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Abstract
Aluminum (Al) is linked to the development of many neurological disorders such as Alzheimer’s disease (AD), Parkinson’s 
disease, and autism. Centella asiatica (CA) is a regenerating herb traditionally used to stimulate memory. This study was 
designed to assess the neuroprotective role of ethanolic extract of CA (CAE) in AlCl3-induced neurological conditions 
in rats. Adult rats were chronically treated with AlCl3 (100 mg/kg b.w./day) for 60 days to establish the dementia model, 
and co-administration of CAE was evaluated for its ability to attenuate the toxic effect of AlCl3. CAE was given orally at 
a dose of 150 and 300 mg/kg b.w./day, for 60 days. The behavioral performances of rats were tested through Y-maze and 
open field tests. Lipid peroxidation, superoxide dismutase, and catalase activity were evaluated to measure oxidative stress; 
and acetylcholinesterase (AChE) activity was assessed to evaluate cholinergic dysfunction in the rat brain. H&E staining 
was used to assess structural abnormalities in the cortex and hippocampus. The result showed that AlCl3 induces cognitive 
dysfunction (impaired learning and memory, anxiety, diminished locomotor activity), oxidative stress, cholinergic impair-
ment, and histopathological alteration in the rat brain. Co-administration of CAE with AlCl3 markedly protects the brain 
from AlCl3-induced cognitive dysfunction, oxidative stress, AChE activity, and cytoarchitectural alterations. Furthermore, 
15 days CAE treatment after 45 days AlCl3 administration markedly ameliorates the AlCl3-induced neurotoxicity indicating 
its potential for therapeutic use.
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Introduction

Aluminum (Al) is the largest and most common element in 
the earth’s crust. The burden of biologically available Al 
is continuously increasing with global industrialization [1]. 
As humans are constantly being exposed to Al through diet, 
utensils, drinking water, cosmetics (antiperspirants), and 
medicines (antacids, buffered aspirin, adjuvant, antigen and 
allergen), there is an urgent need to understand the effect of 
Al exposure on humans [2]. AlCl3 enters the body through 

different routes and chronic exposure causes Al to accumu-
late in different regions of the rat brain, such as the hip-
pocampus, cerebral cortex, and cerebellum, areas associated 
with learning and memory [3–5]. Increased Al concentration 
in the brain creates an alarming situation for several neu-
rological disorders, e.g., encephalopathy, Alzheimer’s dis-
ease (AD), and Parkinson’s disease (PD) [6]. Furthermore, a 
study on the rodent model demonstrated that upon entering 
the brain, Al induces the generation of free radicals leading 
to oxidative stress in the cellular environment [7]. These free 
radicals alter the activity of superoxide dismutase (SOD) and 
catalase enzyme and also induce lipid peroxidation leading 
to neurodegeneration in the cerebral cortex and hippocam-
pus [8, 9]. Metal-induced oxidative stress interferes with 
the cholinergic system [10] and eventually causes cognitive 
impairment, as cognitive functions are mainly dependent 
on the cholinergic neurotransmission [11]. Al exposure in 
rodents also is responsible for an increase in AChE activity 
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that causes a reduction in acetylcholine concentration and 
loss of memory function [9]. Thus, Al-induced cognitive 
deficit has been widely used for translational research on 
oxidative stress-induced neurological conditions [8, 12, 13].

Extensive research is ongoing to explore the pharmaco-
logical activities of medicinal plants, primarily due to their 
antioxidant, and nootropic activities [14]. Centella asiatica 
(CA) (L) urban (family Apiaceae), also known as Indian pen-
nywort or Gotu kola is a perennial herbaceous creeper [15]. It 
is considered a regenerating herb and has been used tradition-
ally in the Indian subcontinent as a memory enhancer. The 
medicinal values of the plant are associated with the active 
constituents of CA, namely, asiatic acid, asiaticoside, made-
cassic acid, madecassoside, brahmoside, brahminoside, and 
flavonoids [16]. Asiatic acid is a powerful neuroprotective 
agent in the mouse model of cerebral ischemia [17]. It also 
is neuroprotective against AlCl3-induced amyloid pathology, 
oxidative stress, and apoptosis in rats [18]. Studies show that 
CA extract has antioxidant [19] and nootropic activity [20] 
and increases dendritic arborization in neuronal cells [21].

Only a limited number of studies have documented a neu-
roprotective role of Centella asiatica against AlCl3-induced 
neurotoxicity [22–25]. Most of them used AlCl3 in combina-
tion with D-galactose and also differ from the present study 
in terms of methodology, doses selection, and experimental 
measures. To the best of our knowledge, this is the first study 
to evaluate the neuroprotective role of ethanolic extract of 
Centella asiatica against AlCl3-induced neurotoxicity on dif-
ferent brain domains using behavioral, biochemical, and his-
tological experiments. Furthermore, this study also assessed 
the therapeutic role of CAE to treat AlCl3-induced cognitive 
deficits and memory loss in animals.

Material and Methods

Preparation of Plant Extract

Green plant was collected from the university campus and 
identified, and a specimen was deposited in the botany 
department (voucher specimen number—Apia. 2019/1). 
The exact botanical name of the plant is Centella asiatica 
(L.) urban.

Plant material was shade dried, crushed to coarse mate-
rial, and extracted with 70% ethanol (1 kg of the dried plant 
was extracted with 4.5 L of ethanol) for 3 days using Soxhlet 
apparatus exactly as described previously [26]. Finally, the 
thick green extract was obtained with a yield of 16.3% w/w.

Animals

Rats of Charles Foster strain (200–260 gm) were acquired 
from the central animal house of the university. Only 

male rats were used to avoid possible effects of gender 
variance. Animals were housed in standard conditions with 
a 12-h lighting regime and allowed to acclimatize for a 
week as described previously [26]. Standard animal diet 
(Krishna Valley Agrotech Private Ltd, India) and drinking 
water were provided ad libitum. The CPCSEA guidelines 
accepted by the Central Animal Ethical Committee of 
the University (letter-number—Dean/2017/CAEC/719, 
30.03.2017) were followed to maintain the animals in this 
study.

Experimental Procedure

Animals were divided into five groups of five animals each, 
and all the treatments were given orally for a 60-day regime, 
as shown in Fig. 1.

1.	 Control animals were given normal saline only.
2.	 AlCl3-treated animals were given AlCl3 (100 mg/kg 

b.w./day) prepared in normal saline.
3.	 CAE150-treated animals were given AlCl3 (100 mg/kg 

b.w./day) and aqueous solution of CAE (150 mg/kg b.w./
day).

4.	 CAE300-treated animals were given AlCl3 (100 mg/kg 
b.w./day) and aqueous solution of CAE (300 mg/kg b.w./
day).

5.	 CAE300, 15  days-treated animals were given AlCl3 
(100  mg/kg b.w./day) for 45  days, and then, AlCl3 
(100 mg/kg b.w./day) and aqueous solution of CAE 
(300 mg/kg b.w./day) for 15 days.

Doses of AlCl3 and CAE were based on previous reports 
[27, 28]. The animals were weighed weekly, and doses were 
adjusted accordingly. After this 60-day regime, the animals 
were subjected to behavioral tests.

Behavioral Study

Y‑maze Test

The Y-maze test was used to evaluate spatial working mem-
ory and anxiety in animals. The experimental protocols 
were identical to those described earlier [26]. The Y-maze 
apparatus comprised of three arms namely, A, B, and C at 
120° angle to each other. Briefly, one arm (novel arm, C) 
of the Y-maze was blocked and the animal was allowed to 
move between the other two arms (A and B) for 15 min (trial 
phase). After 4 h, the blocked arm was opened, and the rat 
was allowed to explore all three arms (A, B, and C) for 5 min 
(test phase). The movement of animals was traced using an 
attached camera. Alternate arm entries (ABC, CAB, BAC) 
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are a measure of spatial working memory [29], which can be 
expressed as a spontaneous alternation score (SAS):

Furthermore, anxiety was measured as a tendency for ani-
mals to avoid visiting and staying in the novel arm and was 
expressed in terms of a reduction in coping behavior [30]:

Open Field Test (OFT)

To evaluate the exploratory nature and locomotor activity 
of the animals, the open field test was conducted [31] as 
described previously [26]. The animal was placed gently 

spontaneous alternation score

= [number of alternations ∕(total arm entries − 2)] × 100

coping behavior

= [time spent in the novel arm (C)∕ total time spent in theY −maze] × 100

on one corner of the open field apparatus (divided into 
16 equal squares) and allowed to explore the arena for 
5 min. The animal’s movement was recorded, and the 
ambulation number was calculated by counting the 
number of squares crossed by the rat. The surface was 
cleaned with 70% alcohol before testing the next animal.

Biochemical Study

After the behavioral tests, rats were sacrificed with cervical 
dislocation. The brain was immediately isolated from the 
skull; the cerebrum and cerebellum were separated, and the 
cerebrum was divided by mid-sagittal cut into two halves. 
One-half of the cerebrums was washed with normal saline 
(cold) and kept at − 80 °C for histological study. The cerebel-
lum and the other half of the cerebrum were washed with 
normal saline, weighed, and used to prepare homogenate for 

Fig. 1   Study design showing animal groups, treatment schedule, and experimental assay
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biochemical studies. The homogenate (10%, w/v) was pre-
pared in PBS (pH 7.4) and centrifuged at 1000 g for 15 min 
at 4 °C. The pellet was discarded and the supernatant (S1) 
was collected and recentrifuged at 6000 g for 20 min at 4 °C 
in a cooling centrifuge (C-24 BL, Remi Instrumentation Ltd, 
India). The resulting supernatant (S2) was collected and used 
for all biochemical studies, namely, lipid peroxidation, SOD, 
catalase, and AChE assay.

Lipid Peroxidation Assay

To determine lipid peroxidation, malondialdehyde (MDA) 
content was measured using the Wills method [32]. Briefly, 
0.5 ml of S2 supernatant was mixed with 0.5 ml of 20% 
trichloroacetic acid (TCA) and centrifuged at 2000 g for 
10 min, and the supernatant was collected. A total of 0.5 ml 
of this supernatant was mixed with 0.5 ml glacial acetic 
acid (50%) and 1 ml thiobarbituric acid (TBA) (0.67%) in 
a tube and kept in the boiling water bath for 15 min. After 
cooling, the absorbance was measured at 532 nm. MDA 
content was calculated using an extinction coefficient of 
1.56 × 105 M−1 cm−1 and reported as nmol/mg protein [33].

Catalase Assay

Aebi’s method was used to measure the catalase activity 
[34] by monitoring the rate of H2O2 breakdown at 240 nm. 
In brief, 990 µl of catalase buffer (0.036% H2O2 prepared 
in 50 mM phosphate buffer, pH 7.0) was taken in a cuvette, 
and the reaction was initiated by adding 10 µl S2 supernatant. 
Enzyme activity was measured immediately at 240 nm for 
3 min and expressed as µmol/min/mg protein.

Superoxide Dismutase (SOD) Assay

The SOD assay was carried out by the method of Fridovich 
and Beauchamp [35] as described previously [26]. In brief, 
the sample tube had 130 mM L-methionine (300 µl), 250 µl 
S2 supernatant, 750  µM NBT (150  µl), 0.5  mM EDTA 
(75 µl), 60 µM riboflavin (100 µl), and SOD buffer (pH 7.8) 
in a total volume of 1500 µl. The Control and blank tubes 
had all the above chemicals except supernatant and ribofla-
vin, respectively. Then, all the tubes were placed in front of 
the fluorescent light for 10 min and the color produced was 
read at 560 nm. Enzyme activity was calculated by measur-
ing the percentage inhibition and expressed as µmol/min/
mg protein.

catalase activity =
[

(OD∕time)∕ε
]

× (total volume∕enzyme volume)∕mg protein

%Inhibition = (ODcontrol − ODsample∕ODcontrol) × 100

Acetylcholinesterase (AChE) Activity

AChE assay was carried out by Ellman’s method [36] as 
described previously [26]. Briefly, the reaction mixture con-
tains 0.1 M phosphate buffer (260 µl, pH 8.0), S2 superna-
tant (40 µl), and 10 mM DTNB (10 µl) in an ELISA plate. 
The reaction was initiated by adding 2 µl of acetylthiocho-
line (ATCI, 75 mM) and kept in the dark for 20 min. AChE 
hydrolyses ATCI and produces thiocholine which reacted 
with DTNB to give a yellow color product (read at 412 nm). 
AChE activity was expressed as µmoles of substrate hydro-
lyzed/min/mg protein.

Protein Estimation

Protein estimation was done by the Bradford method using 
BSA as standard [37].

Histological Study

Half cerebrum was taken out from − 80 °C, placed into the 
cryostat (Leica, Germany) at − 20 °C, and then mounted with 
the help of a tissue freezing medium. Sagittal Sects. (20 µm) 
were collected on gelatin pre-coated glass slides, and stored 
at − 20 °C.

H&E staining was done as described previously [26]. 
Briefly, slides were passed through xylene and a graded 
series of ethanol (100, 90, 70, and 50%) for 5 min each 
to hydrate the tissue sections. Then, slides were dipped in 
hematoxylin for 2 min, washed under running tap water, 

and counterstained with eosin (1 min). Slides were passed 
through a graded series of ethanol (50, 70, 90, and 100%, 
5 min each) to dehydrate, and then placed in xylene before 
being coverslipped. Sections then were photographed with 
a camera (Magcam DC 5MP, Sony) attached to the light 
microscope (CX21iLED, Olympus).

Quantitative Analysis of Neurodegeneration

A quantitative analysis of the number of healthy cells was 
conducted in the cerebral cortex and the CA1 hippocampal 
area of the rat brain. The analysis was done on three ran-
domly selected regions using image J 1.52v software. The 
average value (cell number) of each region was calculated 
and graphed.

AChE activity = 1.36 × 10
−4 × OD∕min

Z. Firdaus et al.5118



1 3

Statistical Analysis

Graph pad prism (version 5.1) was used for all statistical 
analyses. The data were analyzed using one-way ANOVA 
followed by the Newman-Keuls test, except in the body 
weight analysis where repeated measures (RM) ANOVA was 
used. Data are presented as mean ± SD of five observations. 
p values ˂ 0.05 were considered statistically significant.

Results

Effect of CAE on Body Weight

Chronic AlCl3 treatment caused a gradual decline in body 
weight that was prevented by co-treatment with CAE (150 
and 300 mg/kg b.w.), and was partially reversed when CAE 
(300 mg/kg b.w.) was given for just the last 2 weeks of AlCl3 
treatment. The effect of treatment on changes in animal body 
weight was found significant (F(4, 28) = 15.33, p < 0.0001) 
by RM-ANOVA analysis (Fig.  2). The body weight of 
AlCl3-treated rats decreased continuously throughout the 
experimentation and post-hoc analysis exhibited a significant 
(p < 0.001) difference between the Control and AlCl3-treated 
group after 60 days of treatment. In CAE(150; 300) co-admin-
istered groups, body weight was significantly (p < 0.001) 
greater than the AlCl3-treated group and was nearly similar 
to the Control group. In CAE300, 15 days-treated group, the 
body weight decreased initially (for 6 weeks) when only 
AlCl3 was given, and the reduction pattern was found sim-
ilar to the AlCl3-treated group. After the 6th week, upon 
CAE co-administration, a gradual increase in body weight 
was noticed (for the last 15 days); t-test analysis at 60 days 

revealed that body weight was significantly greater (p ˂ 
0.0125) in the CAE300, 15 days-treated group as compared to 
the AlCl3-treated group.

Effect of CAE on Memory

Chronic AlCl3 treatment for 60  days induced behavio-
ral impairments that were protected by co-treatment with 
CAE (150 and 300  mg/kg b.w.), and was moderately 
improved when CAE was given just for the last 2 weeks of 
AlCl3-treatment (Fig. 3A and B). One-way ANOVA revealed 
a significant effect of treatment on SAS (F(4, 20) = 28.32, p  <  
0.0001) and coping behavior (F(4, 20) = 14.34, p  <  0.0001). 
Furthermore, post hoc analysis showed a significantly (p  <  
0.001) lower SAS and coping behavior in the AlCl3-treated 
rats, compared with the Control rats. On the contrary, in 
CAE(150; 300; 300, 15 days) co-treated groups, SAS (p  <  0.01) 
and coping behavior (p  <  0.05) were significantly greater 
than in the AlCl3-treated group. Furthermore, the difference 
between the Control and CAE(150; 300) co-treated groups were 
insignificant (p > 0.05).

There was a significant effect of treatment on ambulation 
number as revealed by the one-way ANOVA (F(4, 20) = 14.82, 
p  <  0.0001). Newman-Keuls test revealed a significantly 
lower ambulation number (p  <  0.001) in AlCl3-treated rats 
than in Control rats (Fig. 3C). In CAE(150; 300; 300, 15 days) co-
treated groups, the ambulation number was significantly 
greater (p  <  0.01) than in the AlCl3-treated group. Further-
more, the difference between Control and CAE(150; 300) co-
treated groups were insignificant (p > 0.05).

Effect of CAE on Oxidative Stress in the Cerebrum 
and Cerebellum of Rat Brain

Chronic AlCl3 treatment for 60 days produced oxidative 
stress in the cerebrum that was prevented by co-treatment 
with CAE and was substantially reversed when CAE was 
given just for the last 2 weeks of AlCl3-treatment (Fig. 4A, 
B, and C). One-way ANOVA result showed a significant 
effect of treatment on MDA content (F(4, 20) = 26.5, p  <  
0.0001)). Newman-Keuls post hoc analysis showed that 
MDA content was significantly (p  <  0.001) higher in 
AlCl3-treated rat cerebrum in comparison to the Control 
group. Furthermore, it was observed that co-administration 
of CAE(150; 300; 300, 15 days) reduces the MDA content signifi-
cantly (p  <  0.001) as compared with AlCl3-treated group 
(Fig. 4A). The difference in MDA content between Control 
and CAE300-treated group was insignificant (p > 0.05).

Furthermore, One-way ANOVA result showed a sig-
nificant effect of treatment on SOD (F(4, 20) = 18.21, p ˂ 
0.0001) and catalase (F(4, 20) = 43.58, p  <  0.0001) activ-
ity. Newman-Keuls post hoc test revealed that SOD and 
catalase activity were significantly (p  <  0.001) higher 

Fig. 2   Effect of AlCl3 and CAE on body weight of rats. All animals 
received AlCl3 (100  mg/kg b.w./day) for 60  days except Control 
group which received normal saline only. CAE was co-administered 
at a dose of 150 mg/kg b.w./day in CAE150 group and at 300 mg/kg 
b.w./day in CAE300 group for 60 days. In CAE300,15d group, CAE was 
co-administered at a dose of 300 mg/kg b.w./day for last 15 days only. 
Data was analyzed by repeated measures ANOVA followed by New-
man-Keuls test and presented as mean ± SD (n = 5). ###p < 0.001 com-
pared with Control group, ***p < 0.001 compared with AlCl3 group
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in AlCl3-treated rats as compared with the Control group 
(Fig. 4B and C). However, in CAE(150; 300; 300, 15 days) co-
treated rats, the SOD and catalase activity were signifi-
cantly (p  <  0.001) low as compared with the AlCl3-treated 
group. Differences in SOD activity between Control and 
CAE(150; 300; 300, 15 days) co-treated groups were insignificant 

(p > 0.05). In the catalase assay, the difference between 
Control and CAE300-treated group was insignificant 
(p > 0.05).

The chronic AlCl3 treatment also caused oxidative stress 
in the cerebellum, while CAE treatment attenuated this effect 
(Fig. 4D, E, and F). One-way ANOVA showed a significant 

Fig. 3   Effect of AlCl3 and CAE on behavioral performance of rats 
in Y-maze and open field test. All animals received AlCl3 (100 mg/
kg b.w./day) for 60 days except Control group which received normal 
saline only. CAE was co-administered at a dose of 150 mg/kg b.w./
day in CAE150 group and at 300 mg/kg b.w./day in CAE300 group for 
60 days. In CAE300,15d group, CAE was co-administered at a dose of 

300  mg/kg b.w./day for last 15  days only. Changes in spontaneous 
alternation score (A) and coping behavior (B) in Y-maze and ambula-
tion number (C) in open field test were assessed. Data was analyzed 
by one-way ANOVA followed by Newman-Keuls test and presented 
as mean ± SD (n = 5). ###p < 0.001 compared with Control group, 
***p < 0.001, **p < 0.01, and *p < 0.05 compared with AlCl3 group

Fig. 4   Effect of AlCl3 and CAE on oxidative stress parameters in 
the rat brain. All animals received AlCl3 (100  mg/kg b.w./day) for 
60  days except Control group which received normal saline only. 
CAE was co-administered at a dose of 150 mg/kg b.w./day in CAE150 
group and at 300  mg/kg b.w./day in CAE300 group for 60  days. In 
CAE300,15d group, CAE was co-administered at a dose of 300 mg/kg 
b.w./day for last 15 days only. MDA content, SOD, and catalase activ-

ity were assessed in supernatant (S2) fraction prepared from the cere-
brum (A, B, and C) and cerebellum (D, E, and F) of different groups. 
Data was analyzed by one-way ANOVA followed by Newman-Keuls 
test and presented as mean ± SD (n = 5). ###p < 0.001 compared with 
Control group, ***p < 0.001, **p < 0.01, and *p < 0.05 compared with 
AlCl3 group
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effect of treatment on MDA content (F(4, 20) = 10.24, p  <  
0.0001). Post hoc analysis revealed a significantly (p  <  
0.001) greater MDA content in AlCl3-treated rats compared 
to the Control rats (Fig. 4D). However, MDA content was 
significantly lower in CAE(150; 300; 300, 15 days)-treated rats as 
compared with AlCl3-treated rats (p  <  0.05). Differences 
between Control and CAE(150; 300) co-treated groups were 
insignificant (p > 0.05).

One-way ANOVA result showed a significant effect of 
treatment on SOD (F(4, 20) = 9.025, p ˂ 0.0002) and cata-
lase activity (F(4, 20) = 21.06, p ˂ 0.0001). Post hoc analysis 
revealed a significantly (p  <  0.001) higher SOD and cata-
lase activity in AlCl3-treated rats compared to the Control 
rats. After CAE(150; 300; 300, 15 days) co-administration, a sig-
nificantly lower SOD (p  <  0.01) and catalase activity (p  <  
0.001) was noticed in comparison to the AlCl3-treated group 
(Fig. 4E and F). Differences in SOD value between Control 
and varying doses of CAE co-treated groups were insig-
nificant (p > 0.05). The difference in the catalase activity 
between Control and CAE300-treated group was insignificant 
(p > 0.05).

Effect of CAE on AChE Activity in the Cerebrum 
and Cerebellum of Rat Brain

Chronic treatment of AlCl3 for 60 days resulted in elevated 
AChE activity both in the cerebrum and cerebellum, which 
was prevented by co-treatment with CAE, and was consider-
ably reversed when CAE was given for just the last 2 weeks 
of AlCl3-treatment. One-way ANOVA result showed a sig-
nificant effect of treatment on AChE activity (F(4, 20) = 15.96, 
p  <  0.0001) in the cerebrum. Newman-Keuls post hoc test 
showed a significantly (p  <  0.001) higher AChE activity in 
AlCl3 treated group compared to the Control group, whereas 

co-treatment of varying doses of CAE(150; 300; 300, 15 days) 
resulted in the significantly (p ˂ 0.01) lower AChE activity 
in comparison with the AlCl3-treated group (Fig. 5A). Dif-
ferences between Control and CAE(150; 300) co-treated groups 
were insignificant (p > 0.05).

One-way ANOVA showed a significant effect of treatment 
on AChE activity (F(4, 20) = 20.3, p ˂ 0.0001) in the cerebel-
lum. Post hoc analysis revealed significantly (p  <  0.001) 
higher AChE activity in AlCl3-treated group compared to the 
Control group. In CAE(150; 300; 300, 15 days) co-administrated 
groups, the AChE activity was significantly (p ˂ 0.001) lower 
compared to the AlCl3-treated group (Fig. 5B). The differ-
ences between Control and CAE(150; 300) co-treated groups 
were insignificant (p > 0.05).

Effect of CAE on Histological Changes in the Cerebral 
Cortex and Hippocampal Area of the Rat Brain

Chronic AlCl3 treatment for 60 days induced histological 
changes in the cortex and hippocampal region that were 
prevented by co-treatment with CAE and was partially 
reversed when CAE was given for just the last 2 weeks of 
AlCl3-treatment. Figure 6 (upper panel) shows the effect 
of CAE on histological changes in the cerebral cortex 
of different experimental groups. No visible histologi-
cal abnormalities were noted in the cortex of the Control 
group. The AlCl3-treated group showed marked histologi-
cal abnormalities in the cerebral cortex irregular cells with 
indistinct cell margins, pyknosis, karyolysis, pericellular 
edema, karyorrhexis, and vacuolated cytoplasm. All these 
findings indicated that AlCl3 induces neurodegeneration in 
the cortex region of the rat brain. CAE(150; 300; 300, 15 days) 
co-treatment improved the histology considerably in the 
area of the cerebral cortex as compared with AlCl3-treated 

Fig. 5   Effect of AlCl3 and CAE on AChE activity in the cerebrum 
and cerebellum of rat brain. All animals received AlCl3 (100  mg/
kg b.w./day) for 60  days except Control group which received nor-
mal saline only. CAE was co-administered at a dose of 150  mg/
kg b.w./day in CAE150 group and at 300  mg/kg b.w./day in CAE300 
group for 60  days. In CAE300,15d group, CAE was co-administered 

at a dose of 300 mg/kg b.w./day for last 15 days only. AChE activ-
ity was measured in supernatant (S2) fraction prepared from the cer-
ebrum (A) and cerebellum (B) of different groups. Data was analyzed 
by one-way ANOVA followed by Newman-Keuls test and presented 
as mean ± SD (n = 5). ###p < 0.001 compared with Control group, 
***p < 0.001, **p < 0.01, and *p < 0.05 compared with AlCl3 group
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group. In the CAE300-treated group, the architecture was 
almost identical to the Control group; most neuronal cells 
were intact and healthy. Virtually, no abnormal features 
like pericellular edema, nuclear pyknosis, indistinct cell 
margin, and karyorrhexis were noticed. Small focal areas 
of neuropil vacuolation were observed in CAE300, 15 days-
treated group.

The lower panel of Fig. 6 shows the effect of CAE on 
histological changes in the CA1 hippocampal area of dif-
ferent experimental groups. The Control group showed the 
intact nucleus with a distinct nuclear membrane in the CA1 
region of the hippocampus. The cells were arranged tightly 
and linearly in a circular fashion. However, irregular cells 
with minimal cytoplasm and diffused morphology, indistinct 
outer membrane, and degraded nucleus were observed in the 
AlCl3-treated group; typical closely packed linear arrange-
ments of the cells were disrupted. CAE(150; 300; 300, 15 days) 
co-administration for 60 days markedly diminished the 
structural anomalies caused by AlCl3. Cellular architecture 
in CAE(150; 300) co-treated groups appeared almost normal, 
but in CAE300, 15 days-treated group, some cellular damages 
were still present.

Figure 7 shows the cell count in the H&E-stained sections 
of the cerebral cortex and CA1 area of the hippocampus. 
One-way ANOVA showed a significant effect of treatment 
on cell count (normal cells) in the cortex (F(4, 10) = 32.46, p  <  
0.0001) and in the CA1 hippocampal region (F(4, 20) = 19.31, 
p  <  0.0001). Post hoc analysis showed a significant (p  <  

0.001) reduction in cell count in the cortex and in the CA1 
hippocampal area of the AlCl3-treated rats compared to the 
Control rats. However, in CAE(150; 300; 300, 15 days) co-admin-
istered groups, a significant amelioration in cell count was 
observed in the cortex (p  <  0.05) as well as in the CA1 hip-
pocampal area (p  <  0.01) in comparison to AlCl3-treated 
group. The difference between Control and CAE300-treated 
group was insignificant (p > 0.05) in the CA1 and in the cor-
tical region.

Discussion

In this study, the neuroprotective effect of CAE was investi-
gated in the AlCl3-induced memory-impaired rat model. Al 
is a non-redox trivalent cation and has been recognized as 
a causal factor in various neurological disorders because of 
its neurotoxicity [38].

We found a significant decrease in body weight of ani-
mals treated with AlCl3 and a significant increase in body 
weight following CAE supplementation. This protective 
effect of CAE on body weight is consistent with an ear-
lier study [39]. Moreover, the improvement in body weight 
after CAE administration is an indication of a positive link 
between physical and mental health [40].

In the Y-maze test, we found that administration of AlCl3 
resulted in a marked reduction in the SAS, which indicates 
impaired spatial working memory in rats. Rats normally 

Fig. 6   Effect of AlCl3 and CAE on histological changes in the cer-
ebral cortex (upper panel) and CA1 hippocampal area (lower panel) 
of rat brain. All animals received AlCl3 (100  mg/kg b.w./day) for 
60  days except Control group which received normal saline only. 
CAE was co-administered at a dose of 150 mg/kg b.w./day in CAE150 
group and at 300  mg/kg b.w./day in CAE300 group for 60  days. In 
CAE300,15d group, CAE was co-administered at a dose of 300  mg/

kg b.w./day for last 15 days only. Sagittal brain Sects. (20 µm) were 
collected on slides followed by H&E staining. Slides were exam-
ined under light microscope at 10 × with a scale bar of 50  µm. 
CAE supplementation attenuated architectural changes induced by 
AlCl3-treatment. Arrows show karyolysis in the cortex and hip-
pocampus region
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exhibit a preference to explore novel locations, and those 
with compromised working memory do not remember the 
alternative sequence of arm entry, resulting in a reduction in 
the SAS [29]. Our data are consistent with an earlier report 
where exposure to Al reduced SAS in rats [41]. Exposure to 
AlCl3 also decreased entry into the novel arm, reflecting a 
lack of curiosity to explore the new environment. Reduced 
coping behavior in AlCl3-treated rats suggests that Al tox-
icity causes anxiety in animals. Importantly, CAE supple-
mentation (150 and 300 mg/kg) in AlCl3-treated rats caused 
a notable increase in both SAS and coping behavior. This 
behavioral improvement indicates the retention of spatial 
working memory and anxiolytic effects. The similar mem-
ory-enhancing effect of CAE was observed in the AD rat 
model [24].

Ambulation number was significantly reduced in the OFT 
after AlCl3-treatment: a decrease in locomotor activity has 
been associated with anxiety in animals [42]. These results 
from the OFT are also supported by the coping behavior data 
of Y-maze test [43]. CAE supplementation showed substan-
tial improvement in the OFT locomotor activity compared to 
AlCl3-treated rats. Rather et al. had shown that asiatic acid, 
one of the phytoconstituents of CA, improved the explora-
tory movement of rats in the OFT after chronic exposure to 
Al [44].

Numerous studies suggest that oxidative damage plays 
a critical role in a number of neurological conditions 
[14, 45, 46], and the accumulation of AlCl3 in the brain 
is associated with oxidative stress [4, 5, 47]. AlCl3 
does not act as a pro-oxidant directly, but assists in 
iron- or noniron-induced lipid peroxidation [48, 49]. 
Therefore, AlCl3 indirectly causes oxidative damage to 
membrane lipids, which can severely affect membrane 

properties and functions. MDA is a biomarker of lipid 
peroxidation. In the present study, MDA levels increased 
significantly in the cerebrum and cerebellum after AlCl3 
exposure, which is consistent with previous reports [44, 
50]. Co-administration of CAE with AlCl3 lowered the 
extent of lipid peroxidation, suggesting a reduction in 
oxidative stress. Other work has also shown that asiatic 
acid protects the cortical and hippocampal region of 
the rat brain from lipid peroxidation induced by AlCl3 
[44]. Under the influence of oxidative stress, enzymes 
such as SOD and catalase form the primary line of 
defense against free radicals in biological system [51]. 
In the present study, a significant increase in SOD and 
catalase activity occurred in the cerebrum and cerebellum 
following exposure to AlCl3. In normal physiological 
conditions, SOD metabolizes superoxide anion (O2

−) 
and releases hydrogen peroxide (H2O2) [52]; catalase 
clears excess H2O2 [53]. Therefore, a rise in free radical 
production may account for the increased activity of 
SOD and catalase. The similar effect of AlCl3 exposure 
has been reported by different laboratories [27, 54, 55]. 
CAE stabilizes mitochondrial functions by reducing the 
formation of oxidative products [56], and importantly, 
the CAE treatment in the present study was associated 
with normalization of the MDA content, and catalase and 
SOD activity in the cerebrum and cerebellum, suggesting 
a reduction in oxidative stress. The decline in oxidative 
stress due to CAE supplementation in this study may be 
due to its strong free radical scavenging and iron chelation 
properties [57].

This study shows that AlCl3 increases AChE activity in the 
cerebrum and cerebellum of the rat brain, which declines after 
CAE supplementation. An increase in brain AChE activity 

Fig. 7   Effect of AlCl3 and CAE on neuronal changes in the rat brain. 
All animals received AlCl3 (100 mg/kg b.w./day) for 60 days except 
Control group which received normal saline only. CAE was co-
administered at a dose of 150 mg/kg b.w./day in CAE150 group and 
at 300  mg/kg b.w./day in CAE300 group for 60  days. In CAE300,15d 
group, CAE was co-administered at a dose of 300  mg/kg b.w./day 
for last 15 days only. Sagittal brain Sects. (20 µm) were collected on 

slides followed by H&E staining. Cell counting was done on three 
randomly selected regions using image J 1.52v software. Graph 
exhibits cell count of cerebral cortex and CA1 hippocampal area of 
different experimental groups. Data are expressed as mean ± SD. 
One-way ANOVA followed by Newman-Keuls test. ###p < 0.001 com-
pared with Control group, ***p < 0.001, **p < 0.01, and *p < 0.05 com-
pared with AlCl3 group
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after Al exposure [58, 59] and a reduction in brain AChE 
activity after CAE administration have also been observed 
previously [25]. It seems that the memory-enhancing effect 
of CAE, as seen in behavioral studies (Fig. 3), may be due to 
its AChE inhibition potential, which can be attributed to the 
presence of active phytoconstituents such as asiatic acid [18]. 
Inhibition of AChE activity is critical to the development of 
anti-AD medications.

Studies have shown a close relationship between oxida-
tive stress and increased AChE activity, and increased AChE 
activity is associated with a decline in acetylcholine concen-
tration, which reduces cholinergic neurotransmission [29, 
60, 61]. Cholinergic neurotransmission plays an important 
role in the pathophysiology of memory impairment, as the 
cholinergic pathways have neural projections to the cerebral 
cortex and hippocampus [62].

Histological examination of the cerebral cortex and 
hippocampus revealed that AlCl3 mediates gradual 
pathological changes that include disorganization in the 
pyramidal cellular arrangement, dense cytosolic staining, 
nuclear degradation, pyknosis, and karyorrhexis. 
These findings corroborate former studies [44, 63] and 
could be due to the increased free radical formation 
after AlCl3 exposure that eventually causes oxidative 
damage and neurodegeneration. Interestingly, after 
CAE administration for 60  days, the pathological 
changes improved markedly. In addition, a significant 
reduction in the number of cells was noted after AlCl3 
administration, and CAE co-administration reduced the 
loss of neuronal cells; the result was also supported 
by a parallel study on AD model of rat [24]. Thus, 
co-administration of CAE with AlCl3 may alleviate the 
structural abnormalities and neurodegeneration, thereby 
maintaining the normal architecture of the regions 
examined. This protective property of CAE can be 
attributed to its free radical scavenging activity, which 
removes the excess free radical burden and protects the 
entire cellular environment from oxidative damage.

The behavioral, biochemical, and histological results 
of this study clearly show that CAE at a dose of 150 or 
300 mg/kg b.w. for 60 days effectively protects the brain 
from AlCl3 intoxication. Insignificant difference between 
the Control and CAE300-treated groups in all set of 
experiments shows that CAE at a dose of 300 mg/kg b.w. 
was effective in protecting the AlCl3-induced brain damages. 
CAE attenuates AlCl3-induced oxidative stress and AChE 
activity that consecutively ameliorates cellular damage, 
neurodegeneration, and cholinergic activity, ultimately 
leading to improved cognitive function. Moreover, the 
results of the CAE300, 15 days-treated group show that CAE 
(300 mg/kg b.w.) treatment for 15 days only can significantly 
reverse the AlCl3-induced toxicity in rat brain and thus can 
be used therapeutically to treat AlCl3-induced neurotoxicity.

Conclusion

CAE not only protects but also aids to recover from 
AlCl3-induced cognitive deficit, oxidative stress, choliner-
gic dysfunction, and neurodegeneration in rat brain. Hence, 
CAE could be used as an antioxidant, anti-cholinesterase, 
memory enhancer, and neuroprotective agent. Further 
research is needed to identify the active phytoconstituents 
and their mode of action for a complete understanding of the 
molecular mechanisms involved.
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