NFATC1 

[F(3,8)=373.58, P<0.0001, ω²=0.989]. Calcineurin A was higher in Aβ than in Sham (P<0.0001, Hedges’ g=7.93) 

and lower in Aβ+DMF (P=0.0009, g=5.67) and Aβ+N-DMF (P<0.0001, g=6.67) than in Aβ; Aβ+N-DMF was 

lower than Aβ+DMF (P=0.0330, g=2.45). NFATC1 was higher in Aβ than in Sham (P<0.0001, g=15.23) and 

lower in Aβ+DMF (P<0.0001, g=20.90) and Aβ+N-DMF (P<0.0001, g=37.01) than in Aβ; Aβ+N-DMF was 

lower than Aβ+DMF (P=0.0001, g=12.71; Figure 4a). These immunoblot analyses used n=3/group and provide 

limited precision despite the large standardized effects. 
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Figure 4. Hippocampal signaling proteins, qualitative Congo red staining, oxidative-stress markers, and inflammatory 

cytokines. (a) Representative immunoblots and densitometric summaries for BACE1, phospho-NF-κB p65 (Ser536), 

calcineurin A, and NFATC1, normalized to β-actin (n=3/group). (b) Representative Congo red-stained sections from Sham 

and Aβ groups (n=3/group); the assessment was qualitative and was not quantitatively scored. (c) Hippocampal MDA and 

SOD (n=6/group). (d) Hippocampal TNF-α and IL-6 (n=6/group). Individual points in the quantitative panels represent 

biological samples; horizontal lines and error bars indicate the mean ± SEM. Brackets display Tukey-adjusted P values, 

rounded in the figure for legibility; the corresponding effect sizes are reported in the Results. 
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Congo red staining 

Congo red staining showed localized red-stained areas in the hippocampal tissue of Aβ25–35-treated rats, whereas 

similar staining was not observed in the Sham group (Figure 4b). The assessment included three animals per group 

and was qualitative, with no counting or semiquantitative scoring performed. The Congo red findings were 

considered qualitative observations and were not interpreted as evidence of amyloid plaques equivalent to those 

observed in human Alzheimer’s disease. 

Oxidative and inflammatory markers 

One-way ANOVA showed significant group effects for hippocampal MDA [F(3,20)=56.47, P<0.0001, ω²=0.874] 

and SOD activity [F(3,20)=48.48, P<0.0001, ω²=0.860] (Figure 4c). MDA was higher in Aβ than in Sham 

(P<0.0001, Hedges’ g=4.86) and lower in Aβ+DMF (P=0.0018, g=1.69) and Aβ+N-DMF (P<0.0001, g=3.07) 

than in Aβ; Aβ+N-DMF was lower than Aβ+DMF (P=0.0089, g=5.63). SOD activity was lower in Aβ than in 

Sham (P<0.0001, g=6.04) and higher in Aβ+DMF (P=0.0001, g=2.38) and Aβ+N-DMF (P<0.0001, g=6.58) than 

in Aβ; Aβ+N-DMF was higher than Aβ+DMF (P=0.0023, g=2.15; Figure 4c). 

Group effects were also detected for TNF-α [F(3,20)=45.14, P<0.0001, ω²=0.847] and IL-6 [F(3,20)=29.05, 

P<0.0001, ω²=0.778] (Figure 4d). TNF-α was higher in Aβ than in Sham (P<0.0001, Hedges’ g=4.61) and lower 

in Aβ+DMF (P=0.0003, g=2.11) and Aβ+N-DMF (P<0.0001, g=3.59) than in Aβ; Aβ+N-DMF was lower than 

Aβ+DMF (P=0.0127, g=2.91). IL-6 was higher in Aβ than in Sham (P<0.0001, g=3.97) and lower in Aβ+DMF 

(P=0.0002, g=2.22) and Aβ+N-DMF (P<0.0001, g=2.97) than in Aβ. The two treatment groups did not differ for 

IL-6 (P=0.4206; Figure 4d). 

Complement proteins and behavioral outcomes 

One-way ANOVA showed significant group effects for C1q [F(3,8)=20.05, P=0.0004, ω²=0.826] and C3 

[F(3,8)=12.35, P=0.0023, ω²=0.739] (Figure 5a). C1q was higher in Aβ than in Sham (P=0.0003, Hedges’ g=3.64) 

and lower in Aβ+DMF (P=0.0117, g=2.06) and Aβ+N-DMF (P=0.0029, g=2.72) than in Aβ; the treatment groups 

did not differ (P=0.6866). C3 was higher in Aβ than in Sham (P=0.0023, g=2.72) and lower in Aβ+DMF 

(P=0.0359, g=1.62) and Aβ+N-DMF (P=0.0055, g=2.40) than in Aβ; the treatment groups did not differ 

(P=0.5221; Figure 5a). 
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Figure 5. Hippocampal complement proteins and behavioral outcomes. (a) Representative C1q and C3 immunoblots and 

densitometric summaries normalized to β-actin (n=3/group). (b) Novel-object recognition discrimination index (d1) and ratio 

(d2; n=10/group). (c) Passive-avoidance retention latency (n=10/group). (d) Day-21 Barnes target-retrieval latency and errors 

with the target hole and escape box available (n=10/group). Individual points represent biological samples in panel a and 

individual animals in panels b–d; horizontal lines and error bars indicate the mean ± SEM. Brackets display Tukey-adjusted P 

values, rounded in the figure for legibility; the corresponding effect sizes are reported in the Results. 

 

For novel-object recognition, one-way ANOVA showed group effects for d1 [F(3,36)=11.50, P<0.0001, 

ω²=0.440] and d2 [F(3,36)=13.75, P<0.0001, ω²=0.489] (Figure 5b). For d1, Aβ was lower than Sham (P<0.001, 

Hedges’ g=2.17), whereas Aβ+DMF (P=0.0200, g=1.72) and Aβ+N-DMF (P<0.001, g=2.91) were higher than 

Aβ; the treatment groups did not differ (P=0.44). For d2, Aβ was lower than Sham (P<0.001, g=3.22), whereas 

Aβ+DMF (P=0.0432, g=1.50) and Aβ+N-DMF (P<0.001, g=2.37) were higher than Aβ. Aβ+N-DMF was also 

higher than Aβ+DMF (P=0.0296, g=1.02; Figure 5b). 

Passive-avoidance retention latency differed among groups [F(3,36)=15.68, P<0.0001, ω²=0.524]. Latency was 

shorter in Aβ than in Sham (P<0.0001, Hedges’ g=2.61) (Figure 5c). Aβ+DMF did not differ from Aβ (P=0.90) 

and remained lower than Sham (P=0.0001, g=2.20). Aβ+N-DMF had a longer latency than Aβ (P=0.0005, g=1.86) 

and Aβ+DMF (P=0.0034, g=1.52; Figure 5c). 
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On the day-21 Barnes target-retrieval trial, group effects were detected for escape latency [F (3,36) =7.94, 

P=0.000343, ω²=0.342] and number of errors [F (3,36) =5.15, P=0.004584, ω²=0.237] (Figure 5d). Latency was 

longer in Aβ than in Sham (P=0.004433, Hedges’ g=1.40) and shorter in Aβ+N-DMF than in Aβ (P=0.000928, 

g=1.69) and Aβ+DMF (P=0.02420, g=1.48); Aβ+DMF did not differ from Aβ (P=0.6303). Aβ made more errors 

than Sham (P=0.01425, g=1.13), and Aβ+N-DMF made fewer errors than Aβ (P=0.01259, g=1.15). Error counts 

did not differ between Aβ and Aβ+DMF (P=0.6620) or between the two treatment groups (P=0.1703; Figure 5d). 

The supplied raw values reproduced the individual points and group means shown in Figure 5d. These values 

represent a single target-retrieval session conducted with the target hole and escape box available; they are not 

probe-trial outcomes or longitudinal acquisition curves. 

Discussion 

This exploratory experiment combined formulation measurements with hippocampal protein, biochemical, 

histologic, and behavioral endpoints in an acute Aβ25–35 injection model. The Aβ group showed lower phospho-

Nrf2 and NQO1, higher oxidative and inflammatory markers, altered complement and signaling proteins, and 

poorer task performance. Both DMF regimens were associated with changes in several of these measures. N-DMF 

was associated with changes in the measured signaling proteins and behavioral outcomes at a fixed DMF-

equivalent amount of 1.5 mg per rat (approximately 5.0–6.0 mg/kg per administration), compared with the 25-

mg/kg free-DMF regimen. Because the regimens were not dose-equivalent and systemic or brain exposure was 

not measured, the study cannot determine whether those differences arose from the carrier, dose, release profile, 

systemic exposure, brain delivery, or another factor. 

The reported 404.6-nm DLS value, PDI of 0.316, and zeta potential of −34.0 mV were obtained before the 

dispersion was passed sequentially through 200-nm and 100-nm polycarbonate filters. Because size, PDI, and zeta 

potential were not remeasured after filtration, the physicochemical properties of the gavaged preparation cannot 

be inferred from the pre-filtration measurements. Sonication and filtration were process steps rather than evidence 

of biological stability. Rat-serum stability, protein-corona formation, aggregation in biological media, batch-to-

batch variability, and route-specific absorption were not assessed and therefore remain uncharacterized. 

The in vitro formulation showed sustained release relative to free DMF, but the approximately 400-nm pre-

filtration hydrodynamic size is comparatively large for a system described as a CNS nanocarrier. Niosomes can 

alter drug release and tissue handling,33 and nanocarriers are under study for brain-directed delivery.34 Even so, 

the present work did not measure DMF or monomethyl fumarate in plasma or brain, nor did it directly track the 

niosomal carrier. Therefore, although N-DMF was associated with changes in several molecular and behavioral 

outcomes, these findings cannot establish improved brain delivery or enhanced blood-brain barrier transport. 

Pharmacokinetic and biodistribution studies will be required to determine whether the nano-niosomal formulation 

alters DMF exposure in the brain. 

The MDA and SOD pattern in Aβ-injected animals is consistent with redox disturbance reported in amyloid-

related experimental systems.35 It should nevertheless be distinguished from the multifactorial oxidative pathology 

of chronic human Alzheimer disease.36 Nrf2 regulation can vary by disease context, timing, and cell type.37,38 NF-

κB may also compete with Nrf2-dependent transcriptional programs, providing a plausible basis for parallel 

changes without proving directional mediation.39 In the present study, phospho-Nrf2 and NQO1 moved in the 

same direction after treatment, but only a single terminal time point and three immunoblot samples per group were 

evaluated. 

DMF can modify Keap1-associated redox sensing and has broader electrophile-dependent effects.40,41 The 

concurrent reductions in phospho-NF-κB p65, TNF-α, and IL-6 are therefore biologically plausible, and NF-κB 
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has well-described relevance to Alzheimer-related inflammatory signaling.42 However, the current data are 

associative. No Nrf2 inhibitor, genetic manipulation, cell-specific measurement, or mediation analysis was used; 

therefore, the findings do not establish that Nrf2 caused the observed changes in downstream proteins, 

complement components, or behavioral outcomes. 

Calcineurin/NFAT signaling has been associated with cognitive decline and neural stress in Alzheimer-related 

research.43 NF-κB can also regulate BACE1 expression in experimental systems.44 The observed group differences 

in calcineurin A, NFATC1, phospho-NF-κB, and BACE1 are compatible with these reports, but they neither 

establish activation within a specific cell type nor show a linear chain from Nrf2 to behavior. Likewise, lower C1q 

and C3 do not demonstrate preserved synapse number because synaptophysin, PSD-95, microglial engulfment, 

and direct synaptic measurements were not obtained. 

A conceptual summary of the measured associations and proposed, untested relationships is provided in Figure 6. 

 

Figure 6. Conceptual summary of the measured associations and proposed neuroinflammatory framework in the acute Aβ25–

35 hippocampal-injection rat model. (a) The upper panel depicts Aβ-associated glial and neuronal stress, including calcineurin–

NFAT and NF-κB signaling, oxidative and inflammatory mediators, and complement proteins. (b) The lower panel 

summarizes a proposed interpretation of the group-level changes observed with N-DMF, including higher Nrf2/NQO1, lower 

MDA, cytokines, and C1q/C3, and better behavioral performance. This schematic is hypothesis-generating: the arrows do not 

establish a causal sequence, and BBB transport, cell-specific uptake, glial phenotype, synaptic tagging, and synaptic integrity 

were not directly measured. Abbreviations: Aβ, amyloid-β; BBB, blood–brain barrier; C1q, complement component 1q; C3, 

complement component 3; DMF, dimethyl fumarate; IL-6, interleukin-6; N-DMF, nano-niosomal dimethyl fumarate; NFAT, 

nuclear factor of activated T cells; NF-κB, nuclear factor kappa B; NQO1, NAD(P)H quinone dehydrogenase 1; Nrf2, nuclear 

factor erythroid 2-related factor 2; ROS, reactive oxygen species; TNF-α, tumor necrosis factor-alpha. Created with 

BioRender.com. 

 

The behavioral interpretation has also been narrowed. Day 16 of the Barnes protocol was adaptation without an 

escape box. During days 17–20, rats were trained with the target hole and box available. The day-21 session used 

the same target and box and is therefore described as a target-retrieval trial, not a probe trial. Only one day-21 

latency and error value per animal was present in the supplied raw workbook; because days 17–20 and trial 

identifiers were absent, a group-by-time analysis of acquisition could not be performed. 
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Several further limitations affect interpretation. The acute hippocampal Aβ25–35 injury does not reproduce 

chronic amyloid accumulation, tau pathology, vascular disease, or progressive neurodegeneration in humans. 

Qualitative Congo red staining in three animals per group, without counting or semiquantitative scoring, cannot 

validate a human-like plaque phenotype. There was no empty-niosomal in vivo group or Sham+N-DMF group, 

so carrier effects and tolerability cannot be fully separated from DMF effects. Although animals were randomly 

assigned and behavioral testing was conducted by blinded researchers who were separate from the researchers 

performing model induction, the exact random-sequence method, allocation concealment, cage-level 

randomization, and outcome analysis were not recorded. The study also used small assay samples, especially n=3 

for immunoblotting; did not prespecify a primary outcome; and did not adjust for multiplicity across endpoint 

families. The findings are consequently hypothesis-generating and require confirmation with dose-matched 

controls, adequate power, pharmacokinetics, biodistribution, toxicity assessment, and longitudinal statistics. 

Conclusion 

In an acute bilateral hippocampal Aβ25–35 rat model, low-concentration N-DMF treatment was associated with 

changes in Nrf2-related, oxidative, inflammatory, complement, and behavioral measures. As an acute injury 

model, this paradigm does not reproduce the chronic amyloid, tau, vascular, and neurodegenerative features of 

human Alzheimer’s disease. These findings suggest that low-dose N-DMF may influence multiple molecular and 

behavioral responses in this model. However, the present study does not establish improved brain delivery, carrier-

specific efficacy, or a causal relationship between Nrf2 signaling and behavioral outcomes. Further studies 

incorporating dose-equivalent free and formulated DMF, appropriate vehicle controls, and pharmacokinetic and 

biodistribution assessments are warranted to clarify these effects. 
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