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A B S T R A C T   

Background and aim: Activating NLRP3 (NOD-, LRR-, and pyrin domain-containing protein 3) is crucial in the 
pathogenesis of Alzheimer’s disease (AD). A multimodal treatment intervention is the most feasible way to alter 
the course of AD progression. Hence, the current study was conducted to study the combination of betanin (BET) 
and virgin coconut oil (VCO) on NLRP3 regulation in aluminum chloride-induced AD in Wistar rats. 
Experimental procedure: BET (100,200 mg/kg) and VCO (1, 5 g/kg) alone and in combination (BET 100 mg/kg +
VCO 1 g/kg and BET 200 mg/kg + VCO 5 g/kg) were given orally for 42 days. On day 21 and 42nd, the 
behavioral test was performed to check the animal’s cognition. Acetylcholinesterase (AChE) activity, oxidative 
stress markers, estimation of NLRP3 and IL-1β, and histological examinations were conducted in the hippo
campus (H) and cortex (C). 
Results and conclusion: Treatment with BET and VCO alone or combined improved behavioral characteristics 
(MWM and PA p < 0.0001; EPM p = 0.5184), inhibited AChE activity (C, p = 0.0101; H, p < 0.0001), and 
lowered oxidative stress in the brain. Also, combination treatment restored the levels of NLRP3 (C, p = 0.0062; 
H, p < 0.0001) and IL1β (C, p = 0.0005; H, p = 0.0098). The combination treatment significantly reduced the 
degree of neuronal degeneration, amyloid deposition, and necrosis in the brain tissue. The current study revealed 
that the combination strategy effectively controlled neuroinflammation via modulation of the NLRP3 inflam
masome pathway, paving the way for the new treatment.   

1. Introduction 

NLRP3 (NOD-, LRR- and pyrin domain-containing protein 3) is a 115 
kDa cytosolic protein with three domains: a C-terminal leucine-rich 
repeat (LRR), a central nucleotide-binding and oligomerization 
domain NACHT, and an N-terminal pyrin domain (PYD).1 Microparti
cles, ATP, cholesterol, and microbial toxins activate NLRP3. IL-1β causes 
synaptic loss via presynaptic glutamate release and post-synaptic NMDA 
(N-methyl-D-aspartate) receptor activation. In AD patients, elevated 
levels of inflammatory cytokines (IL-1β, IL-18, etc.) are prevalent. The 
inflammasome is becoming a crucial determinant in the development of 
mature IL-1β.2 IL-1β is released from the microglial cell by activating 
TLR 4 (Toll-like receptors 4) via NF-ҡB and another by inflammasome 
complex activation. Both mechanisms contribute equally to the 

initiation of neuroinflammation by microglial activation.3 NLRP3 acti
vation occurred in two stages. Inflammasome assembly is produced by 
NF-kB-induced overexpression and a conformational shift in NLRP3.4 

Mitophagy, an autophagy-based stress response system, deals with the 
selective removal of damaged mitochondria. Hippocampal neurons in 
old mice show a 70 % decrease in mitophagy events, indicating its sig
nificance in neurodegenerative diseases.5,6 Dysfunction in autophagy 
can cause diseases with increased NLRP3 inflammasome activation and 
act as a modulator of inflammasomes in neurodegenerative disorders.7 

Ketone bodies (KBs) are considered an alternate energy source in 
mild cognitive impairment (MCI) conditions caused by brain glucose 
hypometabolism.8 It also controls the regulation of glutamate. Thus, we 
could slow the progression of the disease by regulating neuro
inflammation and energy hypometabolism. Because only 
symptom-modifying therapy is now available, a novel therapeutic 
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strategy for AD is essential. 
Betanin (BET) (betanidin 5-O-β-D-glucoside, red) is one of the 

betalains which comprises 75–95 % of total betalain obtained from Beta 
vulgaris (Family Caryophyllales) and is extensively cultivated and uti
lized as a health food.9 It has excellent potential in diseases associated 
with oxidative stress and chronic inflammation, especially liver disease, 
arthritis, and cancer.10 Several studies have found betalains to have high 
antioxidant, radioprotective, and anti-inflammatory activities in vitro 
and in several in vivo animal models.11 

VCO (Virgin coconut oil) is usually obtained from the fresh coconut 
fruit of the plant Cocos nucifera. This oil is a valuable source of ketone 
bodies.12 VCO diet or supplementation prevented rats from gentamicin 
nephrotoxicity, cadmium-induced nephrotoxicity, and levodopa neuro
toxicity. A 4-week VCO supplement (30 mL/day) in young, healthy 
people enhances vascular endothelial function.13 When used in 
conjunction with other medications, virgin coconut oil supplementation 
was proven to be beneficial. Its combination with licorice extract pre
vents hyperlipidemia and hepatosteatosis by inhibiting animal hepatic 
lipid production.14 Coconut oil, in particular, has been claimed to 
mitigate the cognitive deficits linked with amyloid-β and aluminum 
chloride-induced AD in rats.15 

Because of the complex pathophysiology of AD, combination thera
pies may be required rather than monotherapy.16 Combining betanin 
and VCO can manage neuroinflammation and control glucose hypo
metabolism by supplying ketone bodies. As a result, the current study 
focused on employing an integrated strategy to target the unique NLRP3 
pathway. 

2. Material and methods 

2.1. Drugs and chemicals 

Betanin (Red Beet extract diluted with Dextrin, CAS 7659-95-2, TCI 
chemicals) and Max Care Virgin Coconut Oil (Cold Pressed) were pur
chased. Donepezil hydrochloride was procured from Micro Labs 
Limited, Mumbai, India. Aluminum chloride was procured from Sigma 
Aldrich (St. Louis, MO, USA). The rest of the chemicals were of analyt
ical grade. 

2.2. Characterization of virgin coconut oil 

The fatty acid contents of the VCO have been evaluated by the Gas 
Chromatography Varian-CP-3800 (Varian, Inc., CA, USA) supplied with 
a flame ionization detector (FID) and a CP-Sil-88 column with a length of 
100 m and a split ratio of 10:1 was used. According to the standards, the 
resultant picks and retention time (Rt) were compared to find fatty 
acids.15 

2.3. Animal 

Seventy-two male Albino Wistar rats (180–220 g) were acquired 
from the National Institute of Biosciences, Pune, India. Animals were 
kept in polypropylene cages at 12/12 h light/dark cycle at room tem
perature of 25 ± 2 ◦C, 40–60 % relative humidity. Animals had access to 
a standard pellet diet and water ad libitum. Before the experiment, the 
animals were conditioned for one week. The study protocol was 
approved through the Institutional Animal Ethics Committee (approval 
no. CPCSEA/IAEC/P-24/2018 dated September 6, 2018), which was 
formed by the norms of the Committee for the Purpose of Control And 
Supervision of Experiments on Animals (CPCSEA), Government of India. 

2.4. Acute toxicity study as per the OECD guideline 423 

The acute toxicity studies of the combination were performed ac
cording to Organization of Economic Corporation Development Guide
lines No. 423 using SD female rats. BET (2000 mg/kg) and VCO (10 g/ 
kg) were administered orally in a group of rats, and the percentage of 
mortality was recorded. The animals were monitored for the next 14 
days with the prescribed doses for mortality or gross abnormalities. 
Depending on the acute toxicity test, BET oral dosages of 100 and 200 
mg/kg and VCO doses of 1 and 5 g/kg were selected for the study.17 

2.5. Experimental design 

The seventy-two male albino Wistar rats (180–220 g) were selected 
based on body weight in nine groups of 8 animals each. We dissolved 
BET (100 and 200 mg/kg orally) and aluminum chloride (100 mg/kg) in 
millipore water, while VCO (1 and 5 g/kg orally) was administered in its 
natural form. 

Group I received distilled water as a control, while Group II received 
aluminum chloride treatment at 100 mg/kg.18,19 BET (100 and 200 
mg/kg orally) was administered with aluminum chloride as Group III 
and IV, respectively. VCO (1 and 5 g/kg orally) was given along with 
aluminum chloride as Group V and VI, respectively. The combination 
group (BET 100 mg/kg + VCO 1 g/kg, BET 200 mg/kg + VCO 5 g/kg) 
was given along with aluminum chloride as Group VII and VIII. The 
standard group received Donepezil hydrochloride at 1 mg/kg, along 
with aluminum chloride as Group IX. 

The animals in Groups III to IX were given aluminum chloride for 42 
days. The drug treatment was administered to the rats after 1 h. On days 
21 and 42, the rats underwent behavioral testing, which included 
training and probing tests. The rat cortex and hippocampus were sepa
rated for further biochemical and molecular research. 

2.6. Behavioral assessment 

2.6.1. Morris water maze (MWM) 
This test is designed to determine spatial memory skills in rats. It was 

carried out as per the previous procedure but with minor changes. A big 
round swimming tank (150 cm diameter, 45 cm height) with four equal 
quadrants (NW, NE, SE, and SW) filled with water at 25 ± 1 ◦C. Red and 
blue colored tapes (symbols of “ × ” and “+“) were used to generate 
visual clues surrounding the water tank to aid spatial orientation in 
experimental rats, and the positions of the cues were uniform 
throughout the experiment. During the acquisition phase, the 
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submerged platform (10 * 10 cm) was kept 1 cm above the water’s 
surface. The animal was put in the tank with its face to the wall. The 
animal was allowed to give 120 s to reach the platform. If the animal did 
not get to the platform within 120 s, it was directed to it and given 30 s 
on the platform. Training phase: each animal underwent four trials for 
four subsequent days (17th to 20th day) with a 10-min gap between 
sessions. During the retention phase or probe trial (on the 21st and 42nd 
day), the water surface was made cloudy using milk powder to mask the 
platform and kept 1 cm underneath the tank’s water level. On days 21 
and 42, the animal’s memory retention was assessed. Escape latency was 
calculated by measuring the time to locate the animal’s hidden platform 
in the water maze.20 

2.6.2. Elevated plus maze (EPM) 
The EPM is used to measure rodent cognitive function and was car

ried out in the same manner as previously described. The elevated plus- 
maze apparatus comprised two covered walls (50 * 10 cm), a cross with 
two open arms of the same size, and 40 cm high walls. Two arms of the 
EPM were attached to the central square (10*10 cm) and elevated 50 cm 
above the ground. During the acquisition test, the animal was put at one 
end of the arm, facing away from the central square region. Initial 
transfer latency (ITL) was noted as the time required for the animal to 
move from the open to the closed arm. Before returning to its home cage, 
each animal was encouraged to explore the maze for 20 s. Memory 
retention was assessed after 24 h, and the first and second transfer la
tency were measured on days 21 and 42, respectively.21 

2.6.3. Passive avoidance test (PA) 
This test is used to measure rodent memory retention impairments 

and was carried out using the previously described procedure. The 
apparatus was made up of a wooden box with a metal grid. It consists of 
light and dark compartments (25 * 25 * 25 cm each), supplied with a 
40W lamp and divided by a guillotine door. The bottom of the dark 
container has a metal grid floor with a shock generator to provide 
electric shocks. The animal was put in the light chamber for 60 s during 
the acquisition test. The latency to walk inside the dark compartment 
after the guillotine door was opened was reported as pre-shock latency. 
After entering the dark chamber, the animal was administered a minor 
electric shock (0.5 mA for 2 s) through the grid floor, removed, and 
returned to the home cage. The rat was exposed to a retention test on the 
next day and the 42nd day, in which no electric shock was provided to 
the animal. The time to step into the dark compartment was recorded as 
post-shock latency in seconds.22 

2.7. Biochemical parameters 

2.7.1. Collection of brain tissues 
Animals sacrificed by CO2 asphyxiation. The hippocampus and cor

tex were separated from the brain. A probe homogenizer (Polytron PT 
2500E, Kinematica, Switzerland) was used to homogenize 100 mg of 
tissue in 0.5 ml phosphate buffer (0.1 M, pH 7.4). The tubes were put on 
ice to eliminate temperature fluctuations and then stored at − 80 ◦C. 
Different portions of tissue homogenates were produced and processed 
to yield post-nuclear and post-mitochondrial fractions. 

Fig. 1. Behavioral test of BET and VCO Morris water maze A) Training B) Test, Data are expressed as mean ± SEM, ####p < 0.0001, ###p < 0.001, #p < 0.05 when 
compared with normal control, ****p < 0.0001 ***p < 0.001**p < 0.01,*p < 0.05 when compared to treatment group. 
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2.7.2. Determination of acetylcholinesterase activity 
According to the manufacturer’s instructions, the Amplite™ Colori

metric acetylcholinesterase assay Kit was used to evaluate AChE 

activity. The reaction is initiated with the substrate acetylthiocholine. 
The DTNB dianion’s production was measured at 412 nm within 10 min 
using a microplate reader.23 

2.7.3. Determination of the oxidative stress parameters 
Malondialdehyde (MDA) and reduced glutathione (GSH) assay were 

evaluated in the whole homogenate.24,25 Post-nuclear supernatant 
(PNS) was obtained by centrifugation at 2500 rpm for 20 min at 4 ◦C. 
The catalase’s activity was measured using PNS.26 A post-mitochondrial 
supernatant (PMS) was used to test for superoxide dismutase (SOD) 
activity. It was formed by centrifuging homogenate for 20 min at 4 ◦C at 
10,000 rpm.27 

2.7.4. Estimation of IL 1-β level 
The IL-1β level was determined using a commercially available 

GENLISA™ ELISA kit (Krishgen Biosystems, India) per the manufac
turer’s instructions. The absorbance was read at 450 nm within 10–15 
min. 

2.7.5. Estimation of NLRP3 level 
To determine NLRP3, a commercially available Rat Nod-like Re

ceptor Pyrin-3, NLRP3 GENLISA™ ELISA (Krishgen Biosystems, India), 
was used per the manufacturer’s instructions. The absorbance was read 
at 450 nm within 10–15 min, and the results were exhibited as nano
grams (ng) per milligram (mg) of tissue. 

2.7.6. Protein determination 
The total protein was quantified for the biochemical studies using the 

Bradford method with bovine serum albumin as a reference compound. 
A protein estimation kit was used to perform the estimation. (HI Media 
Laboratories, India). 

Table 1 
Effect of Combination on brain oxidative stress parameters in the hippocampus.  

Group MDA 
(nmol per 
mg 
protein) 

GSH (μmol 
per mg 
protein) 

SOD (U 
per mg 
protein) 

CAT (nmol of H2O2 
decomposed per 
min per mg 
protein) 

Control 1.172 ±
0.11 

7.617 ±
0.73 

0.088 ±
0.021 

15.67 ± 0.96 

Aluminum 
chloride 
(AlCl3) 

2.393 ±
0.38## 

1.086 ±
0.56## 

0.041 ±
0.006## 

9.019 ± 1.11## 

AlCl3 þ BET 
100 mg/kg 

1.895 ±
0.40 

5.911 ±
0.76 

0.086 ±
0.007** 

14.11 ± 1.70* 

AlCl3 þ BET 
200 mg/kg 

1.421 ±
0.32 

5.4 ± 0.30 0.081 ±
0.005** 

14.29 ± 1.70* 

AlCl3 þ VCO 1 
g/kg 

1.366 ±
0.16* 

6.56 ±
1.74* 

0.060 ±
0.002 

14.67 ± 1.59* 

AlCl3 þ VCO 5 
g/kg 

1.318 ±
0.24* 

5.619 ±
0.82 

0.069 ±
0.0009 

12.91 ± 1.07 

AlCl3 þ BET 
100 mg/kg 
and VCO 1 g/ 
kg 

1.298 ±
0.14* 

5.272 ±
2.30 

0.058 ±
0.005 

14.37 ± 1.10* 

AlCl3 þ BET 
200 mg/kg 
and VCO 5 g/ 
kg 

1.418 ±
0.09* 

6.32 ±
1.94* 

0.067 ±
0.003 

14.03 ± 1.11 

AlCl3 þ

Donepezil 
HCl (1 mg/ 
kg) 

1.541 ±
0.12 

5.579 ±
1.27 

0.058 ±
0.003 

13.91 ± 1.04 

Data are expressed as mean ± S. E. M. (n = 6), ##p < 0.01 when compared with 
normal control, **p < 0.01, *p < 0.05 when compared with disease control 
group. 

Fig. 2. Behavioral test of BET and VCO A) Elevated plus-maze B) Passive avoidance test. Data are expressed as mean ± SEM, ####p < 0.0001, ##p < 0.01 when 
compared with normal control, ****p < 0.0001 ***p < 0.001**p < 0.01,*p < 0.05 when compared to treatment group. 
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2.8. Histopathological analysis 

A histopathological examination was performed on brain tissues 
preserved in 10 % neutral buffered formalin and embedded in paraffin 
sections. A microtome (Thermo Scientific, HM 325) was used to take the 
hippocampus and cortex area’s thin transverse sections (3–5 μm thick
ness). The sections of brain tissues were stained using Hematoxylin, 
Eosin (H&E), and Congo red dye and analyzed under a digital micro
scope (Nikon, Eclipse, E 100) at a magnification of 400X—the exami
nation aimed to assess the prevalence of neurodegeneration and amyloid 
beta accumulation in the brain. 

3. Statistical analysis 

All the results are expressed as Mean ± SEM. Behavioral parameters 
were assessed by two-way ANOVA followed by Tukey’s post hoc test. In 
contrast, biochemical parameters were determined by one-way ANOVA 
followed by Dunnet’s post hoc test, and the significance level was 
determined within and between groups (P < 0.05) using Graph Pad 
PrismV 8.0. 

4. Result 

4.1. Fatty acid profile of the virgin coconut oil 

Virgin coconut oil was analyzed for fatty acid composition using GC- 
MS/FID. Primary ingredients were identified via mass fragmentation 
analysis. The oil’s principal fatty acids are caproic, caprylic, lauric, and 
myristic (Supplementary file Fig. 1). 

4.2. Acute toxicity study of the combination 

Following the oral administration of BET at doses of 1000 and 2000 
mg/kg and VCO at doses of 5 and 10 g/kg to a group of rats, no signs of 
toxicity or mortality were observed. These findings confirm that the 
combination is safe for use. Supporting data confirm that BET admin
istration and VCO do not produce harmful consequences (Supplemen
tary file Table 1). 

4.3. Morris water maze (MWM) 

We performed the MWM, and the Aluminium chloride induced rat 
markedly increased escape latency (EL) than the control group (Day 21 
#p < 0.01 and Day 42 ####p < 0.0001). BET, VCO, both the combina
tions and DP treatment significantly decreased in EL suggesting that all 
treatment could reverse the spatial memory deficit in AD rats (Day 21 *p 
< 0.01 and day42 ****p < 0.0001for 100 mg/kg; Day 21 n.s. and day42 
p < 0.0001 for 200 mg/kg) (Day 42 ****p < 0.0001for for 1 g/kg) 
(day42 **p < 0.01for (100 mg/kg +1 g/kg); Day 21 **p < 0.01 and day 
42 ****p < 0.0001 for (200 mg/kg + 5 g/kg) (Day 21 *p < 0.05 and 
day42 ****p < 0.0001). Based on our findings, the therapy has signifi
cantly enhanced lost spatial memory and learning abilities. These results 
suggested that the therapy may effectively improve cognitive function 
(Fig. 1). 

4.4. Elevated plus maze (EPM) 

We evaluated the EPM and observed that each rat’s initial transfer 
latency (ITL) was generally constant and exhibited no significant change 

Fig. 3. Effect of BET and VCO on Acetylcholinesterase activity. A) Hippocampus B) Cortex. Data are expressed as mean ± SEM, ####p < 0.0001, ##p < 0.01 when 
compared with normal control, ****p < 0.0001 ***p < 0.001**p < 0.01,*p < 0.05 when compared to treatment group. 
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on day 20. Following training, BET (Day 21 n.s. and day 42 ***p < 0.001 
for 100 mg/kg; Day 21 **p < 0.01 and day 42 ***p < 0.001 for 200 mg/ 
kg) and VCO alone resulted in a considerable decrease in TL (Day 21 *p 
< 0.05 and day 42 ***p < 0.001 for 1 g/kg; Day 21 *p < 0.05 and day 42 
**p < 0.01 for 5 g/kg). However, treatment with the combination (Day 
21 ***p < 0.001 and day42 ****p < 0.0001 for (BET 100 mg/kg + VCO 
1 g/kg); Day 21 **p < 0.01 and day42 ****p < 0.0001 for (BET 200 mg/ 
kg + VCO 5 g/kg) and DP found to produce substantial decreases in TL 
(Day 21 *p < 0.05 and day 42 ****p < 0.0001). In contrast, the 
aluminum chloride treated group entered late in the closed compart
ment, as demonstrated by the increase in 2nd transfer latency at day 21 
and 42 compared to ITL at day 20 (Day 21 #p < 0.05 and day 42 ###p <
0.001). (Fig. 2A). 

4.5. Passive avoidance (PA) 

During the investigation of the PA test, we recorded the escape la
tency (EL) on day 20 and the retention latency (RL) on days 21 and 42. 
Each rat quickly enters the dark compartment on day 20. After receiving 
the shock, an increase in cognitive abilities was observed in the treat
ment group, as demonstrated by a significant increase in RL on days 21 
and 42. In contrast, the aluminum chloride treated group showed 
impairment in cognitive abilities compared to the control group (Day 21 
and Day 42 ####p < 0.0001). The increase in RL was observed in BET 
(Day 21 and Day 42 ****p < 0.0001 for 100 mg/kg; Day 21 *p < 0.05 
and Day 42 ****p < 0.0001 for 200 mg/kg), VCO (Day 21 and Day 42 
****p < 0.0001 for 1 g/kg; Day 42 **p < 0.01 for 5 g/kg). Furthermore, 
treatment with the combination (Day 42 ****p < 0.0001 for (BET 100 
mg/kg + VCO 1 g/kg); day 42 **p < 0.01 for (BET 200 mg/kg + VCO 5 
g/kg) and, DP significantly decreases the RL (Day 21 ***p < 0.001 and 
Day 42 ****p < 0.0001). The results indicated that the treatment group 
demonstrated an improvement in the learning capacity of the rodents 
(Fig. 2 B). 

4.6. Acetylcholinesterase assay 

After the behavioral test, we conducted biochemical studies using 
homogenates of the hippocampus and cortex portion of the brain. In the 
acetylcholinesterase assay of the hippocampus, the BET and VCO 
treatments significantly reduced AChE-specific activity. (*p < 0.05 for 
BET 100 mg/kg, and **p < 0.001 for BET 200 mg/kg; ****p < 0.0001 
for VCO 1 g/kg and ***p < 0.001 for 5 g/kg). However, both combi
nations (BET 100 mg/kg + VCO 1 g/kg) (BET 200 mg/kg + VCO 5 g/kg) 
more efficiently lowered the acetylcholinesterase activity than the 
aluminum chloride group. (****p < 0.0001). (Fig. 3A). 

In the cortex, the BET and VCO treatments significantly reduced 
AChE-specific activity. (*p < 0.05 for BET 100 mg/kg; **p < 0.01 for 1 
g/kg; *p < 0.05 for 5 g/kg).However, a higher combination subsided the 
acetylcholinesterase activity more effectively than the aluminum chlo
ride group in the cortex. (*p < 0.05). Based on the results, it can be 
inferred that both VCO and BET treatments contributed to the decrease 
in AChE activity in either region. However, combining these treatments 
was more effective in the hippocampus and cortex of the brain (Fig. 3B). 

4.7. Brain oxidative parameters 

A study was conducted aimed at the possible antioxidant effect of 
BET and VCO in particular brain regions. 

4.7.1. Evaluation of hippocampus oxidative stress parameters 
In the hippocampus, the one-way ANOVA indicated a substantial 

impact of therapy on the brain’s oxidative state, SOD F (8, 45) = 3.356, 
P = 0.0043, CAT F (8, 45) = 2.108, P = 0.0547, the total content of 
reduced GSH F (8, 45) = 1.830, P = 0.0962, and higher levels of lipid 
peroxidation (MDA) F (8, 45) = 2.33, P < 0.0345. Table 1. 

The specific activities of SOD were significantly lowered following 
aluminum chloride treatment (##p < 0.01) compared to the control. BET 
treatment increased SOD activity by decreasing aluminum chloride- 
induced oxidative stress. (**p < 0.01 for 100 and 200 mg/kg). The 
rest of the treatment exhibited non-significant differences. 

The specific activities of GSH were considerably decreased following 
aluminum chloride treatment (##p < 0.01) compared to the control. 
Betanin (*p < 0.05 for 200 mg/kg), VCO (*p < 0.05 for 1 g/kg), and 
combination (*p < 0.05 for BET 200 mg/kg + VCO 5g) treatment 
increased GSH activity. However, standard treatment did not signifi
cantly differ from the aluminum chloride group. 

Aluminum chloride treatment caused an increase in the specific ac
tivities of MDA (##p < 0.01). The combination treatment was more 
effective than the BET treatment alone in lowering MDA activity (*p <
0.05 for BET 100 mg/kg + VCO 1 g/kg and BET 200 mg/kg + VCO 5 g/ 
kg). Furthermore, the VCO therapy was similarly efficacious (*p < 0.05 
for 1 and 5 g/kg). However, standard and BET treatment did not 
significantly differ from the aluminum chloride group. 

The specific activities of CAT were lowered due to aluminum chlo
ride treatment (##p < 0.01) compared to the control. Betanin (*p < 0.05 
for 100 and 200 mg/kg) and combination (*p < 0.05 for BET 100 mg/kg 
+ VCO 1 g/kg) were able to significantly enhance CAT activity, while 
VCO at a dose of 1 g/kg treatment was more efficacious (*p < 0.01). 
However, standard treatment did not significantly differ from the 
aluminum chloride group (Table 1). 

4.7.2. Evaluation of the cortical oxidative stress parameters 
In the cortex, the one-way ANOVA indicated a significant impact of 

the therapy on the brain oxidative status, SOD F (8, 45) = 3.625, P =
0.0025, CAT F (8, 45) = 2.737, P = 0.0150, the total content of reduced 
GSH, F (8, 44) = 4.302, P = 0.0007, and raised levels of lipid peroxi
dation (MDA) F (8, 45) = 13.72, P < 0.0001. 

The specific activities of SOD were significantly reduced following 
aluminum chloride treatment (##p < 0.01) compared to the control. BET 
(***p < 0.0001 for 100 mg/kg, *p < 0.05 for 200 mg/kg) and 

Table 2 
Effect of Combination on brain oxidative stress parameters in the cortex.   

Group 
MDA (nmol 
per mg 
protein) 

GSH (μmol 
per mg 
protein) 

SOD (U 
per mg 
protein) 

CAT (nmol of 
H2O2 decomposed 
per min per mg 
protein) 

Control 0.9996 ±
0.04 

4.93 ±
0.51 

0.092 ±
0.01 

10.36 ± 1.84 

Aluminum 
chloride 
(AlCl3) 

2.181 ±
0.14#### 

1.352 ±
0.45### 

0.045 ±
0.01## 

2.062 ± 1.688## 

AlCl3 þ BET 
100 mg/kg 

1.512 ±
0.16** 

2.711 ±
0.72 

0.1 ±
0.01* 

9.194 ± 1.919* 

AlCl3 þ BET 
200 mg/kg 

1.198 ±
0.16**** 

3.572 ±
0.63* 

0.084 ±
0.008 

9.998 ± 1.289* 

AlCl3 þ VCO 1 
g/kg 

0.6797 ±
0.08**** 

1.794 ±
0.40 

0.065 ±
0.003 

8.475 ± 2.581 

AlCl3 þ VCO 5 
g/kg 

0.9901 ±
0.09**** 

2.683 ±
0.39 

0.076 ±
0.007 

11.93 ± 1.478** 

AlCl3 þ BET 
100 mg/kg 
and VCO 1 g/ 
kg 

1.18 ±
0.15**** 

2.909 ±
0.41 

0.068 ±
0.004 

8.589 ± 1.817 

AlCl3 þ þ BET 
200 mg/kg 
and VCO 5 g/ 
kg 

0.9255 ±
0.07**** 

4.056 ±
0.85** 

0.087 ±
0.009* 

10.37 ± 1.182** 

AlCl3 þ
Donepezil 
HCl (1 mg/ 
kg) 

0.9353 ±
0.08**** 

1.676 ±
0.52 

0.067 ±
0.001 

10.27 ± 0.9914** 

Data are expressed as mean ± S. E. M. (n = 6), ####p < 0.0001, ###p < 0.001, 
##p < 0.01 when compared with normal control, ****p < 0.0001, **p < 0.01, 
*p < 0.05 when compared with disease control group. 
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combination (*p < 0.05 for BET 100 mg/kg + VCO 1 g/kg and BET 200 
mg/kg + VCO 5g) treatment augmented SOD activity by subsiding 
oxidative stress. However, VCO and standard treatment did not signifi
cantly differ from the aluminum chloride group. 

The specific activities of GSH were significantly reduced following 
aluminum chloride treatment (###p < 0.001) compared to the control. 
The combination was found more efficacious (**p < 0.01 for BET 200 
mg/kg + VCO 5g) than BET treatment (*p < 0.05 for 200 mg/kg) in 
controlling oxidative stress. However, VCO and standard treatment did 
not significantly differ from the aluminum chloride group. 

MDA activities were significantly elevated in the aluminum chloride 
group (##p < 0.01) compared to the control. All treatments reduced 
MDA activity more efficiently compared to the aluminum chloride 
group. BET (**p < 0.01 for 100 mg/kg, and ****p < 0.0001 200 mg/kg), 
VCO (****p < 0.0001 for 1 and 5 g/kg), combination (****p < 0.0001 
for BET 100 mg/kg + VCO 1 g/kg and BET 200 mg/kg + VCO 5 g/kg), 
and DP (***p < 0.001). 

The specific activities of CAT were significantly reduced following 
aluminum chloride treatment (##p < 0.01) compared to the control. BET 
(*p < 0.05 for 100 and 200 mg/kg) and VCO treatment improved ac
tivity by subsiding oxidative stress (**p < 0.01 for 5 g/kg). Both the 
combination (**p < 0.01 for BET 200 mg/kg + VCO 5 g/kg) and stan
dard treatment with DP treatment improved CAT activity by reducing 
oxidative stress (**p < 0.01). According to our findings, treating BET or 
VCO alone can partially alleviate oxidative stress in both brain regions, 

which is consistent with the literature. However, when combined, BET 
and VCO showed a more significant impact and proved more effective in 
reducing oxidative stress (Table 2). 

4.7.3. Estimation of IL-1β level 
We further investigated IL-1β levels in both the hippocampus and 

cortex and observed that in the hippocampus, aluminum chloride 
treatment caused a substantial surge in IL-1β levels in a rat’s brain (#p <
0.05) compared to the control group. BET co-administration did not 
reduce the level of IL-1β. However, treatment with VCO (1 g/kg) (*p <
0.05) significantly decreased the level of IL-1β as compared to aluminum 
chloride-treated animals. Moreover, treatment with a combination 
significantly reduced its level (*p < 0.05 for BET 100 mg/kg + VCO 1 g/ 
kg and BET 200 mg/kg + VCO 5 g/kg). 

In the cortex, treatment with the combination was found more 
effective in controlling IL-1β levels (**p < 0.01 for BET 100 mg/kg +
VCO 1 g/kg and ***p < 0.001 for BET 200 mg/kg + VCO 5 g/kg). 
Aluminum chloride caused a substantial increase in IL-1β level (##p <
0.001) in contrast to the control group. BET at a dose of 100 mg/kg (**p 
< 0.01) and VCO (1 g/kg) (*p < 0.05) significantly decrease the level of 
IL-1β (Fig. 4B). The study demonstrated that the combined therapy 
reduced the amount of IL-1β in the cortex and hippocampus, whereas 
each therapy alone had a limited impact on the rat brain. 

Fig. 4. Effect of BET and VCO on molecular markers. (A) NLRP3 (B) IL-1β Data are expressed as mean ± SEM, **p < 0.01, *p < 0.05when compared with normal 
control, ****p < 0.0001 ***p < 0.001**p < 0.01,*p < 0.05 when compared to treatment group. 
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4.7.4. Estimation of NLRP3 level 
We assessed the levels of NLRP3 in the cortex and hippocampus. 

Aluminum chloride treatment triggered a noteworthy upsurge in NLRP3 
level in the hippocampus of a rat (#p < 0.01) in contrast to the control 
group. The combination (*p < 0.05 for BET 200 mg/kg + VCO 5 g/kg 
and **p < 0.01 for BET 100 mg/kg + VCO 1 g/kg), VCO (1 g/kg) (*p <
0.05) and DP significantly decreases the level of NLRP3 (**p < 0.01 2 
mg/kg). However, BET co-administration did not significantly reduce it. 

In the cortex region, aluminum chloride treatment significantly 
increased NLRP3 level in a rat’s brain (#p < 0.05) compared to the 
control group. The combination (*p < 0.05 for BET 200 mg/kg + VCO 5 
g/kg) and VCO (1 g/kg) was found equally effective in controlling the 
level of NLRP3 (*p < 0.05). However, BET and DP did not significantly 
reduce it. It was found that using BET alone did not provide any sig
nificant advantages. However, a more notable result was observed when 
combined with VCO (Fig. 4A). 

4.8. Histopathological analysis 

4.8.1. Hematoxylin and eosin 
After the biochemical studies, we conducted histological analysis of 

the hippocampus and cortical area using hematoxylin and eosin stain
ing. The aluminum chloride-treated animals demonstrated distinct his
tological alterations in neuronal degeneration and necrosis in the 
hippocampus and cortex. We observed normal brain parenchyma and 
neurons in the control group. Furthermore, no pathologically significant 
lesions were observed in this group. The treatment group (BET 100, 200 
mg/kg, and VCO 1 g/kg and 5 g/kg) lessened the severity of hippo
campal and cortex neuronal degeneration and necrosis. A combination 
(BET 100 mg/kg + VCO 1 g/kg and BET 200 mg/kg + VCO 5 g/kg) and 
DP had a substantial ameliorating impact compared to the other treat
ment groups. BET or VCO alone can slightly reduce the damage caused 
by aluminum chloride, but when used in combination, they have a sig
nificant impact on recovering the brain’s structure (Fig. 5). 

Fig. 5a. Representative light microphotographs H and E stained hippocampus a) Normal histological characteristics, including normal neurons and normal pyra
midal cell layer thickness of the CA3 area (black arrow) b) Pyramidal cell layer thickness significantly reduced, and there were more apoptotic neurons, dystrophic 
changes, hyperchromatic, and abnormal Nissl granule distributions (black arrows), vascular/capillary engorgement (red circle), Hirano bodies (black circle), and 
degenerated and vacuolated neurocytes (Red arrow) c) Decreased thickness of pyramidal cell layer, degenerated, vacuolated neurons (red arrow), and vascular/ 
capillary engorgement (red circle). d) Normal histological features (black arrows) with a small number of degenerated and vacuolated neurons (red arrow), and 
vascular/capillary engorgement (red circle).e) vacuolated neurons (red arrow), and vascular/capillary engorgement (red circle).f) A small number of degenerated 
and vacuolated neurons (red arrow), and vascular/capillary engorgement (red circle) with preserved hippocampal cell layers g) Normal histological features, with 
normal neurons (black arrows) with a small number of degenerated and vacuolated neurons (red arrow) h) Normal thickness of the pyramidal cell layer of the CA3 
region, with normal neurons (black arrows) with a small number of degenerated and vacuolated neurons (red arrow) i) A small number of apoptotic neurons (red 
arrow). The granular area displays signs of cellular recovery with intact hippocampus cell layers. (H and E (400X) (Scale bar ¼ 100 μm). 
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4.8.2. Congo red stain 
The accumulation of amyloid-beta plaques accompanies altered 

glucose metabolism and loss of synapses, leading to a gradual decline in 
cognitive function. Therefore, the hippocampus and cortex staining with 
congo red dye were used to detect the presence of these plaques. The 
aluminum chloride group showed amyloid-beta plaque, neuronal 
degeneration, nuclear pyknosis, and necrosis in the cortex and CA3 re
gion of the hippocampus of the brain when compared with a control 
group. The control group showed normal cerebral parenchyma and 
neurons in the cortex and CA3 region of the hippocampus. BET (100, 
200 mg/kg) and VCO (1 g/kg and 5 g/kg) treatment reduced the severity 
of neuronal degeneration, nuclear pyknosis, amyloid-beta plaque for
mation, and necrosis in the CA3 region of the hippocampus. A combi
nation of the test treatment (BET 100 mg/kg + VCO 1 g/kg and BET 200 
mg/kg + VCO 5 g/kg) and group DP showed a significant reduction in 
the incidence and severity of these changes. Based on the congo stain 
results, it appears that BET or VCO partially reduces neurodegeneration 
and amyloid beta plaque formation in either of the regions, while their 
combination protects the brain in both the hippocampus and cortex 
(Fig. 6). 

5. Discussion 

The NLRP3 inflammasome is formed during the etiology of AD. The 
lysosomal damage theory, reactive oxygen species hypothesis, and 
mitochondrial DNA theory are all proposed explanations for NLRP3 
inflammasome activation. This activation increases the incidence of AD 
by generating IL-1β, IL-18, and other cytokines and subsequently 
influencing the accumulation of Aβ and tau proteins.28 

Alteration of glucose metabolism is a prominent hallmark of AD, and 
it occurs before the symptomatic onset of the disease. Ketone bodies can 
be used as an alternative fuel without glucose. VCO comprises medium- 
chain triglycerides (MCT) that are converted to MCFA by the enzyme 
lipase. Ketone bodies are formed when MCFAs are metabolized. Ketone 
bodies have direct and indirect signaling properties that control neu
roinflammation.29 In our study, we observed the presence of the 
following MCTs: caproic acid (C6), caprylic acid (C8), lauric acid (C12), 
and myristic acid (C14) in VCO by Gas chromatography-mass spec
trometry (GCMS) analysis method. MCTs might be responsible for 
decreasing neuroinflammation in aluminum chloride-induced rats. 

Chemical toxins such as metals can affect brain function and cause 
changes in behavior, thinking, or emotion.30 In the current study, 

Fig. 5b. Representative light microphotographs H and E stained cortex tissue of rats: a) Normal neurons have Nissl granules distributed around the periphery and a 
core big vesicular nucleus with one or more nucleoli b) Dystrophic neurons with abnormal Nissl granule distribution and hyperchromatic morphology (black arrows), 
with dilated blood vessel (red circle), degenerated, and vacuolated neurocytes (red arrow) c), d) normal neurons (black arrow) degenerated neurons (red arrows) 
vascular/capillary engorgement (red circle) e),f) Normal neurons (black arrow) degenerated neurons (red arrows) vascular/capillary engorgement (red circle) g), h), 
and i) normal neurons (black arrow) few degenerated neurons (red arrows), the granular layer demonstrates cellular recovery. (H and E (400X) (Scale bar ¼
100 μm). 
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treatment with AlCl3 for 42 days reduced step-through latencies in the 
PA test, increased transfer latency in the EPM, and increased escape 
latency in the MWM test. It indicates the cognitive deficit in animals. 
The MWM approach was designed to evaluate the spatial memory in 
animals to find a hidden platform in the pool of water using visual clues 
placed in each quadrant of the water maze.31 Betanin, VCO, and 
combination-treated animals reached the escape platform earlier than 
the AlCl3 group. PA is a fear-motivated test that measures pre and 
post-shock latencies to evaluate short and long-term memory. 
Post-shock latency was longer in groups treated with BET, VCO, and 
combination than with the aluminum chloride group, suggesting that 
rats’ recognition memory had improved. The EPM test determines 
spatial learning and memory by evaluating initial transfer latency (ITL) 
and retention transfer latency (RTL). BET, VCO alone, and combination 
treatments reduced RTL after ITL determination, indicating that rats’ 
recognition memory had significantly improved compared to the 
aluminum chloride group. 

Increased AChE activity observed in aluminum-treated rats is related 

to the cholinergic deficit theory of cognitive impairment.32 Aluminum 
may increase AChE activity by creating an allosteric interaction between 
the Al+3 and anionic regions of the acetylcholinesterase enzyme that 
results in a change in the secondary structure of AChE in the brain, 
which then contributes to acetylcholine hydrolysis.33 In this study, we 
observed that AChE activity was higher in the aluminum chloride 
treatment group compared to control rats. AChE activity was reduced 
after treatment with a combination of BET and VCO (BET 200 mg/kg +
VCO 5 g/kg), equal to the DP group. However, we did not observe the 
activity in the cortex. 

One of the most significant biomarkers of oxidative stress is lipid 
peroxidation. Aluminum has been shown to activate and promote lipid 
peroxidation when iron is in the brain.34 Increased oxidative stress 
causes redox reactions that inhibit different antioxidative enzymes such 
as catalase, superoxide dismutase, and reduced glutathione. All of which 
are important in preventing free radical damage. Chronic AlCl3 admin
istration has been shown to enhance brain MDA while decreasing SOD, 
CAT, and GSH levels in various brain areas that back up our results.19,35 

Fig. 6a. Representative light microphotographs of Congo red stained hippocampus of rat a) Normal histological features with normal thickness of the pyramidal cell 
layer of the CA3 region, with normal neurons (black arrows) b) Decreased thickness of pyramidal cell layer in the CA3 region, with increased apoptotic neurons 
(arrows) with dilated blood vessel (circle), and degenerated and vacuolated neurocytes. Amyloid plaque (Yellow arrow) c) Normal thickness of the pyramidal cell 
layer with normal neurons (black arrows) with a small number of apoptotic neurons (arrow), Granulovascular degeneration (circle) d) Normal thickness, with normal 
neurons (black arrows) with a small number of apoptotic neurons (arrow). Also, observed granulovascular degeneration (circle) e) A small number of apoptotic 
neurons (arrow), the granulovascular degeneration, the sign of early neuronal degeneration. Amyloid plaque (Yellow arrow) f) Normal thickness with normal 
neurons (black arrows) with a small number of apoptotic neurons (arrow), the granulovascular degeneration g) normal neurons (black arrows) with some apoptotic 
neurons (arrow), the granulovascular degeneration in few neurons h) Preserved hippocampal cell layers, with normal neurons (arrows) i) Normal thickness of the 
pyramidal cell layer with normal neurons (arrows) with a small number of apoptotic neurons (arrow), the granulovascular degeneration in few neurons. Amyloid 
plaque (yellow arrow). Congo red stained hippocampus and cortex tissue (400X) (Scale bars ¼ 100 μm). 
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VCO supplementation and betalains were discovered to have antioxi
dant effects by increasing the enzymatic and non-enzymatic antioxi
dants separately.36,37 

In our study, the combination of both (BET 100 mg/kg + VCO 1 g/kg 
and BET 200 mg/kg + VCO 5 g/kg) provides a wide range of protection 
against oxidative stress. It might be due to MCT and betalains in VCO 
and BET, respectively. MCT is found in VCO. It is efficient at inducing 
ketosis via MCFA when consumed. MCFA is absorbed at the same rate as 
glucose and metabolizes quickly.38 Ketosis can potentially lower reac
tive oxygen species (ROS) and alter inflammatory pathways.39 

Ketone-inducing therapy has been demonstrated to influence mito
chondrial function.40 Thus, VCO directly controls ROS generation at the 
mitochondrial level. However, VCO must be administered in greater 
dosages to evoke a ketogenic response. As a result, combining VCO with 
additional antioxidants is advised.41 In one of the studies, the combi
nation of VCO plus a Mediterranean diet increased episodic memory, 
temporal orientation, and semantic memory.42In this study, we com
bined BET because it inhibits ROS production in AlCl3-treated rats, 
allowing us to limit the VCO dosage successfully. 

The NLRP3 inflammasome forms due to a wide variety of DAMPs. 
Caspase-1, as an inflammasome regulatory protein, may convert inac
tive IL-1β and IL-18 precursor proteins into active IL-1β and IL-18, 
respectively. They play several non-specific inflammatory functions.43 

TNF-α, IL-1β, and IL-6 are several downstream pro-inflammatory me
diators stimulated by IL-1β.44 Thus, the activation or inhibition of the 
NLRP3 inflammasome alters the neuroinflammation process, which may 
influence the generation and release of IL-1β.45 Also, The inflammasome 
NLRP3 connects Aβ plaques and neurofibrillary tangles.28 The NLRP3 
protein and the pro-inflammatory mediator IL-1β are pivotal in Alz
heimer’s disease pathogenesis. Because an aluminum deposition can 
cause neuroinflammation,46 we observed that the AlCl3 group had 
higher levels of NLRP3 and IL-1β in our investigation. However, treat
ment with BET and VCO alone did not significantly lower levels 
compared to the AlCl3 group in the hippocampus and cortex. On the 
other hand, the combination groups (BET 100 mg/kg + VCO 1 g/kg and 
BET 200 mg/kg + VCO 5 g/kg) have been observed to decrease NLRP3 
and IL-1β levels in both parts of the brain. It suggests that the combi
nation was effective in lowering neuroinflammation not only in the 

Fig. 6b. Representative light microphotographs of Congo red stained hippocampus and cortex tissue of rat a) normal histological features with stratified layers. 
Neurons with a core large vesicular nucleus that contains one or more nucleoli and distribution of Nissl granules on the periphery b) Dystrophic, hyperchromatic, 
irregularly scattered Nissl granules (arrows), with dilated blood vessel (circle), and degenerate and several vacuolated neurocytes (arrow).Amyloid plaque (Yellow 
arrow).c) A small number of apoptotic neurons, an early sign of neurodegeneration (arrows).d) Degenerate and number of vacuolated neurocytes (arrow), dilated 
blood vessels (circle) e), f) normal neurons (black arrow), a small number of neurons with apoptotic, irregular, vacuolated neurocytes (arrows), dilated blood vessels 
(circle) Amyloid plaque (Yellow arrow) g) Few apoptotic neurons (arrow) h) normal neurons with signs of cell recovery (arrow) i) Normal histological features with 
stratified layers (arrow), dilated blood vessels (circle). Congo red stained hippocampus and cortex tissue (400X) (Scale bars ¼ 100 μm). 
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hippocampus but also in the cortex. 
Excessive Al accumulation results in a hippocampus inflammatory 

lesion (HIL) in CA1 and CA3 portions.47 In rats, AlCl3 treatment caused 
substantial hippocampus damage, especially in the CA and DG areas.48 

This experiment showed marked neurodegeneration in hematoxylin and 
eosin-stained brain tissue from the disease control group. The combi
nation group (BET 100 mg/kg + VCO 1 g/kg and BET 200 mg/kg + VCO 
5 g/kg) reduced the severity of neuronal degeneration and necrosis in 
the hippocampus and cortex detected by the H and E staining method. 

Congo red dye was used to examine the accumulation of Aβ plaques. 
The production and accumulation of amyloid beta-protein are believed 
to be caused by a buildup of aluminum in the brain.49 An amyloid-beta 
plaque and neurodegeneration were observed in the cortex and CA3 
region of the hippocampus. On the other hand, combination therapy 
(BET 100 mg/kg + VCO 1 g/kg and BET 200 mg/kg + VCO 5 g/kg) 
reduced the formation of Aβ plaques in the hippocampus and cortex. 

The neuropathological changes in AD first manifest in the entorhinal 
cortex and hippocampal regions. Later, they move to other temporal, 
parietal, and lastly, frontal association cortices.50 We observed that the 
individual drug and the combination were influential in the hippo
campus, but the individual drug had less or no impact on the cortex. A 
higher combination was found to be very effective in both brain regions. 
However, more extensive research should be conducted to understand 
combinations’ effects better. Furthermore, we must create a low-cost 
dosage form that can be translated into humans (Fig. 7). 

6. Conclusion 

It can be concluded that the combination’s beneficial effect on 
cognitive improvement is related to its antioxidant and anti- 
inflammatory capabilities and can decrease AChE activity, NLRP3, and 
IL-1β levels in an AlCl3-induced AD rat model not only in the hippo
campus but also in the cortex. This study provides evidence to investi
gate a new therapy option for AD via modulating the NLRP3 
inflammasome pathway. 
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