
Vol.:(0123456789)1 3

https://doi.org/10.1007/s11356-022-20593-4

RESEARCH ARTICLE

Differential neuroprotective effect of curcuminoid formulations 
in aluminum chloride–induced Alzheimer’s disease

Anam Shabbir1,2 · Kanwal Rehman3 · Muhammad Sajid Hamid Akash1  · Moazzama Akbar1 · Zunera Chaudhary1 · 
Pharkphoom Panichayupakaranant4 · Muhammad Ajmal Shah5

Received: 7 February 2022 / Accepted: 29 April 2022 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
Alzheimer’s disease (AD) is a slowly progressive brain degenerative disorder which gradually impairs memory, thinking, 
and ability to perform easy routine tasks. This degenerative disorder mainly targets the elderly people and has imposed an 
endemic burden on society. Hence, there is a crucial need to investigate the efficacious herbal pharmacotherapies that can 
effectively mitigate and prevent the pathological hallmarks of AD. The current study aims to explore the potential efficacy 
of curcuminoid-rich extract (CRE) and its ternary complex (TC). Experimental rodents were administered with  AlCl3 (300 
mg/kg) to induce AD and treated with rivastigmine, curcuminoid crude extract, CRE, and TC orally for three consecutive 
weeks. Neurobehavioral, biochemical, and histopathological studies were performed from the last week of the study period. 
The mRNA expression of different pathological biomarkers was estimated by RT-qPCR analysis. The results of the study 
suggested that CRE and TC significantly improved the behavioral, biochemical parameters and acetylcholinesterase inhibitory 
activity in treatment groups. Histological analysis was also carried out indicating that the neurodegenerative changes and 
neuronal loss were stabilized by CRE and TC supplementation. CRE and TC supplementation remarkably downregulated 
the interleukin-1α, tumor necrosis factor-α, interleukin-1β, acetylcholinesterase, and β-secretase pathological gene expres-
sion. Hence, it was concluded that CRE and TC may act as promising candidates in the prevention of AD via numerous 
underlying signaling pathways.
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Introduction

Alzheimer’s disease (AD) is a debilitating progressive age-
related neurodegenerative disease. This disorder is the most 
common cause of dementia and the sixth principal cause of 

death around the world (Haque and Levey 2019). It is usu-
ally characterized by a cumulative episodic memory loss and 
loss of cognition, eventually leading to cause deficiencies in 
visuospatial and language skills, which are frequently fol-
lowed by various behavioral disorders including aggressive-
ness, apathy, and depression (Sharma et al. 2021; Silva et al. 
2019). The significant physio-pathological characteristics of 
AD are the deposition of extracellular β-amyloid peptide 
(Aβ) insoluble plaques and neurofibrillary tangles (NFTs) 
together with hyperphosphorylated tau proteins in the cyto-
plasm of brain tissues of AD patients (Hossain et al. 2019; 
Silva et al. 2019). According to an estimate, more than 6 
million people aged above 65 years are suffering from AD in 
the USA. Hence, there is a crucial need to diagnose, prevent, 
and find out the essential therapeutic measures in order to 
control the consequences of this disastrous disease. The spa-
tial and cognitive deficits were considered as initial clinical 
signs and multiple environmental factors are associated with 
AD pathology (Bhattacharjee et al. 2014; Mathiyazahan 
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et al. 2015). It is documented that free radicals and excessive 
oxygen species are the main cause in the pathogenesis of AD 
(Kimura and Ohno 2009). Aluminum is the most abundant 
metal on earth crust and extensively reported to be neuro-
toxic to human beings and animals (Chiroma et al. 2019; 
Walton 2012). Aluminum can easily cross the blood–brain 
barrier (BBB) due to its high affinity for transferrin receptors 
and hence accumulate in the brain (Liaquat et al. 2019). Usu-
ally, aluminum accumulates in the most specific parts of the 
brain including the hippocampus and frontal cortex regions 
which are mainly concerned with perception and memory 
(Cheng et al. 2019). Aluminum exposure stimulated various 
neuronal and biochemical abnormalities which are directly 
associated with cognitive deformities linked to AD (Bondy 
2014; Chauhdary et al. 2019).

Curcuma longa (turmeric) is a very familiar golden-yel-
low colored spice that belongs to the Zingiberaceae fam-
ily (Hesari et al. 2019). It is documented that conventional 
medicines frequently used the powdered Curcuma as a cura-
tive agent, food additive, and coloring agent in Asian foods. 
Biologically, curcuminoids are active and are among the 
major constituents, comprising almost 2–9% of the C. longa 
constituents (Hesari et al. 2019; Priyadarsini 2014). Cur-
cumin is the major representative of curcuminoids including 
curcumin (60–70%), demethoxycurcumin (DMC, 20–27%), 
and bisdemethoxycurcumin (BDMC, 10–15%) (Ahsan et al. 
1999; Somparn et al. 2007). According to recent reports, 
extract of curcuminoids prepared by simple extractions using 
ethanol provided a higher yield of curcuminoid extracts, but 
because of the presence of non-volatile oils and oleoresins, 
their content levels are very low (Hatcher et al. 2008). Uti-
lization of a pure natural composite is generally regarded 
as a restriction for industrial uses, as the purification pro-
cedure needs different steps and it is also time consuming 
and expensive (Li et al. 2009), hence we used curcuminoid-
rich extract (CRE). CRE used in this study was prepared 
by using inexpensive microwave-assisted extraction (MAE) 
technique, a principle of the green extraction method as 
described previously (Lateh et al. 2019). CRE prepared by 
this method is cost-effective and comprised of a greater con-
tent of curcuminoids, i.e., 88% w/w. In the current investi-
gation, we explored that CRE had a highly soluble ternary 
complex of CRE with hydroxypropyl-β-cyclodextrin and 
polyvinylpyrrolidone (Hatcher et al. 2008).

The study was planned to estimate the alterations in 
behavioral and biochemical parameters, oxidative stress, 
acetylcholinesterase levels, levels of proinflammatory 
cytokines, and mRNA expression of pathological genes 
caused by aluminum chloride administration. The main 
objective was to investigate the therapeutic potentials of 
CRE and TC in aluminum chloride induced AD rat model.

Materials and methods

Chemicals and reagents

Aluminum chloride  (AlCl3) (for the induction of AD), iso-
flurane (for induction and maintenance of anesthesia), riv-
astigmine as standard drug from Novartis Pharma (PVT) 
Ltd., phosphate buffer tablets, water for injection, TRIzol 
(Invitrogen), cDNA synthesis kit (WizScript), cyber green 
(SYBR green master mix of WizPure), primers (Thermo 
Fisher Scientific-US) for the synthesis of cDNA were 
procured. Curcuminoid extracts including CR (27% w/w 
curcuminoids), CRE (88% w/w curcuminoids), and TC 
(14% w/w curcuminoids) were obtained from Assoc. Prof. 
Pharkphoom Panichayupakaranant, Phytomedicines and 
Pharmaceutical Biotechnology Excellence Centre, Faculty 
of Pharmaceutical Sciences, Prince of Songkla Univer-
sity, Thailand. Assay kits were used for the determination 
of proinflammatory cytokines and antioxidant enzymes 
(Elabscience).

Method of extract’s preparation

CRE was prepared using a method as described previously 
(Lateh et al. 2019). Briefly, turmeric powder was extracted 
using ethanol by MAE technique. Crude ethanol extract was 
semipurified through a biodegradable resin (Diaion HP-20) 
column and eluted with hydro-ethanol to obtain CRE. In 
order to enhance the solubility and bioavailability of cur-
cuminoids, its ternary complex (TC) was prepared using 
different ratios of hydroxyl propyl-β-cyclodextrin and poly-
vinyl pyrrolidone K30 with CRE (Lateh et al. 2022) and the 
curcuminoid contents in CRE (88% w/w) and TC (14% w/w) 
were analyzed by using HPLC.

Experimental animals

The healthy albino male Wistar rats (4 months of age) 
weighing 200–250 g were acquired from the animal house 
of Government College University, Faisalabad, Pakistan. All 
the rats were caged in groups separately in a well air-condi-
tioned and ventilated animal house of University. All the rats 
were kept at a temperature of 25 ± 5 °C, 12 h dark and light 
cycle, and relative humidity of 55 ± 10% one week before 
the start of experimentation to acclimatize the animals. The 
animals were provided with unlimited access to standard rat 
pellet feed and water. All the procedures for animal experi-
ments were performed under the approved laboratory animal 
bio-safety guidelines and the experimental study design was 
approved by the Institutional Review Board of Government 
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College University, Faisalabad, with an authorized Ref. No. 
(GCUF/ERC/2196).

Experimental induction of Alzheimer’s disease

After acclimatization of all the rats for 2 weeks, they were 
fasted for 12 h and administered with  AlCl3 at a dose of 300 
mg/kg (orally) to induce Alzheimer disease coupled with 
behavioral, molecular, and biochemical deficiencies for 21 
days to obtain persistent deposition and accumulation of 
aluminum in the brain tissues of rats (Chiroma et al. 2018).

Experimental study design

All rats were alienated arbitrarily into six groups contain-
ing six rats in each group (n = 6). Group I was regarded as 
normal control group (NC) administered with normal saline 
(1 ml/kg). Group II was regarded as diseased group  (AlCl3) 
treated with aluminum chloride (300 mg/kg) per oral. Group 
III was regarded as standard group (STD) administered with 
 AlCl3 (300 mg/kg) + rivastigmine (1 mg/kg) per oral. Group 
IV was administered with aluminum chloride (300 mg/kg) 
+ curcuminoids crude extract (30 mg/kg) per oral and con-
sidered as CR. Group V was regarded as CRE administered 
with  AlCl3 (300 mg/kg) + CRE (30 mg/kg) per oral. Group 
VI was regarded as TC `administered with  AlCl3 (300 mg/
kg) + ternary complex (30 mg/kg) per oral. All the doses 
were given for 3 weeks. After dose administration, neurobe-
havioral parameters were recorded on 19th and 20th day.

Neurobehavioral studies

Multiple neurobehavioral tasks such as wire hanging test, 
open field test, hole board test, elevated plus-maze test, and 
Morris water maze test were performed to investigate the 
behavioral abnormalities induced by aluminum chloride 
neurotoxicity.

Wire hanging test

This test was used to examine the perseverance and neu-
romuscular endurance of AD-induced rats. The apparatus 
required for the wire hanging task was composed of horizon-
tal grids of stainless steel allocated on wooden walls (3 cm 
in width and 60 cm in length). Rats were handled gently 
by their tails and then placed on the wire until they firmly 
make their grip on the steel grid using their paws. They were 
hanged on a steel grid downward in the straight and erect 
position. Rats should have to hold on to the wire for up to 
30 s. The fall down time was recorded from 30 s to 1.5 min 
(Chauhdary et al. 2019).

The open‑field test

This test was designed primarily to investigate the explora-
tion, fear, and impaired motor functions by evaluating the 
spontaneous movement of rats in an open area. This test is 
considered to be a fundamental test to examine the early 
pathological modifications in AD-induced rats (Naert et al. 
2011). At the end of treatment duration, animals were placed 
in a box (72 × 72 × 36 cm). The floor was divided into 16 
squares, each measuring 18 × 18 cm, using a black line. 
One wall of the box was of Plexiglas for visualization of the 
open area. The box was disinfected with 70% alcohol after 
performing each trial. The test lasted for 10 min to calculate 
the total distance covered and all lines crossed to examine 
the anxiety in AD induced rats.

Hole board test

A hole board test was conducted to observe the exploratory 
and anxiety behaviors by counting the number of head dip-
ping of rats in the hole board apparatus. The apparatus used 
was composed of Plexiglas material of 30 cm high walls 
and (25 × 25 cm) dimensions. The board was categorized 
into 16 equally fractionated holes and these were 1.5 m high 
from the floor. Then, rats were left on the ground to let them 
explore the apparatus for 8–10 min.. The distance covered 
by the rat in the central and peripheral regions and the head 
dipping count was recorded. One head dip was counted only 
when both eyes of rats have vanished in the hole (Tillerson 
and Miller 2003).

Elevated plus‑maze test

This maze test was designed to assess the anxiety or fear-
linked actions and to evaluate memory with exploration. 
For training on the first day, animals were kept gently at 
the open (unsafe) arm in the opposite direction of the plat-
form and then transfer latency was measured. After 24 h, 
the exact method was performed again and transfer latency 
time was noted to analyze the memory, cognition, and learn-
ing impairment. Acquisition memory and retention memory 
were examined using this test on the 21st day. The equip-
ment comprising of two crossed arms was used; two closed 
and the remaining two open arms. The animal was laid down 
on an open arm, in opposite direction to other arms. Acquisi-
tion session was defined as the time required by the animal 
to foot in the closed arm of apparatus in the very first session 
and was termed as first transfer latency of animal. The time 
to move out was settled to be 1.5 min and if a rat was not 
able to locate closed arm within the set time limit, the rat 
was again placed into one closed arm to let the rat further 
explore the elevated maze for 30 s. Retention session (sec-
ond trial) was conducted 24 h after the very first trial and 
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transfer latency was recorded in the retention session (Naert 
et al. 2011).

Morris water maze test

This Morris water maze test was carried out to explore the 
task of spatial, and contiguous learning strategy. In neurop-
harmacology, this test is frequently used to estimate the neu-
rocognitive deficits and very sensitive to detect early spatial 
disorientations in rodents. For this test, a test pool or plastic 
tub of 140 cm diameter, 60 cm depth was used and tap water 
was added to it (temperature of the water was maintained to 
26 ± 1 °C). A platform of 10 cm lengths and 10 cm width was 
set at the midpoint approximately 1 cm. beneath the water 
surface. This test pool was required to be non-transparent so 
the addition of some milk powder was done to hide the plat-
form and made it invisible to approach easily for rats during 
the trial. The rats were trained about the platform and training 
was done continuously for 6 days (3 trials every day). After 
training, rats were placed at four different starting points into 
the test pool and dropped to immense for about 1.5 min to test 
their ability to allocate the hidden platform. Each trial was 
ended when rats stayed on the platform for 20 s. The escape 
latency for each trial  was recorded i.e., 150 s. Each trial was 
started and ended manually. The rats’ movement from the 
hidden platform to four different directions was monitored 
very carefully (Vorhees and Williams 2006).

Preparation of brain tissue homogenate

After performing the behavioral studies, rats were sacrificed 
under light anesthesia using isoflurane via cervical disloca-
tion. The brain of all experimental rats was isolated, rinsed 
with chilled normal saline to get rid of the blood and stored 
in a biomedical freezer at −21 °C. Brain tissues especially 
the hippocampus portion and cerebral cortex regions were 
preserved in 10% normal formalin buffer for histopathological 
analysis. Brain samples with 10% w/v were stored in phos-
phate buffer for biochemical estimation, then brain tissue 
homogenates were prepared using phosphate buffer with pH 
7.4 in a tissue homogenizer and centrifuged at 900 rpm and 
4 °C for 15 min. Then the supernatant obtained was used for 
further evaluation of the endogenous antioxidant enzymes and 
proinflammatory cytokines and RT-PCR analysis.

Estimation of oxidative stress and lipid peroxidation 
in brain

To evaluate the therapeutic impact of CRE and TC in  AlCl3 
stimulated AD rats on oxidative stress and lipid peroxidation, 
we estimated the level of catalases (CAT) (catalog number 
E-BC-K106; Elabscience), superoxide dismutases (SOD) (cata-
log number E-BC-K020; Elabscience), glutathione peroxidases 

(GPx) (catalog numbers E-BC-K096, E-EL-R2491; Elabsci-
ence), and lipid peroxidation (MDA) (catalog number E-EL-
0060; Elabscience) in the brain tissue homogenates using 
ELISA kits according to the manufacturer’s instructions.

Determination of acetylcholinesterase inhibitory 
activity

After observing the behavioral parameters, brain tissue 
homogenates were prepared by tissue homogenizer and 
mixed with 0.1 M phosphate buffer (2.6 ml) + 2,4 dithio-
bis nitrobenzoic acid (DTNB) 100 μl, and acetylthiocholine 
iodide 20 μl. The activity of acetylcholinesterase was calcu-
lated using the following formula:

CO = concentration of tissue (mg/mL)
A = the change in absorbance/min
R = the rate of the substrate (moles) hydrolyzed min/
gram of the brain tissue (Lakshmi et al. 2015).

Histopathological analysis of brain tissues

Animals were sacrificed in each group by cervical dislocation 
and isolated brain tissues were fixed in 10% neutral forma-
lin buffer at 37 °C. The fixed tissues were then dehydrated 
in alcohol. After infiltration of the dehydrated tissues, these 
were embedded in paraffin wax. Transverse sections of paraffin 
embedded brain tissues of approximately 5 μm thickness were 
incised with the aid of a microtome. The sliced sections were 
then mounted on a glass slide and staining is done by hema-
toxylin and eosin dye and covered with cover slips. Finally, the 
slides were observed under an electron microscope.

Estimation of CRE and TC effect on pro‑inflammatory 
biomarkers in brain

The modulatory effect of CRE and TC in  AlCl3 stimulated 
AD rats on pro-inflammatory cytokines including interleu-
kin-6 (IL-6) and TNF-alpha (TNF-α) were determined in 
the brain tissue homogenates using ELISA kits following 
the manufacturer’s protocols.

Evaluation of AD‑linked gene expression analysis

Brain tissues were isolated and washed with phosphate buffer. 
The total RNA was isolated by homogenizing the brain tissues 
using a polytron (VWR) device and treated with TRIzol rea-
gent (Molecular Research Centre Inc., USA). Total RNA con-
tent was estimated by nano-drop at 260/280 nm wavelength and 
integrity was assured through gel green staining and agarose 

R = 5.74 × 10
−4 × A∕CO
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gel electrophoresis. Single-stranded cDNA was assembled by 
using the Revert Aid First Strand cDNA kit (Thermo Scien-
tific USA). The first-strand cDNA was additionally utilized in 
concomitance with a SYBER green PCR kit (Qiagen) and the 
wizScript primer assays for the analysis of TNF-α, IL-1α, IL-1β, 
AChE, and BACE-1 by real-time PCR. Quantitative PCR ther-
mal cycling was carried out under the recommended conditions: 
95 °C for 5 min, followed by 30–40 cycles, denaturation for 20 
s at 95 °C, annealing for 30 s at 55–60 °C, and extension for 1 
min at 72 °C by using real-time PCR machine (Bio-Rad). The 
size and sequence of the expected PCR product of both target 
genes and reference are mentioned in Table 1. Glyceraldehyde-
3-phosphate dehydrogenase (GADPH) was utilized as an endog-
enous reference or housekeeping gene. The relative expression 
of all the target genes was measured by CT method using Real 
plex software against GADPH. Then products of real-time PCR 
were separated on agarose gel (2%) electrophoresis system.

Statistical analysis

Statistical analysis was performed by using post hoc test in 
GraphPad Prism version 5. The data comparison among all the 
groups was done by Tukey’s post-test using one-way analysis of 
variance (ANOVA) and by Bonferroni post-test using two-way 
ANOVA. All the experimental procedures were carried out in 
triplicates. The statistically significant value was set up at p < 
0.05 and all the data was expressed as mean ± SEM; n=6.

Results

Neurobehavioral analysis

Effect of curcuminoid treatments on wire hang test

In the current study, it was examined that the hanging time 
was significantly decreased (p < 0.05) in  AlCl3 treated 

groups compared to the NC (normal control), STD (stand-
ard group treated with rivastigmine), CR-30 (curcuminoids 
crude extract treated), CRE-30 (curcuminoid-enriched 
extract treated), and TC-30 (ternary complex treated) group 
(Fig. 1). The fall-off time was significantly expanded in NC, 
STD, CRE-30, and TC-30 treatment groups (i.e., approxi-
mately 60 min). Groups treated with CR-30 showed a sig-
nificant decline (p < 0.05) in hanging time compared to 
NC, STD, CRE-30, and TC-30 groups. The hanging time 
of CRE-30 and TC-30 treated groups was non-significant to 
each other, revealing the protective effect of these treatments 
on neuromuscular coordination.

Effect of curcuminoid treatments on open field test

In the present study, open field test was performed to investi-
gate either the anxiety, impaired locomotion, or exploration 
behaviors in rats due to administration of  AlCl3 (Fig. 2). It 
was examined that the time spent by rats at the periphery 
was significantly higher (p < 0.05) in comparison to the time 
spent by rats at the center of wooden box among all groups. 
 AlCl3 and CR-30 treated groups showed the significant 
decline in (p < 0.05) the exploratory behavior and locomo-
tion compared to NC, STD, CRE-30, and TC-30 treatment 
groups (Fig. 2). In comparison, CRE-30, TC-30 treatment 
groups, and STD group showed significant higher number 
of total lines crossed and more locomotion at the periphery 
of chamber per 10 min when compared with each other. The 
open field test results indicated that there were marked dif-
ferences for both total counts of lines crossed (a) termed as 
spontaneous locomotor and number of rearings (b) termed 
as exploratory activities between the  AlCl3, STD, CR-30, 
CRE-30, and TC-30 treatment groups. CRE-30 and TC-30 
showed non-significant results when compared with each 
other in the case of both the number of lines crossed and the 
count of rearings.

Table 1  The primers used in 
the current study along with the 
expected protein size of qRT-
PCR products

Genes Primers Primer sequence (5’–3’) Accession no. Expected 
size (bp)

TNF-α Forward GGA GGG AGA ACA GCA ACT CC NM_019204.2 178
Reverse TCT GCC AGT TCC ACA TCT CG

IL-1α Forward CCT CGT CCT AAG TCA CTC GC NM_017019.1 158
Reverse GGC TGG TTC CAC TAG GCT TT

IL-1β Forward GAC TTC ACC ATG GAA CCC GT NM_031512.2 105
Reverse GGA GAC TGC CCA TTC TCG AC

AChE Forward TCC CCT CAA CAT CAG GCT CA NM_172009.1 200
Reverse TCC CCT CAA CAT CAG GCT CA

BACE-1 Forward CCA ACC TTC GTT TGC CCA AG NM_019204.2 104
Reverse GCG GAA GGA CTG ATT GGT GA

GADPH Forward GGA GTC CCC ATC CCA ACT CA XM_017592435.1 173
Reverse GCC CAT AAC CCC CAC AAC AC
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Effect of curcuminoid treatment on hole board test

In hole board test, it was explored that the counts of head 
dipping were significantly decreased (p < 0.05) in the 
 AlCl3, and CR-30 groups when compared to the NC, CRE-
30, and TC-30 treatment groups (Fig. 3).  AlCl3 induced 
depression-like behavior and impaired locomotion and 
exploratory abilities of rats in the disease control group 

of this study. CRE-30 and TC-30 showed non-significant 
results when compared with each other. CR-30 group also 
showed a difference of p <0.05 and TC-30 treatment group 
shows p <0.05 when compared with STD group. In NC, 
STD, CRE-30, and TC-30 treatment groups, head dipping 
count was significantly mitigated in a dose-dependent way 
demonstrating their protective effects against anxiety and 
depleted exploratory behaviors (Fig. 3).

Effect of curcuminoid treatment on elevated plus maze

The effects of CRE-30 and TC-30 treatment groups on 
the execution of cognitive memory acquisition and mem-
ory retention in elevated plus maze in  AlCl3 induced AD 
rats are given in Fig. 4. The outcomes of transfer latency 
test indicated that STD, CRE-30, and TC-30 treatment 
groups in contrast to NC group rats were non-significant 
(p > 0.05). While the transfer latency was significantly 
decreased in  AlCl3 induced group (p < 0.05) compared to 
NC group, STD, CRE-30, TC-30, and CR-30 showing their 
protective effects against AD pathological biomarkers.

Effect of curcuminoid treatment on Morris water maze test

The outcomes of Morris water maze test revealed that after 
training trial of rats, the escape latency time (s) was signifi-
cantly elevated (p < 0.05) in  AlCl3 and CR-30 compared to 
normal control groups (Fig. 5). However, STD, CRE-30, 
and TC-30 treatment groups showed that time of escape 
latency was decreased and all these groups exhibited non-
significant results when comparison is done among these 

Fig. 1  Bar diagram representing the effects of CRE-30 and TC-30 
treatment on wire hanging test on  AlCl3 induced AD rats. The test 
results were obtained by Tukey’s post test using one-way ANOVA 
and the level of significance was set at p <0.05. Each error bar 
expresses mean ± SEM; n=6. aWhen compared with NC group, 
bwhen compared with  AlCl3 group, cwhen compared with CR-30 
group. NC = normal control, STD = standard group,  AlCl3 = alu-
minum chloride disease control, CR-30 = curcuminoids crude 
extract, CRE-30 = curcuminoid-rich extract, and TC-30 = complex 
of curcuminoid-rich extract

Fig. 2  The effects of CRE-30 and TC-30 treatment groups on the 
open-field test in  AlCl3 triggered AD rats. a Total lines crossed. b 
Number of rearings. The test results were estimated by Tukey’s post 
test using one-way ANOVA and the level of significance was set at p 
<0.05. Each error bar expresses mean ± SEM; n=6. aWhen compared 

with NC group, bwhen compared with  AlCl3 group, cwhen compared 
with CR-30 group. NC = normal control, STD = standard group, 
 AlCl3 = aluminum chloride disease control, CR-30 = curcuminoids 
crude extract, CRE-30 = curcuminoid-rich extract, and TC-30 = 
complex of curcuminoid-rich extract
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groups. Visual behavioral evaluation suggested that rats in 
 AlCl3 induced diseased group were moved slowly toward 
the platform and thigmotaxis behavior (it showed the time 
spent at surroundings of test pool as an index of anxiety and 

platform searching strategy) was much higher in contrast 
to NC, STD, CRE-30, and TC-30 treatment groups. CR-30 
showed non-significant results when compared with disease 
control group.

Biochemical analysis

Estimation of malondialdehyde (MDA) level

Administration of  AlCl3 (300 mg/kg) in rats caused a signifi-
cant elevation in MDA level in brain (p < 0.05) versus NC, 
STD, CRE-30, and TC-30 groups (Fig. 6). The NC group 
showed a normal level of MDA which was 0.344 ± 0.023 
nmol/mg. In comparison, STD, CRE-30, and TC-30 showed 
non-significant (p > 0.05) results as compared to NC group. 
Similarly, CRE-30 and TC-30 groups also showed non-
significant (p > 0.05) results versus the STD-treated group. 
CRE-30 and TC-30 groups showed a significant decline (p 
< 0.05) in MDA levels when compared with CR-30 group. 
There were non-significant differences between CRE-30 and 
TC-30 treatment groups revealing that all these treatment 
groups have a protective impact on oxidative damage due to 
lipid peroxidation.

Catalase (CAT)

Administration of  AlCl3 caused a significant decrease in CAT 
level in brain (p < 0.001) when compared with NC, STD, 

Fig. 3  Bar diagram representing the effects of treatment on hole 
board test in  AlCl3 induced AD rats. The test results were estimated 
by Tukey’s post test using one-way ANOVA and the level of signif-
icance was set at p <0.05. Each error bar expresses mean ± SEM; 
n=6. aWhen compared with NC group, bwhen compared with  AlCl3 
group, cwhen compared with STD group, dwhen compared with 
CR-30 group. NC = normal control, STD = standard group,  AlCl3 
= aluminum chloride disease control, CR-30 = curcuminoids crude 
extract, CRE-30 = curcuminoid-rich extract, and TC-30 = complex 
of curcuminoid-rich extract

Fig. 4  Effects of treatment on the execution of cognitive memory 
acquisition and memory retention in elevated plus maze in  AlCl3 
induced AD rats. The test results were estimated at the end of treat-
ment by Tukey’s post test using one-way ANOVA and the level of 
significance was set at p <0.05. Each error bar expresses mean ± 
SEM; n=6. aWhen compared with NC group, bwhen compared with 
 AlCl3 group, cwhen compared with STD group, dwhen compared 
with CR-30 group. NC = normal control, STD = standard group, 
 AlCl3 = aluminum chloride disease control, CR-30 = curcuminoids 
crude extract, CRE-30 = curcuminoid-rich extract, and TC-30 = 
complex of curcuminoid-rich extract

Fig. 5  Effects of treatment on escape latency time in Morris water 
maze test in  AlCl3 induced AD rats. The test results were estimated at 
the end of treatment by Tukey’s post test using one-way ANOVA and 
the level of significance was set at p <0.05. Each error bar expresses 
mean ± SEM; n=6. aWhen compared with NC group, bwhen com-
pared with  AlCl3 group, cwhen compared with STD group, dwhen 
compared with CR-30 group. NC = normal control, STD = standard 
group,  AlCl3 = aluminum chloride disease control, CR-30 = cur-
cuminoids crude extract, CRE-30 = curcuminoid-rich extract, and 
TC-30 = complex of curcuminoid-rich extract
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CR-30, CRE-30, and TC-30 groups (Fig. 7). The NC group 
showed the normal level of CAT which was 0.85 ± 0.04 IU/
μl. In comparison, STD, CRE-10, CRE-30, TC-10, and TC-30 
showed non-significant (p > 0.05) results as compared to NC 
group. Similarly, CRE-30 and TC-30 also showed non-sig-
nificant (p > 0.05) results when compared with STD group. 
CRE-30 and TC-30 treatment groups represented a remark-
able increase (p < 0.05) in CAT level in contrast to CR-30. 
Moreover, CRE-30 and TC-30 treatment groups showed non-
significant difference compared to each other.

Superoxide dismutase (SOD)

The SOD level was remarkably decreased (p < 0.05) in brains 
of  AlCl3 treated rats when compared with NC, STD, CR-30, 
CRE-30, and TC-30 groups (Fig. 8). The NC group showed 
the normal level of SOD which was 0.85 ± 0.04 IU/μl. CR-30 
treatment group rats represented a marked reduction (p < 
0.05) in the SOD levels within brain as compared to CRE-10 
and TC-30 groups and a difference of p < 0.05 versus STD-
treated rats. In contrast, STD, CRE-30, and TC-30 showed 
non-significant (p > 0.05) results as compared to NC group. 
Similarly, CRE-30 and TC-30 also showed non-significant (p 
> 0.05) results compared to the STD group.

Glutathione peroxidase (GPx)

The GPx level was remarkably decreased (p < 0.05) in 
brains of  AlCl3 treated rats compared to NC, STD, CR-30, 
CRE-30, and TC-30 groups (Fig. 9). The NC group showed 

a normal level of GPx which was 9.47 ± 0.31 U/mg. CR-30 
treatment group rats represented a marked reduction (p < 
0.05) in the GPx levels within brain versus NC, CRE-30, and 
TC-30 groups and STD-treated rats, whereas STD, CRE-30, 
and TC-30 showed non-significant (p > 0.05) results as com-
pared to the NC group. Similarly, CRE-30 and TC-30 also 
showed non-significant (p > 0.05) results when compared 
with the STD group.

Fig. 6  Bar diagram representing the effects of CRE-30 and TC-30 
treatment groups on lipid peroxidation test in  AlCl3 induced AD rats. 
The level of MDA was estimated at the end of treatment by using 
Tukey’s post test using one-way ANOVA and the level of significance 
was set at p <0.05. Error bar expresses mean ± SEM; n=6. aWhen 
compared with NC group, bwhen compared with  AlCl3 group. NC 
= normal control, STD = standard group,  AlCl3 = aluminum chlo-
ride disease control, CR-30 = curcuminoids crude extract, CRE-30 = 
curcuminoid-rich extract, and TC-30 = complex of curcuminoid-rich 
extract

Fig. 7  Bar diagram representing the effects of CR-30, CRE-30, and 
TC-30 treatment groups on oxidative stress in  AlCl3 induced AD 
rats. The level of catalase (CAT) was estimated at the end of treat-
ment by Tukey’s post test using one-way ANOVA and the level of 
significance was set at p <0.05. Error expresses mean ± SEM; n=6. 
aWhen compared with NC group, bwhen compared with  AlCl3 group, 
cwhen compared with CR-30 group. NC = normal control, STD = 
standard group,  AlCl3 = aluminum chloride disease control, CR-30 = 
curcuminoids crude extract, CRE-30 = curcuminoid-rich extract, and 
TC-30 = complex of curcuminoid-rich extract

Fig. 8  Bar diagram representing the effects of treatment on SOD lev-
els in  AlCl3 induced AD rats. The level of SOD was estimated at the 
end of treatment by Tukey’s post test using one-way ANOVA and the 
level of significance was set at p <0.05. Error bar expresses mean ± 
SEM; n=6. aWhen compared with NC group, bwhen compared with 
 AlCl3 group. NC = normal control, STD = standard group,  AlCl3 
= aluminum chloride disease control, CR-30 = curcuminoids crude 
extract, CRE-30 = curcuminoid-rich extract, and TC-30 = complex 
of curcuminoid-rich extract
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Acetylcholinesterase inhibitory activity

Acetylcholine is the chief neuro-regulator in the brain region 
responsible for the modulation of cognitive and motor functions. 
The level of acetylcholine is diminished by the choline acetyl-
transferases degeneration resulting in cognitive inadequacies in 
AD. CRE and TC have a protective effect on the acetylcholine 
level due to their AChE inhibitory action, which causes the 
breakdown of acetylcholine. In the current study, we explored 
the changes in AChE activity in brains of  AlCl3 induced rats 
after administration of CR, CRE, and TC presented in Fig. 10. 
In the NC group, the concentration of AChE was found to be 
2.8 ± 0.173 μmol/mg. When the rats were administered with 
 AlCl3, the level of AChE was enhanced remarkably (p < 0.05) 
in cerebellum region in contrast to NC, STD, CR-30, CRE-30, 
and TC-30 groups. However, there was a significant increase 
in AChE levels in CR-30 treated group (p < 0.05) versus the 
NC and STD treated group. Similarly, chronic administration 
of CRE-30 and TC-30 (p < 0.05) significantly prevented the 
AChE inhibitory activity in the brain compared to the CR-30 
treated group. The concentration of AChE was also significantly 
decreased in TC-10 (p < 0.05) compared to CR-30 and TC-30 
(p < 0.05) compared to CRE-30.

Effect of curcuminoid treatments on inflammatory 
biomarkers TNF‑α and IL‑6

The IL-6 level was remarkably decreased (p < 0.05) in 
brains of  AlCl3 treated rats in contrast to NC, STD, CRE-30, 

and TC-30 groups (Fig. 11). The NC group showed a normal 
level of IL-6 which was 45.00 ± 2.88 pg/mg. CR-30 treat-
ment group rats represented a marked reduction (p < 0.05) 
in the SOD levels within brain versus CRE-30 and TC-30 
groups. In comparison, STD, CRE-30, and TC-30 showed 
non-significant (p > 0.05) results as compared to NC group. 
Similarly, CRE-30 and TC-30 also showed non-significant 
(p > 0.05) results when compared with the STD group.

TNF-α level was remarkably decreased (p < 0.05) in 
brain lysates from rats cotreated with  AlCl3 and STD or TC 
compared to those treated with  AlCl3 alone or  AlCl3 and 
CR (Fig. 10). The NC group showed the normal level of 
TNF-α which was 104.33 ± 03.48 pg/ml. CR-30 treatment 
group rats represented a marked reduction (p < 0.05) in the 
SOD levels within brain in contrast to CRE-30 and TC-30 
group rats, whereas STD, CRE-30, and TC-30 showed non-
significant (p > 0.05) results as compared to NC group. 
Similarly, CRE-30 and TC-30 also showed non-significant 
(p > 0.05) results when compared with STD group.

Effect of curcuminoid treatments on mRNA 
expression of pathological biomarkers 
of neurodegeneration

After the accomplishment of a 21 days experimental study plan 
in healthy Wistar rats, mRNA expression of various pathologi-
cal biomarkers of AD including TNF-α, IL-1α, IL-1β, AChE, 
and BACE-1 was evaluated (Fig. 12). It was observed that 
TNF-α expression was significantly increased (p < 0.05) in 
 AlCl3 diseased group versus NC group (3.00 ± 0.58-fold). 

Fig. 9  Bar diagram representing the effects of CRE-30 and TC-30 
treatment groups on GPx in  AlCl3 induced AD rats. The test results 
were estimated at the end of treatment by Tukey’s post test using 
one-way ANOVA, and the level of significance was set at p <0.05. 
Each error bar represents mean ± SEM; n=6. aWhen compared with 
NC group, bwhen compared with  AlCl3 group, cwhen compared with 
CR-30 group. NC = normal control, STD = standard group,  AlCl3 
= aluminum chloride disease control, CR-30 = curcuminoids crude 
extract, CRE-30 = curcuminoid-rich extract, and TC-30 = complex 
of curcuminoid-rich extract

Fig. 10  Bar diagram representing the effects of CRE and TC treat-
ment on AChE in  AlCl3 induced AD rats. The AChE level was esti-
mated at the end of treatment by Tukey’s post test using one-way 
ANOVA, and the level of significance was set at p <0.05. Error bar 
expresses mean ± SEM; n=6. aWhen compared with NC group, 
bwhen compared with  AlCl3 group. NC = normal control, STD = 
standard group,  AlCl3 = aluminum chloride disease control, CR-30 = 
curcuminoids crude extract, CRE-30 = curcuminoid-rich extract, and 
TC-30 = complex of curcuminoid-rich extract
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However, the level of TNF-α was considerably alleviated (p < 
0.05) in STD group (1.53 ± 0.12), CRE-30 (1.40 ± 0.11-fold), 
and TC-30 (1.09 ± 0.048-fold), in comparison to diseased con-
trol group. The mRNA expression of IL-1α was notably upreg-
ulated (p < 0.05) in  AlCl3 model group in comparison to NC 
group (2.76 ± 0.14-fold). Nevertheless, the expression of IL-1α 
was notably downregulated (p < 0.05) in STN group (1.41 ± 
0.094), CRE-30 (1.27 ± 0.085-fold), and TC-30 (1.13 ± 0.031-
fold) in contrast to diseased control. A remarkable proliferation 

(p < 0.05) in mRNA expression of IL-1β was observed in  AlCl3 
diseased group versus NC group (2.93 ± 0.17-fold) and STD 
group (1.40 ± 0.17-fold). However, mRNA expression level 
of IL-1β after treatment with TC-30 was incredibly improved 
(1.16 ± 0.120-fold) compared to diseased control. A notable 
decrease (p < 0.05) in expression level of IL-1β was observed 
in CR-30 and CRE-30 (1.53 ± 0.18-fold) group versus  AlCl3 
diseased group. It was noticed that AChE mRNA expression 
was incredibly upregulated (p < 0.05) in  AlCl3 induced group 

Fig. 11  Bar diagram representing the effects of CRE-30 and TC-30 
treatment groups on proinflammatory cytokines in  AlCl3 induced 
AD rats. The level of IL-6 and TNF-α was estimated by Tukey’s post 
test using one-way ANOVA, and the level of significance was set at 
p<0.05. Error bar expresses mean ± SEM; n=6. aWhen compared 

with NC group, bwhen compared with  AlCl3 group. NC = normal 
control, STD = standard group,  AlCl3 = aluminum chloride disease 
control, CR-30 = curcuminoids crude extract, CRE-30 = curcumi-
noid-rich extract, and TC-30 = complex of curcuminoid-rich extract

Fig. 12  Analysis of TNF-α, IL-1α, IL-1β, AChE, and BACE-1 
expressions by RT-qPCR after treatment of AD rats with curcuminoid 
extracts and ternary complex. The results were analyzed by using 
two-way ANOVA followed by Bonferroni post test and the level of 
significance was set at p <0.05. Data expressed as mean ± SEM; n = 

6. aWhen compared with control group, bwhen compared with disease 
group, cwhen compared with CR-30 group. NC = normal control, 
STD = standard group,  AlCl3 = aluminum chloride disease control, 
CR-30 = curcuminoids crude extract, CRE-30 = curcuminoid-rich 
extract, and TC-30 = complex of curcuminoid-rich extract
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compared to the NC group (2.86 ± 0.08-fold). Yet, the increased 
level of AChE was found to be alleviated (p < 0.05) in TC-30 
(1.36 ± 0.08-fold) and CRE-30 (1.53 ± 0.03-fold) in contrast to 
the diseased group. On the other hand, STN group (1.23 ± 0.14-
fold) indicated a significant decrease in AChE expression (p < 
0.05) versus disease control. The elevated expression of AChE 
was moderately recovered (p < 0.05) in CR-30 (2.30 ± 0.05-
fold) compared to the  AlCl3 model. The mRNA expression of 
β-secretase (BACE-1) showed remarkable proliferation (p < 
0.05) in  AlCl3 diseased control group versus NC group (3.00 
± 0.05-fold) and standard group. Notably, downregulation (p 
< 0.05) of BACE-1 was obtained in CRE-30 (1.23 ± 0.12-fold) 
and TC-30 (1.06 ± 0.06-fold) versus the  AlCl3 diseased group. 
This gene expression was mitigated in CR-30 (2.10 ± 0.05) 
compared to the  AlCl3 model. Treatment with curcuminoid 
extracts including CR-30, CRE-30, and TC-30 demonstrated a 
notable decline in the pathological indicators of AD in a dose-
dependent manner showing that treatment with curcuminoid 
extracts helps to reduce the ferocity of AD in albino Wistar rats.

Histopathological analysis

The changes in the brain function after the induction of 
 AlCl3 in experimental rats were correlated with histo-
pathological examination in brain section (Fig. 13). NC 
group indicated the normal tissue architecture and salu-
tary framework of frontal cortex (H&E normal brain tissue 
and intact structure of neurons were observed in the NC 
group). In  AlCl3 treated rats, the obvious signs of neuro-
degeneration including darkened and shrunken neurons, 
neurofibrillary tangles, pigmentation, vacuolated cyto-
plasm, and deposition of amyloid plaques were observed. 
In the STD group, improved normal tissue architecture 
of cerebral cortex was seen. In CR-30 treatment groups, 
vascular spaces among neurons appeared to be narrowed, 
neuronal loss and neurofibrillary tangles were slightly 
improved, while shrunken and dark neuronal cells evi-
denced by the presence of spaces and also narrow vascu-
lature were examined in the CR-30 treatment group. In 
CRE and its TC treatment group, neurofibrillary tangles, 
neuroinflammation and neuronal loss, pigmentation, and 
narrow vascular spaces were improved clearly (Fig. 13). 
Significantly less neuronal loss, and alterations due to neu-
rodegeneration and vacuolated cytoplasm were seen to be 
recovered in the CRE-30 treatment group. TC treatment 
group appreciably preserves the gross pathological aberra-
tions, neuronal pigmentation, neuroinflammation, and loss 
of neurons.. TC-30 treatment groups widen the narrowed 
spaces around pyramidal cells of frontal cortex and greatly 
recovered the salutary framework of brain tissue by pre-
venting neuronal loss, pigmentation, and neurofibrillary 
tangles in  AlCl3 induced AD rat model.

Discussion

Oxidative stress and inflammation are one of the predomi-
nant factors causing numerous neurodegenerative diseases 
(Butterfield et al. 2007; Cheignon et al. 2018; Salter and Ste-
vens 2017; Sultana and Butterfield 2008). Several in vitro, 
in vivo, and clinical studies demonstrated that curcuminoids 
hold numerous biological activities including antitumor, 
antioxidant, anti-acidogenic, neuroprotective, anti-arthri-
tis, anti-inflammatory, and radioprotective (Amalraj et al. 
2017; Kabir et al. 2021a; Kabir et al. 2021b). The study was 
planned to estimate the neurobehavioral alterations induced 
by oral administration of  AlCl3 mitigated by plant-oriented 
treatment. The spatial and cognitive deficits were considered 
as initial clinical signs with severe health-related threats by 
aluminum in AD (Bhattacharjee et al. 2014; Mathiyaza-
han et al. 2015). Usually, aluminum accretes in the most 
fundamental parts of the brain including the hippocampus 
and frontal cortex regions which are chiefly concerned with 
perception and memory (Cheng et al. 2019). Aluminum 
exposure stimulated various neuronal and biochemical 
abnormalities which were directly associated with cogni-
tive deformities and that is a corresponding outcome mostly 
observed in cases of AD (Bondy 2014; Walton 2012; Wang 
et al. 2014a). In the current investigation, supplementation 
of CRE and TC appreciably improved the behavioral aberra-
tions including deficits in locomotion, spatial memory, and 
task strategy in contrast to CR in AD rats induced by  AlCl3, 
indicating the neuroprotective and beneficial properties of 
CRE and TC against AD. Regarding the perseverance and 
neuromuscular strength of  AlCl3 induced AD rats in wire 
hanging test, our findings suggested that treatment with CRE 
and TC significantly ameliorate neuromuscular endurance 
in contrast to the CR treatment group which was greatly 
reduced by administration of  AlCl3, although CRE and TC 
greatly enhance the locomotor strength. In  AlCl3 treated 
group, the outcomes for open-field behavioral test showed a 
decline in spontaneous locomotion and exploration similar 
to a former study (Justin Thenmozhi et al. 2016; Thenmozhi 
et al. 2015). All these behavioral changes were remarkably 
subsided by treatment with CRE and TC. This might be due 
to the enhanced release and solubility of curcuminoids in the 
ternary cyclodextrin complex, whereas curcuminoids pre-
sent in the aqueous form increased the curcuminoid uptake 
into the cell (Tan et al. 2012). Current exploration suggested 
that exposure to  AlCl3 induce neurobehavioral abnormalities 
by causing changes in curiosity, neophilia, and exploratory 
abilities in rats similar to previous related studies (Abuelezz 
et al. 2021; Zerrouki et al. 2016). CRE, TC, and rivastigmine 
(standard) significantly enhanced the curiosity and explora-
tory ability of AD rats in hole board apparatus. These loco-
motor deficiencies and behavioral changes are intensifying 
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the consequences of oxidative damage and compromised 
neurotransmission of acetylcholine instigated via  AlCl3 
administration. Both CRE and TC treatment ameliorated 
the locomotion impairments and cognitive deficits reveal-
ing their neuroprotective action in AD.

The elevated plus-maze test is considered as a simple test 
for the estimation of learning and memorizing behavior. As 
the experimental animals are capable of remembering the 
structure of the enclosed and open arms, they try to escape 
the open (unsafe) arm on the second session more rapidly. It 
is easy to determine the learning stimulated by fear, which 
regulated the transfer latency process in this behavioral test. 
The outcomes of elevated plus-maze indicated the enhance-
ment in memory as shown by the transfer latency decline in 
retention trial in comparison to acquisition trial. In the same 
way, elevated plus-maze test performance in  AlCl3 admin-
istered rats was significantly impaired. CR-treated group 

showed less minute recovery of the memory and learning 
performance whereas CRE and its TC showed improvement 
in cognitive abilities.

In addition, deficits in spatial and contiguous learning 
estimated by the Morris water maze test have also been 
demonstrated in AD rodent models (D’Hooge and De Deyn 
2001). The inferences of the Morris water maze test of 
increased escape latency time in  AlCl3 induced groups are 
compatible with previous work (Galeano et al. 2014; Pet-
rasek et al. 2018). Hence, it was among one of the study’s 
objectives to determine the predictable protective impact of 
CR, CRE, and TC on spatial learning in the  AlCl3 treated 
AD rats’ model. Similarly, a pronounced decrease in the 
latency duration of normal control group in contrast to 
 AlCl3 induced group was observed. Surprisingly, treatment 
of  AlCl3 administered rats with 30 mg/kg of CRE and TC 
resulted in a remarkably shorter latency time for rats to 

Fig. 13  The effect of curcuminoid-rich extract and its ternary com-
plex on  AlCl3 triggered histopathological alterations in hematoxylin 
and eosin–stained frontal cortex of experimental rats, where normal 
control (NC) is showing the normal architecture of brain tissues. 
Standard group showing improved normal tissue architecture of cer-
ebral cortex. Aluminum chloride disease control  (AlCl3) showing 
obvious signs of neurodegeneration including darkened and shrunken 
neurons, plaques (red circles), neurofibrillary tangles (red arrows), 
pigmentation, and vacuolated cytoplasm. Curcuminoids crude extract 

(CR-30) showing narrowed vascular spaces among neurons, neuronal 
loss, plaques (red circles), and neurofibrillary tangles (red arrows). 
Curcuminoid-rich extract (CRE-30) showing less neuronal loss and 
alterations due to neurodegeneration and vacuolated cytoplasm. Ter-
nary complex (TC-30) widen the narrowed spaces around pyramidal 
cells of frontal cortex and greatly recovered the salutary framework 
of brain tissue by preventing neuronal loss, pigmentation, and neu-
rofibrillary tangles
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approach the platform. This is because rats usually despise 
swimming, they tend to avoid contact with the water, which 
was achieved by approaching the platform used in the test. 
The decline in escape latencies estimated in animals of CEE-
30 and TC-30 treatment groups suggested that the treatment 
effectively ameliorates the deficits in spatial memory caused 
by  AlCl3. Hence, observing the outcomes of the Morris 
water maze test, it is indicated that both CRE and its TC 
may have a protective impact on cognitive and spatial learn-
ing deficits. It has also been documented in many previous 
studies that curcumin (the most vital constituent of curcumi-
noids) enhances memory and learning ability and provides 
neuroprotective impact (Haider et al. 2015; Noorafshan et al. 
2013; Rui et al. 2008).

Oxidative stress is a crucial factor that could affect the 
pathological progression and insistence of AD (Wang et al. 
2014b; Zhao and Zhao 2013). Pieces of evidence indicated 
that oxidative damage plays a critical pathogenic role in per-
sistent inflammatory conditions. The impairments caused 
by the oxidative stress such as oxidized proteins, lipid per-
oxidation (MDA), and glycated products usually result in 
the degradation of neurons, frequently documented in brain 
diseases (Grewal et al. 2021; Popa-Wagner et al. 2013). Alu-
minum produces oxidative damage by producing reactive 
oxygen species (ROS) and by diminishing the level of lipid 
peroxidation and proteins in frontal cortex and hippocampus 
regions. The free radicals and ROS levels were increased 
due to a decline in first-line defense antioxidant enzymes 
including SOD, CAT, and GPx levels resulting in oxidative 
damage in  AlCl3 induced AD rat model. Cognitive impair-
ments and oxidative stress are strongly associated with one 
another, as increased accumulation of free radicals caus-
ing oxidative insult to biological molecules subsequently 
results in cognitive deficits and neuronal damage (Bertram 
and Tanzi 2008). Several studies have mentioned the strong 
antioxidant potential of curcuminoids and their ability to 
prevent the oxidative damage and related cognition deficits 
(Hatcher et al. 2008; Tokaç et al. 2013). The findings of the 
current investigation are consistent with the results of the 
previous studies, as administration of  AlCl3 triggered patho-
logical modifications in the disease control group, caused 
a marked increase in lipid peroxidation, and decreased the 
first-line defense antioxidant enzymes. However, CRE and 
TC supplementation markedly improved the status of anti-
oxidant enzymes particularly CAT, SOD, and GPx. Current 
findings manifested the reduced tendency of rivastigmine as 
an antioxidant compared to CRE and its TC. Thus, revealing 
that CRE and its TC decreased the  AlCl3 triggered oxidative 
stress in the brain of experimental rats. AChE is the fun-
damental enzyme peculiarly produced in the muscles, neu-
rons, and hematopoietic cells, and also moderately present 
on muscles and neurons’ surface extracellularly. According 
to a study, AChE enzyme inhibitors hold an important spot 

for imparting the symptomatic treatment among different 
classes of drug (Arya et al. 2021; Zetterberg 2006). Admin-
istration of  AlCl3 triggered pathological modifications in the 
diseased group, caused a marked increase in AChE level, 
and caused a notable reduction in all treatment groups. How-
ever, CRE and its TC supplementation improved the status 
of AChE in the brain regions, thus revealing that CRE and its 
TC decreased the  AlCl3 triggered reduction in AChE levels 
in the brain of experimental rats more efficiently contrary 
to CR (30 mg/kg) treated group. It is illustrated from previ-
ous data that besides oxidative stress, neuroinflammation 
serves as an important earliest event and plays a vital role 
in the pathogenesis of AD including amyloid accumulation, 
cholinergic malfunction, neural injuries, and necrosis. In the 
present study,  AlCl3 supplementation appreciably increased 
the pro-inflammatory cytokines such as IL-6 and TNF-α sta-
tus in the brain tissue homogenates of  AlCl3 administered 
AD rats. Moreover, treatment with CR (30 mg/kg) showed 
no significant improvement in the status of IL-6 and TNF-α 
in brain. TNF-α and IL-6 both were considered as princi-
pal pro-inflammatory cytokines in the central nervous sys-
tem and involved in the progression of pathological events 
related to learning and memory deficits in the AD. Curcumin 
has been reported to improve the viability of microglial cells 
and prevent their activation and involvement in blockage of 
extracellular p38 kinase signaling pathway and signal-regu-
lated kinase 2 (ERK1/2) and also preventing the production 
of TNF-α and IL-6 (Salehi et al. 2020; Shi et al. 2015). Find-
ings of the present study suggested that the supplementation 
of CRE and its TC was noticeably diminished the proinflam-
matory chemicals including IL-6 and TNF-α in the  AlCl3 
administered AD rats in contrast to CR (30 mg/kg). This 
clearly explained the neuroinflammatory potentials of CRE 
and TC. Curcuminoids have been documented to inhibit 
Aβ production by downregulating the expression of β site 
amyloid precursor proteins cleaving enzyme-1 (BACE-1) 
(Thenmozhi et al. 2015), an enzyme that breaks the APP to 
Aβ. The rats treated with curcumin had ameliorated memory 
responses and spatial behaviors and had been relieved from 
the degradation of synaptic sites (Zheng et al. 2017). Cor-
respondingly, according to an in vitro study, curcumin has 
also been recognized as a potent inhibitor of BACE-1 (Di 
Martino et al. 2016). Curcuminoid mixture is considered to 
decrease the harmful effects of Aβ in cortical neurons and 
anticipate the phagocytosis of Aβ plaques. It also prevents 
neurotoxicity induced by Aβ by decreasing reactive oxy-
gen species (ROS) levels. It is explored from the current 
investigation that the supplementation of CRE and its TC 
noticeably downregulated the BACE-1 expression in the 
 AlCl3 administered AD rats in contrast to CR (30 mg/kg). In 
comparison, levels of BACE-1 were greatly increased in the 
 AlCl3 administered diseased group. This clearly explained 
the neuroprotective potentials of CRE and TC.
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After discovering the prominent neuroinflammation in 
patients of AD, it was revealed that the elevations in con-
centrations of IL-1 played a key role in AD progression 
and pathogenesis. IL-1β has been observed to be involved 
in enhancing the processes of acute neuroinflammation 
in vivo. Exposure of IL-1β in brain of the mouse model 
elicits rapid, robust stimulation of both microglia and 
astrocytes (Shaftel et al. 2008). The findings of the cur-
rent investigation suggested that the supplementation of 
CRE and its TC noticeably downregulated the modulation 
of IL-1 and IL-1β in the  AlCl3 administered AD rats in 
contrast to CR (30 mg/kg), whereas the mRNA expression 
levels of IL-1α and IL-1β increased in the  AlCl3 adminis-
tered diseased group. This clearly explained the neuropro-
tective potentials of CRE and TC. It was precisely sum-
marized in several experiments that the increased levels of 
IL-1α and IL-1β ultimately result in spatial, cognitive, and 
memory deficits via the neurodegeneration process in AD. 
Histopathological investigation of present research con-
ducted revealed that normal control and standard groups 
preserved the intact architecture of neurons but  AlCl3 indi-
cates gross pathological signs of neurodegeneration. TC 
significantly improved the neuronal damage, pigmentation, 
neurofibrillary tangles, and neuroinflammation triggered 
by  AlCl3 compared to CRE. This impact can be distinctly 
ascribed by the synergy indicated by the components pos-
sessing anti-oxidant and anti-inflammatory characteristics 
in the curcuminoid extract including CR, CRE, and its TC, 
hence manifesting a piece of evidence for the utilization of 
the enriched extract as a promising alternative treatment 
option for CR, which is not available commercially and is 
comparatively simple and cheaper in contrast to expensive 
purification process. The signal pathway mechanism indi-
cating the mode of action of CRE and TC is represented 
in Fig. 14.

Conclusion

From the current research work, it is concluded that CRE 
and its TC hold the potential to alleviate Alzheimer’s dis-
ease pathological hallmarks, as shown by improvement in 
behavioral parameters, attenuation of oxidative stress, and 
modulatory effect on AChE and pro-inflammatory cytokines. 
Furthermore, the present study also showed the elevated 
potential of TC in contrast to CRE itself. All these results 
were supported by mRNA expression concentrations of IL-1 
α, TNF-α, IL-1β, AChE, and BACE-1 genes involved in Alz-
heimer’s disease. However, levels of these genes varied with 
dose and time favorable effects were obtained even during the 
treatment duration. Hence, CRE and its cyclodextrin complex 
exhibited similar effects like pure curcuminoids for industrial 
practices mainly utilizing simple, inexpensive, and environ-
ment-friendly procedures, and these should be suggested as 
promising treatment options against AD.
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