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ABSTRACT
Background: Alzheimer disease (AD) is a common form of dementia and 
is described by memory loss and behavioral disorder. The prevalence of 
AD is increasing rapidly each year worldwide. Objectives: In this study, 
we aimed to discover the therapeutic properties of esculetin against 
D‑galactose  (D‑gal)‑induced AD in an animal model. Materials and 
Methods: AD was initiated in rats by administering 150 mg/kg of D‑gal 
via subcutaneous route for 6 weeks and supplemented with 10, 20, and 
30 mg/kg of esculetin, respectively. Subsequently, memory and learning 
of the rats were investigated using the Morris water maze (MWM). The 
organ index of the liver, spleen, thymus, and kidneys was assessed. 
The enzyme activities of superoxide dismutase (SOD), catalase (CAT), 
GSH‑Px, and heme oxygenase‑1  (HO‑1) and the levels of advanced 
glycation end products  (AGEs), 8‑iso‑prostaglandin F  (8‑iso‑PGF), 
and 8‑hydroxy‑2‑deoxyguanosine  (8‑OHdG) were assessed using 
commercially available kits. The level of acetylcholine  (Ach) and the 
activity of acetylcholinesterase  (AChE) was also assessed using kits. 
The brain tissue samples were assessed microscopically. Results: 
According to the results, esculetin significantly improved the bodyweight 
and organ index in AD animals. It significantly modulated the spatial 
learning and memory and improved the activities of CAT, SOD, GSH‑Px, 
and HO‑1. It significantly reduced the contents of AGEs, 8‑iso‑PGF, and 
8‑OHdG and inflammatory markers. Furthermore, esculetin increased 
the level of ACh and the reduced activity of AChE. Histological analysis 
of the brain tissue revealed that esculetin attenuated the D‑gal‑induced 
histological changes in the brain of AD rats. Conclusion: The findings 
of this study reveal that esculetin can ameliorate inflammation and 
oxidative damage in D‑gal‑induced AD rats. It can be further explored 
as a therapeutic agent to treat AD.
Key words: 8‑iso‑PGF, 8‑OHdG, esculetin, neuroinflammation, 
neurotransmitters, spatial memory

SUMMARY
•  Alzheimer’s disease is the most common form of age‑associated dementia 

and is described by behavioral disorder and memory loss.
•  Esculetin can attenuate oxidative damage and neuroinflammation by elevating 

neuronal antioxidant enzyme activities, decreasing oxidative damage 
biomarkers, reducing pro‑inflammatory cytokines’ levels, and triggering 
cholinergic mechanisms in D‑gal provoked AD animals.

Abbreviations used: AD: Alzheimer’s disease; D‑gal: D‑galactose; 
MWM: Morris Water Maze; ChAT: Choline acetyltransferase; 
Ach: Acetylcholine.
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INTRODUCTION
Alzheimer disease  (AD) is the most common form of age‑associated 
dementia and causes behavioral disorder and memory loss. Worldwide, 
the estimated prevalence of dementia was approximately 46.8 million in 
2015, which is predicted to double every 20 years, that is, approximately 
74.7 million people in 2030 and 131.5 million in 2050 might suffer 
from AD.[1] The pathological changes in patients with AD primarily 
comprise neurotransmitter disorders, nerve fiber tangles and plaques, 
inflammatory responses, and severe oxidation.[2] In addition, aging is the 
primary cause of AD. Furthermore, oxidative stress is the most crucial 
factor in the development of AD due to the increased accumulation of 
reactive oxygen species (ROS).[3,4] The level of antioxidant enzymes such 
as superoxide dismutase (SOD) and catalase (CAT) in the brain tissues 
is comparatively low, which makes it highly prone to ROS‑mediated 
oxidative damage.[5] Furthermore, a previous study reported that 

astrocytes and microglia release high quantities of pro‑inflammatory 
biomarkers such as interleukin  (IL)‑6, IL‑1β, and tumor necrosis 
factor (TNF)‑α.[6] IL‑1β is the most important inflammatory mediator 
during neuroinflammation and is believed to be the root cause of 
dementia. The level of IL‑1β in the cerebrospinal fluid and serum of 
patients with AD has been found to be increased.[7] IL‑1β can stimulate 
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the astrocytes and microglia, which in turn triggers increased production 
of inflammatory mediators, which leads to neurotoxicity. These reports 
suggest that oxidative stress and inflammation play an important role in 
the development of AD.[8,9]

According to the literature, the cholinergic system is responsible for 
various cognitive mechanisms, in which the acetylcholine  (ACh), a 
neurotransmitter, is generated by the choline acetyltransferase (ChAT). 
Subsequent to the depletion of cholinergic neurons, the discharge of 
ACh reduces and results in learning difficulties. During the progression 
of AD, the prefrontal cortex and hippocampal cholinergic neurons are 
injured, which leads to the reduced generation and discharge of AC. This 
results in cognitive impairments and memory loss.[10]

Previous studies have shown that chronic exposure to 
D‑galactose  (D‑gal)  (mild dosage) can cause changes that resemble 
the natural process of aging in animal models, such as cognitive 
defect, oxidative stress, changes in gene expressions, and reduced 
immune responses.[11–14] It increases the process of neurodegeneration 
by increasing the activity of acetylcholinesterase  (AChE), increasing 
the level of ROS, increasing cognitive impairment, and decreasing the 
activity of antioxidant enzymes.[15] Neurotoxicity developed due to the 
prolonged exposure to D‑gal in animals has been widely employed as an 
experimental model for the investigation of mechanisms of development 
of AD.[16]

Esculetin is a coumarin derivative, which occurs in numerous herbal 
plants such as Citrus limonia, Fraxinus rhynchophylla, and Fraxinus 
chinensis.[17] Esculetin exhibits various activities such as antioxidant, 
anti‑inflammatory, and anti‑fibrotic,[18] anti‑tussive,[19] anti‑anxiety, 
anticancer,[20] antinociceptive,[21] antidiabetic, antimicrobial, and 
anticoagulant.[22] It is also effective against non‑communicable 
diseases,[23] rheumatoid and osteoarthritis,[24] psoriasis,[25] and sepsis.[26] 
However, so far, there are no studies that discuss the therapeutic roles of 
esculetin against AD. Therefore, in this study, we aimed to discover the 
beneficial properties of esculetin against the D‑gal‑induced AD model in 
rats via inhibition of oxidative stress and inflammation.

MATERIALS AND METHODS
Chemicals
Esculetin  (percentage purity: 98%), D‑gal, buffered saline, and 
additional chemicals were purchased from Sigma‑Aldrich, USA. 
Marker‑specific assay kits were purchased from Thermo Fisher Scientific 
and MyBioSource (USA).

Experimental rats
In this study, healthy male Sprague–Dawley rats  (10–12  weeks old) 
weighing around 160–210 g were obtained from the institutional animal 
house. The animals were maintained in well‑sanitized infection‑free 
polypropylene cabins and were maintained under laboratory conditions 
(22°C–24°C and 12‑h light/dark cycles). Throughout the experimental 
period, all rats were given free access to food and water. The protocols 
were approved by the institutional animal ethical committee 
(approval number: 20‑1071). Before conducting the experiments, all rats 
were acclimatized for a week under laboratory conditions.

Experimental groups
The rats were randomly divided into five groups containing six rats 
each: control (group I), AD model (group II), and AD+esculetin‑treated 
groups  (groups  III–V). Group  I animals were excluded from all the 
treatments and administered only with saline. Group  II animals were 
subcutaneously administered with D‑gal at 150 mg/kg bodyweight once 
a day for 6 consecutive weeks to induced AD.[27] Group III–V animals 

were supplemented with 10, 20, and 30 mg/kg of esculetin, respectively, 
by oral route for 6 weeks after the administration of D‑gal. The animals 
from the control and AD groups were supplemented with the same 
quantity of saline solution without the esculetin. The bodyweight of each 
animal was carefully weighed before and after the experiments and data 
were tabulated.

Morris Water Maze (MWM) test
The memory and spatial learning of the experimental rats were assessed 
by the technique of MWM. The maze was designed with a height of 
60 cm diameter of 150 cm and separated into four equivalent quadrants 
and filled with water at 40‑cm depth. By using non‑toxic water‑soluble 
black ink, the water was made opaque. The portable escape platform 
was submerged in water at the center of the quadrant. The pool was 
located in a low‑light‑powered cabin with attached distal visual 
signs, which provided a route‑finding key to locate the target. During 
the acquirement time, a 2‑min training trial was given to the rats 
twice/day for 4 consecutive days. The animals were permitted freely to 
reach the escape platform within 2  min for each training period. The 
animals were permitted to stay on the platform for 10 s once they found 
it. If rats failed to reach the platform, they were directed to reach the same 
and stay on for 30 s. The time periods required by the rats to identify the 
platform (escape latency) were utilized as the extent of spatial learning. 
After 24  h of the last training, the probe test was executed, where all 
animals were permitted to examine the pool for 2 min in the absence of 
the platform. The time expended by a rat in the platform was recorded 
and used to assess the reference memory.[28]

Organ index measurement
All the animals were sacrificed under ketamine/xylazine (90/10 mg/kg) 
anesthesia after the physical experiments and then internal organs such 
as the liver, spleen, thymus, and kidneys were dissected out from both 
control and experimental rats. Then, the excised organs were weighed 
accurately to detect the organ index, and the final data are represented 
as mg/g.

Measurement of antioxidant enzyme activity
The SOD, CAT, GSH‑Px, and HO‑1 activities in both control and 
experimental rats were examined with the aid of marker‑specific assay 
kits as per the guidelines described by the manufacturer (Thermo Fisher 
Scientific, USA).

Measurement of oxidative biomarkers
The contents of AGEs, 8‑iso‑PGF, and 8‑OHdG in the serum of control 
and experimental rats were assessed with the help of marker‑specific 
assay kits (Abcam, UK).

Quantification of inflammatory markers
The contents of IL‑1β, IL‑6, and TNF‑α in the brain tissues 
of experimental rats were examined by using the commercial 
kits (MyBioSource, USA).

Assay of ACh and AChE in the brain tissue
The content of ACh and activity of AChE in the brain tissues of 
experimental rats were assessed using assay kits. For this, the excised 
brain tissues from both control and treated animals were homogenized 
with 0.25 M of sucrose buffer for 30  min. Then this suspension was 
centrifuged at 10,000  rpm and the supernatant was used to assess the 
ACh level and AChE activity by using the spectrophotometric technique 
and absorbance was taken at 412 nm.
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Histopathological study
The hippocampal tissues were excised from the experimental rats and 
cut into small pieces. Then, the tissues samples were fixed in the Bouin’s 
fixative for 24 h at 37°C. Subsequently, the samples were paraffinized and 
cut into 4–6‑μm‑thick sections, stained with hematoxylin and eosin, and 
observed under a microscope (40×).[29]

Statistical analysis
The data were analyzed using GraphPad Prism  (GraphPad Software, 
Inc., San Diego, USA) version  9.0 and presented as mean  ±  standard 
deviation (SD) of triplicates. The differences between treatment groups 
were assessed by one‑way analysis of variance  (ANOVA) and Tukey’s 
post hoc assay. Significance was fixed at P < 0.05.

RESULTS
Effect of esculetin on the bodyweight and organ 
index in the experimental animals
Figure 1 shows the effect of esculetin on the bodyweight and organ index 
in the D‑gal‑induced AD animals. According to the results, there was a 
notable reduction in the bodyweight and organ index of the spleen, thymus, 
liver, and kidneys when compared with the control animals. Interestingly, 
these reductions were effectively (P < 0.05) ameliorated by esculetin. The 
supplementation of 10, 20, and 30 mg/kg of esculetin appreciably (P < 0.05) 
enhanced the bodyweight and organ indexes of the spleen, thymus, liver, 
and kidneys weights in the D‑gal‑induced AD animals [Figure 1].

Effect of esculetin on the memory and spatial 
learning capacities in the experimental rats
Figure 2 depicts the memory and learning capacities of the control and 
experimental rats as assessed by the MWM test. The D‑gal‑induced AD 
rats have notable augmentation in the escape latency, diminution in the 
time spent in the target quadrant, and crossing frequency when compared 
with the control animals. Esculetin (10, 20, and 30 mg/kg) significantly 

reduced the reduction in the escape latency and improved the time 
spent by the experimental rats (P < 0.05). These results demonstrate the 
beneficial properties of esculetin in restoring memory and cognition in 
the D‑gal‑induced AD animals [Figure 2].

Effect of esculetin on the enzymatic antioxidants in 
the experimental rats
Figure  3 depicts the effects of esculetin on the activities of enzymatic 
antioxidants in the D‑gal‑induced AD animals. The D‑gal‑induced AD 
animals exhibited a drastic reduction in the CAT, SOD, HO‑1, and GSH‑Px 
activities in the brain tissues when compared with the control animals. 
Esculetin (10, 20, and 30 mg/kg) significantly restored the activities of CAT, 
SOD, HO‑1, and GSH‑Px activities in the brain tissues of D‑gal‑induced 
AD animals (P < 0.05) [Figure 3]. These results provide evidence of the 
antioxidant property of esculetin against the D‑gal‑induced AD in rats.

Effect of esculetin on the oxidative biomarker levels 
in the experimental rats
Figure  4 shows the effect of esculetin treatment on the contents of 
oxidative biomarkers such as AGEs, OhdG, and 8‑iso‑PGF in the 
serum of D‑gal‑induced AD animals. There was a drastic increase in 
the level of AGEs, OhdG, and 8‑iso‑PGF in the serum of D‑gal‑induced 
AD animals when compared with the control animals. Esculetin 
(10, 20, and 30 mg/kg) significantly attenuated the level of AGEs, OhdG, 
and 8‑iso‑PGF in D‑gal‑induced AD animals (P < 0.05) [Figure 4]. This 
result demonstrates the antioxidant activity of esculetin.

Effect of esculetin on the level of the 
pro-inflammatory markers in the experimental 
animals
Figure  5 shows the level of IL‑6, IL‑1β, and TNF‑α in the brain 
tissues of experimental rats. The D‑gal‑induced AD animals have a 
drastic augmentation in the contents of IL‑6, IL‑1β, and TNF‑α when 

Figure 1: Effect of esculetin on the bodyweight and organ index in the experimental rats. Data are displayed as the mean ± SD of triplicate measurements 
and statistically scrutinized by one-way ANOVA and Tukey’s post hoc assay. “#” represents that data varied significantly at P < 0.05 from control, and “*” 
represents that data varied significantly at P < 0.01 from the AD group
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related with the control. Esculetin (10, 20, and 30 mg/kg) significantly 
reduced the contents of IL‑6, IL‑1β, and TNF‑α in the brain tissues 
of D‑gal‑induced AD animals  (P  <  0.05)  [Figure  5]. These results 
provide evidence of the anti‑inflammatory activity of esculetin.

Effect of esculetin on the ACh content and AChE 
activity in the experimental animals
Figure  6 shows the effect of esculetin on the ACh content and AChE 
activity in the D‑gal‑induced AD animals. According to the results, 
the level of ACh decreased and the activity of AChE increased in 
the D‑gal‑induced AD animals. Esculetin  (10, 20, and 30  mg/kg) 
significantly increased the level of ACh and reduced the activity of 
AChE in D‑gal‑induced AD animals (P < 0.05) [Figure 6]. These results 

demonstrate the beneficial effects of esculetin against the D‑gal‑induced 
neurotoxicity in rats.

Effect of esculetin on the brain histopathology of 
experimental animals
Figure  7 shows the effects of esculetin on the histopathology of brain 
tissues. The control animals demonstrated the normal hippocampal 
neurons with a tight arrangement and intact morphologies. The pyramidal 
neurons exhibited large and round nuclei. However, in D‑gal‑induced 
AD animals, there was severe injury to the hippocampal region. The 
AD animals also demonstrated increased intercellular gaps, loosely 
arranged cells, shrunken pyramidal neurons with minimal cytoplasm. 
Interestingly, these histological changes were effectively reduced by 
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a

Figure 2: Effect of esculetin on the memory and spatial learning capacities in the experimental rats. Data are displayed as the mean ± SD of triplicate 
measurements and statistically scrutinized by one-way ANOVA and Tukey’s post hoc assay. “#” represents that data varied significantly at P <  0.05 from 
control, and “*” represents that data varied significantly at P < 0.01 from the AD group
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Figure  3: Effect of esculetin on the enzymatic antioxidants in the brain tissues of experimental rats. Data are displayed as the mean  ±  SD of triplicate 
measurements and statistically scrutinized by one-way ANOVA and Tukey’s post hoc assay. “#” represents that data varied significantly at P  <  0.05 from 
control, and “*” represents that data varied significantly at P < 0.01 from the AD group
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esculetin  (10, 20, and 30  mg/kg)  [Figure  7]. These results provide 
evidence to the beneficial effects of esculetin against D‑gal‑induced 
neurotoxicity.

DISCUSSION
AD is characterized by the slow development of cognitive impairment 
and mood disorder with difficulties in daily life tasks and reduced 
social connections.[30] The principal cause of AD is not yet understood 
clearly, but there are several factors such as inflammation, oxidative 
stress, and cholinergic dysfunction that are responsible for the 
initiation and progression of AD.[31] A previous study has reported 
that the over‑accumulation of D‑gal can result in neurotoxicity, 
stimulation of astrocytes, neuronal apoptosis, and oxidative stress.[32] 
The continued exposure of D‑gal in animals can speed up the process 
of aging and worsen cognition and motor activities, which is more 

similar to the signs of natural aging.[33] A continuous administration 
of D‑gal triggers aging of the brain and speeds up the process of 
aging.[34,35]

In the case of the normal aging process, the brain normally undergoes 
structural and functional changes, which affect the synaptic 
and dendritic networks, blood flow, and metabolism of several 
neurotransmitters that lead to weakened neurotransmission. These 
changes can be observed in the case of behavioral changes such as 
memory, learning, sleep, sensory, and motor activities. Furthermore, 
cholinergic systems are drastically affected during the aging 
process.[36,37] Behavioral changes are the most sensitive factors for the 
assessment of memory and cognitive impairments.[38] Our results show 
that the D‑gal‑induced AD animals exhibited a drastic elevation in 
the escape latency and diminished time spent and crossing frequency. 
Interestingly, esculetin significantly decreased the escape latency and 
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Figure 4: Effect of esculetin on the oxidative biomarker levels in the experimental rats. Data are displayed as the mean ± SD of triplicate measurements and 
statistically scrutinized by one-way ANOVA and Tukey’s post hoc assay. “#” represents that data varied significantly at P < 0.05 from control, and “*” represents 
that data varied significantly at P < 0.01 from the AD group
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Figure  5: Effect of esculetin on the level of pro-inflammatory cytokines in the experimental rats. Data are displayed as the mean  ±  SD of triplicate 
measurements and statistically scrutinized by one-way ANOVA and Tukey’s post hoc assay. “#” represents that data varied significantly at P <  0.05 from 
control, and “*” represents that data varied significantly at P < 0.01 from the AD group
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time spent by the experimental animals  [Figure  2]. This proves the 
neuroprotective effect of esculetin in regaining memory and lessening 
cognitive impairment. These results agree with a previous study.[39]

Free radicals are normally produced by cells under regular physiological 
circumstances. These free radicals are continuously eliminated by 
various intracellular antioxidants to maintain cellular homeostasis.[40] An 
over‑accumulation of free radicals and depleted antioxidant mechanisms 
may result in damaging effects on several organ systems, including the 
brain. In the brain, they can trigger the neurodegenerative mechanisms 
and speed up the aging process.[41] An increased level of oxidative stress 
enhances neurotoxicity through several pathological mechanisms; 
therefore, oxidative stress has been extensively highlighted to be a critical 
factor in the pathophysiology of several neurological diseases.[42–44] 
Literature provides evidence that oxidative stress is the major cause 
of AD[45] and that increased oxidative stress triggers the process of 
neurodegeneration and neuroinflammation in age‑associated ailments 
such as AD.[46]

The antioxidant defense mechanisms in cells are primarily regulated 
by Nrf2, which stimulates the transcription of genes responsible 
for cytotoxicity and oxidative stress.[47,48] The brain employs several 
enzymatic and non‑enzymatic antioxidants and free radical quenching 
systems to guard against oxidative stress. CAT, SOD, and GSH‑Px are 

the most important enzymatic antioxidants that actively decrease 
the ROS contents and protect against oxidative stress.[49,50] A previous 
report highlighted that D‑gal triggers aging in several animal models 
via activation of neuroinflammation and oxidative stress that exaggerate 
the aging process.[51] Similarly, our results also demonstrated that the 
D‑gal‑induced AD rats exhibited a drastic reduction in the CAT, SOD, 
HO‑1, and GSH‑Px activities. Interestingly, the supplementation of 
10, 20, and 30  mg/kg of esculetin significantly improved the CAT, 
SOD, HO‑1, and GSH‑Px activities  [Figure 3]. These results prove the 
antioxidant potential of esculetin.
Cholinergic neurons are present in the basal and medial septal 
nucleus of the brain, and they transport large quantities of ACh to 
the hippocampus and cerebral cortex via projecting fibers. These 
neurons play an important role in memory and learning.[52,53] ACh is 
the most crucial neurotransmitter associated with learning, memory, 
and cognition, whereas AChE is accountable for ACh degradation, 
and its function is normally improved during AD development.[54] 
The depletion of ACh is supposed to be a direct cause of memory and 
cognitive impairments in AD. Hence, AChE inhibitors receive greater 
attention in AD treatment to reinstate the ACh level in the brain and 
recover memory and cognition difficulties of patients with AD. D‑gal 
administration can increase the activity of AChE and decrease the level 

ba

Figure 6: Effect of esculetin on the ACh content and AChE activity in the brain tissues of experimental rats. Data are displayed as the mean ± SD of triplicate 
measurements and statistically scrutinized by one-way ANOVA and Tukey’s post hoc assay. “#” represents that data varied significantly at P <  0.05 from 
control, and “*” represents that data varied significantly at P < 0.01 from the AD group

Figure 7: Effect of esculetin on the brain histopathology of experimental rats. Group  I: Control rats exhibited normal hippocampal neurons with intact 
morphologies. Group II: Severe injury, increased intercellular gaps (yellow arrows), loosely arranged cells (green arrows), shrunken pyramidal neurons with 
minimal cytoplasm (black arrows) were noted in the brain tissues of D-gal-provoked AD rats. Groups III–V: Treatment with 10, 20, and 30 mg/kg of esculetin 
effectively rescued the D-gal-provoked alterations in the brain tissues of AD rats. *Scale bar = 50 μm, Magnification = 40×
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of ACh in the brain tissues.[55,56] In this study, we observed substantial 
learning and memory impairments in the D‑gal‑induced animals. This 
suggests that the enhancement of learning and memory capabilities may 
be partially connected with the inhibitory effect of esculetin against the 
AChE activity [Figure 6].
IL‑6, IL‑1β, and TNF‑α are important pro‑inflammatory mediators 
that play an essential function in the inflammatory reactions. They can 
provoke the over‑accumulation of hyperoxide and deplete the cholinergic 
activity via elevated AChE activity to speed up the development of 
neurodegenerative diseases. Increased cytokine levels in the brain cause 
pathological changes such as inflammation, nitrification, and oxidation 
and disturb nerve homeostasis.[57] According to our results, there was 
a drastic elevation in the level of IL‑6, IL‑1β, and TNF‑α on the brain 
tissues of D‑gal‑induced AD animals. Interestingly, esculetin significantly 
reduced the level of IL‑6, IL‑1β, and TNF‑α in the brain tissues of AD 
rats, which demonstrates its anti‑inflammatory property [Figure 5].
D‑gal drastically elevates the level of several oxidative biomarkers such 
as AGEs (an oxidative marker of protein), OhdG (an oxidative marker 
of DNA), and 8‑iso‑PGF.[58–60] In this study, we obtained similar results. 
Interestingly, esculetin significantly reduced the levels of AGEs, OhdG, 
and 8‑iso‑PGF in D‑gal‑induced AD animals  [Figure 4]. These results 
provide evidence of the antioxidant potential of esculetin.

CONCLUSION
In conclusion, esculetin attenuated oxidative damage and 
neuroinflammation by increasing the neuronal antioxidant enzyme 
activities, decreasing oxidative damage biomarkers, reducing 
pro‑inflammatory cytokines’ levels, and triggering cholinergic 
mechanisms in D‑gal‑induced AD animals. Esculetin can be considered 
as a remedial agent to treat AD in the future. However, we recommend 
further studies to understand the underlying mechanisms of the mode 
of action of esculetin.
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