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Abstract

Alzheimer’s disecase is a progressive neurodegenerative disorder characterized by cognitive decline,
accumulation of amyloid-beta plaques, tau hyperphosphorylation, oxidative stress, neuroinflammation, and
cholinergic dysfunction. Current treatments provide only symptomatic relief, necessitating the exploration of
alternative therapeutic strategies. This study investigates the neuroprotective effects of plant-derived alkaloids
in animal models of Alzheimer’s disease, evaluating their impact on cognitive function, biochemical markers,
and histopathological alterations. The selected alkaloids, including Galantamine, Berberine, Huperzine A, and
Nicotine, were administered in transgenic and chemically induced models of Alzheimer’s Disease. Behavioral
assessments such as the Morris Water Maze, Y-Maze, and Novel Object Recognition test were conducted to
evaluate cognitive performance. Biochemical analyses measured oxidative stress markers, including
malondialdehyde, superoxide dismutase, and glutathione, along with neuroinflammatory markers such as
tumor necrosis factor-alpha, interleukin-6, and nuclear factor kappa B. Cholinergic function was assessed by
measuring acetylcholinesterase and choline acetyltransferase enzyme activity. Histopathological and
immunohistochemical staining were performed to examine amyloid-beta plaque deposition, tau protein
aggregation, and neuronal integrity. The results demonstrated that alkaloid treatment significantly improved
cognitive function, reduced oxidative stress and neuroinflammation, restored cholinergic enzyme activity, and
decreased amyloid-beta plaque deposition and tau tangle formation. Furthermore, neuronal integrity and
hippocampal morphology were preserved, suggesting that plant-derived alkaloids have neuroprotective
potential. These findings indicate that natural alkaloids may serve as promising therapeutic candidates for
Alzheimer’s Disease by targeting multiple pathological mechanisms. Further clinical investigations are
required to confirm their efficacy and safety in human subjects, which could pave the way for the
development of novel plant-based treatments for neurodegenerative disorders.

Keywords: Alzheimer’s Disease, Neuroprotection, Plant-Derived Alkaloids, Cognitive Function, Oxidative
Stress, Amyloid-Beta Plaques

1. INTRODUCTION
Alzheimer’s disease (AD) is a progressive and debilitating neurodegenerative disorder that primarily affects
older individuals. It is marked by a gradual decline in cognitive abilities, memory, and behavior, eventually
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leading to a loss of independence. The pathological hallmarks of AD include the accumulation of amyloid-beta
plaques, the formation of neurofibrillary tangles composed of hyper phosphorylated tau protein, chronic
neuroinflammation, and oxidative stress. These factors together contribute to the degeneration of neurons,
particularly in the hippocampus and cortex, regions critical for learning, memory, and higher cognitive
functions. Currently, the treatments for AD are limited to symptomatic relief, targeting neurotransmitter
imbalances, but none of these therapies address the root causes or slow disease progression (Ho et al. 2004).
This gap in effective treatments has led to increasing interest in alternative approaches, including the exploration
of plant-derived compounds for their potential to provide neuroprotective benefits. Among these, alkaloids have
attracted significant attention due to their diverse biological activities and potential therapeutic properties.
Alkaloids are a group of naturally occurring, nitrogen-containing organic compounds found in a wide variety of
plants. These compounds often have potent pharmacological effects on humans and animals and have been used
in traditional medicine for centuries. Alkaloids are typically associated with a range of effects, including
analgesic, anti-inflammatory, antitumor, and antimicrobial properties. In addition to their therapeutic uses,
alkaloids serve an important role in plant defense, deterring herbivores and pathogens. The molecular structures
of alkaloids can vary significantly, but they often share the characteristic of containing at least one nitrogen
atom, usually within a heterocyclic ring. Some well-known alkaloids include morphine from the poppy plant
(Papaver somniferum), caffeine from coffee (Coffea species), nicotine from tobacco (Nicotiana species), and
quinine from the cinchona tree (Cinchona species) (Abdul Manap et al. 2019). These compounds, while widely
recognized for their role in medicine, have also garnered interest for their potential in treating neurological
disorders, including Alzheimer’s Disease, due to their ability to modulate various biological pathways that are
involved in disease progression (Menghani et al. 2021).

In the context of Alzheimer’s disease, alkaloids offer a multifaceted approach to addressing the underlying
mechanisms of the disease. One of the key features of AD is the accumulation of amyloid-beta plaques in the
brain, which disrupts neuronal communication and contributes to neurodegeneration. Alkaloids like curcumin,
though technically a polyphenol rather than an alkaloid, and berberine have been shown to possess the ability to
inhibit amyloid-beta aggregation and enhance its clearance from the brain. By preventing the formation of these
toxic plaques, these alkaloids may help slow the progression of the disease and reduce neuronal damage (De and
Costa 2005).

The pathophysiology of Alzheimer’s Disease is complex and multifactorial, involving multiple biological
mechanisms that lead to the progressive degeneration of the brain. One of the hallmark features of AD is the
accumulation of amyloid-beta plaques in the brain. Amyloid-beta is a peptide fragment derived from the
amyloid precursor protein (APP), and it aggregates to form plaques that disrupt neural communication and
trigger inflammation. These plaques are typically found in areas of the brain responsible for memory and
cognitive function, such as the hippocampus and cortex. Along with amyloid plaques, the formation of
neurofibrillary tangles composed of hyperphosphorylated tau protein is another hallmark of AD. Tau is a protein
involved in stabilizing microtubules, which are essential for maintaining the structure of neurons and facilitating
intracellular transport (GK et al. 2022). In AD, tau becomes abnormally phosphorylated, leading to the
disintegration of microtubules and the formation of tangles that contribute to neuronal dysfunction and death. In
addition to amyloid plaques and tau tangles, AD is associated with significant neuronal loss, synaptic
dysfunction, and changes in brain metabolism. As neurons degenerate, communication between brain cells
becomes impaired, leading to the cognitive and behavioral symptoms characteristic of the disease.
Neuroinflammation also plays a critical role in the progression of AD. The brain's immune cells, called
microglia, become activated in response to the accumulation of amyloid-beta plaques and other toxic factors.
While microglia are normally involved in clearing waste and protecting neurons, in AD, they become
chronically activated and release pro-inflammatory cytokines, further exacerbating neuronal damage (Ajirul
Abig, Sutrisno, and Marfuah 2024). The stress experienced by caregivers can result in mental health issues such
as anxiety and depression, further compounding the challenges associated with the disease. Alzheimer’s Disease
(AD) is a devastating neurodegenerative condition with no known cure, and current treatments primarily focus
on managing symptoms rather than addressing the root causes of the disease. The pharmacological interventions
available today are limited in their effectiveness, highlighting a significant gap in the treatment landscape and
the urgent need for alternative therapeutic strategies. The two main classes of drugs approved for AD are
cholinesterase inhibitors (Donepezil, Rivastigmine, and Galantamine) and the N-methyl-D-aspartate (NMDA)
receptor antagonist Memantine. These drugs aim to improve cognitive function by altering neurotransmitter
activity in the brain, but they only offer modest and temporary benefits (Alhazmi and Albratty 2022).
Cholinesterase inhibitors increase the levels of acetylcholine, a neurotransmitter involved in memory and
learning, by inhibiting the enzyme that breaks it down. Memantine, on the other hand, regulates glutamate
activity to prevent excitotoxicity, which can contribute to neuronal death. However, these medications do not
slow or halt the progression of the disease, and their effects tend to diminish over time. Moreover, they often
come with side effects, such as gastrointestinal issues, dizziness, and confusion, which further limit their clinical
utility (Gu 2024).

Cuest.fisioter.2025.54(4):6386-6397 6387



. Evaluation of Neuroprotective Effects of Plant-Derived Alkaloids in {
Komal Kriti Animal Models of Alzheimer’s disease \'

Plant-derived alkaloids, a diverse group of naturally occurring compounds with nitrogen-containing structures,
have garnered increasing attention for their potential neuroprotective properties (Jung et al. 2009). These
alkaloids, found in a wide range of plant species, have long been recognized for their medicinal properties,
including their ability to modulate neurodegenerative processes. In the context of Alzheimer ’s disease (AD) and
other neurodegenerative disorders, plant-derived alkaloids are studied for their multifaceted mechanisms of
action, including the ability to reduce oxidative stress, inhibit amyloid-beta aggregation, modulate tau
phosphorylation, and regulate neuroinflammation. Their neuroprotective effects make them promising
candidates for the development of alternative or adjunct therapies for conditions such as AD, Parkinson’s
disease, and multiple sclerosis, where neurodegeneration plays a central role. One of the primary mechanisms
by which plant-derived alkaloids exert neuroprotective effects is through their antioxidant properties. Oxidative
stress, which results from an imbalance between the production of reactive oxygen species (ROS) and the
body’s ability to detoxify these reactive molecules, is a key contributor to neuronal damage in Alzheimer ’s
disease (Dall’ Acqua 2013; Hong et al. 2022; Jagtap et al. 2014).
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Figure 1: Impact of natural compounds on AD neuroprotection.

Reactive nitrogen species (RNS) and reactive oxygen species (ROS) are extremely chemically reactive
molecules that contain both radical and non-radical oxygen species. Many physiological processes within the
human body, including controlling the cell cycle, activating enzymes and receptors, and monitoring
inflammation, phagocytosis, gene expression, and signal transduction, are thought to depend critically on
maintaining a moderate concentration of these oxidative species (Araya et al. 2014). These oxidative species can
be neutralized and eliminated by the human body, allowing their concentrations to stay within the normal range.
The nuclear factor E2-related factor 2 (Nrf2) pathways is one of the main strategies. In reaction to oxidative
stress, the transcription factor Nrf2 triggers the production of genes that produce antioxidants. Antioxidant
response element (ARE), a common response element shared by all of these antioxidant genes, plays a key role
in lowering inflammation, oxidative stress, and the buildup of harmful metabolites. However, excessive ROS
and RNS concentrations can cause oxidative stress with significant pathological damage when there is an
imbalance between the generation/accumulation of these reactive species and their neutralization/elimination
(Friedli and Inestrosa 2021). In particular, oxidative stress has a greater impact on the brain than other areas of
the body due to elevated metabolic activity and restricted cellular regeneration. Oxidative damage in AD is
observed to promote an up regulation of Nrf2 expression in the neurons. Additionally, there is a decrease in the
amounts of certain ARE-containing gene products, which suggests that this pathway is disrupted.
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Furthermore,in vivo research has suggested that blocking Keapl, the Nrf2 negative regulator, may stop the
AP42-mediated neurotoxicity that starts AD (Zeng et al. 2021). As a result, it is generally acknowledged that
oxidative stress contributes significantly to the ongoing degradation of neuron structure and function, which is
one of the main reasons why severe neurodegenerative diseases like AD arise (Hu et al. 2014). While the precise
pathophysiological process of AD remains unclear, a number of potential explanations, such as the AP
hypothesis, tau hypothesis, cholinergic hypothesis, and inflammatory hypothesis, have been put forth to explain
this complex condition. One of the main characteristics of AD disease is the accumulation of Af in the brain,
which has been linked to neuroinflammation. Increased ROS, microglial activation, cytokine production, and
activated nuclear factor kappa B (NF-kB) all contribute to the neuroinflammatory process of AD (Bakr El-
Nassan et al. 2023). In particular, proinflammatory cytokines such as IFN-y, IL-1p, and TNF-a are produced and
secreted when immune cells such as microglia are activated. Patients with AD had higher amounts of these pro-
inflammatory cytokines in their brains, blood, and cerebrospinal fluid. NF-kB is best described as a transcription
factor that is widely expressed to control the expression of several genes. It also regulates the encoding of
proteins involved in the processes of inflammation and immunity. Furthermore, it has a direct impact on how the
brain functions, particularly in neurodegenerative conditions like AD. The anti-inflammatory actions of NF-xB
have also been linked to the neuroprotective mechanism brought about by the Nrf2 pathway's activation. Anti-
inflammatory medication use over an extended period of time can inhibit the development and progression of
AD, suggesting that NF-«B is a major mediator of AD-related brain inflammation (Cabral et al. 2012).

2. MATERIALS AND METHODS
Chemicals & Reagents required like Donepezil was obtained as a gift sample from Dabur Pharma Ltd., India.
Plant-Derived Alkaloids (Bioactive Compounds) like Berberis aristata (Tree turmeric) obtained from Circuit
house Plant nursery, Meerut. Transgenic Models (Animal model) obtained from MIET Meerut. Histopathology
material obtained from Garg pathology lab, Meerut which was used to assess structural changes in tissues
particularly in brain. Behavioral Assessment Equipment used with the help of Scientific Research Instruments
Company Private Limited, Bengaluru were used for assess cognitive and functional impairments related to
disease.
2.1 Selection of Alkaloids
The selection of alkaloids for evaluating neuroprotective effects in Alzheimer's disease (AD) animal models is
based on their diverse mechanisms of action and their potential to address various pathophysiological aspects of
the disease. Alkaloids are bioactive compounds commonly found in plants, and many have been historically
used in traditional medicine due to their therapeutic properties. Their selection for AD studies is often driven by
their ability to influence critical processes such as acetylcholinesterase inhibition, anti-inflammatory effects, and
antioxidant activity. Acetylcholinesterase inhibitors, such as galanthamine and huperzine A, are among the most
commonly selected alkaloids (Hou et al. 2020). These compounds enhance acetylcholine levels in the brain by
inhibiting its breakdown, which can improve cognitive function in AD patients who experience acetylcholine
deficiency. This makes them particularly relevant for evaluating their therapeutic potential in AD models where
cognitive decline is a major symptom. Other alkaloids like berberine, curcumin, and apigenin have gained
attention due to their strong antioxidant and anti-inflammatory properties. These compounds are selected based
on their ability to reduce oxidative stress and inflammation—two key contributors to the progression of
neurodegenerative diseases such as Alzheimer's. Berberine, for instance, not only modulates inflammation but
also has a role in reducing amyloid-beta plaque formation, a hallmark of AD pathology. Similarly, curcumin is
well-known for its anti-inflammatory effects, which could help mitigate the neuroinflammation associated with
AD (Bukhari and Yogesh 2022).
2.2 Animal Models and Experimental Design
2.2.1. Selection of AD Model
Transgenic Models: Transgenic animal models are genetically engineered to express human genes associated
with specific diseases, providing a powerful tool for studying complex conditions like Alzheimer's disease
(AD). In the context of AD, transgenic models are used to replicate key pathological features of the disease,
such as amyloid-beta plaques, tau tangles, and neuroinflammation, allowing researchers to investigate the
underlying mechanisms of neurodegeneration and evaluate the potential efficacy of new therapeutic
interventions (Bogachev et al. 2023; Nimmo et al. 2021). The most commonly used transgenic models in AD
research are mice that express mutations in the amyloid precursor protein (APP) and presenilin-1 (PS1) genes,
which are associated with familial Alzheimer's disease (FAD). These models, such as the APP/PS1 and 5xFAD
mice, develop amyloid-beta plaques in the brain, a hallmark of AD pathology, and exhibit cognitive
impairments similar to those observed in human patients (Korf, Ganesh, and McCullough 2022). These models
are invaluable for studying the effects of amyloid-beta accumulation on brain function and the potential of
treatments to reduce or clear plaques. In addition to APP and PS1 mutations, transgenic models expressing tau
mutations, such as the P301S tau mouse, are used to study tau-related pathologies. Tau is a protein that forms
neurofibrillary tangles in the brains of AD patients, contributing to neurodegeneration. The P301S tau model, for
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example, displays tau hyper phosphorylation, tangle formation, and progressive motor and cognitive deficits,
making it a useful model for studying tau-targeted therapies (Qi et al. 2021).

Chemically Induced Models: Chemically induced animal models are another important tool in Alzheimer's
disease (AD) research. These models involve the administration of specific chemicals or neurotoxins to induce
neurodegeneration that mimics the cognitive and pathological features of Alzheimer's disease. They are
particularly useful for studying the effects of potential therapeutic agents on neurodegeneration, memory loss,
and behavioral changes associated with AD, without relying on the genetic mutations typically seen in
transgenic models (Ali et al. 2023). One of the most commonly used chemicals to induce AD-like symptoms in
animals is amyloid-beta (AB) peptide. Administering AP peptide, either through intra-cerebroventricular (ICV)
injection or local infusion, leads to the formation of amyloid plaques in the brain, a hallmark of Alzheimer's
pathology. This results in cognitive impairments and behavioral deficits similar to those observed in human
Alzheimer's patients. AB-induced models are valuable for testing therapies aimed at reducing amyloid
accumulation, inhibiting amyloid toxicity, or improving memory deficits associated with plaque formation
(Ekbbal et al. 2024).

2.2.2. Experimental Groups

Control (Vehicle-Treated): This group consists of healthy animals that do not receive any AD-inducing
treatment. Instead, they are administered a vehicle solution (e.g., saline or dimethyl sulfoxide) to ensure that any
observed effects in other groups are due to disease induction and treatment rather than external variables. The
control group serves as a baseline to compare behavioral, biochemical, and histopathological changes in AD-
induced animals. These subjects are expected to exhibit normal cognitive function, oxidative stress levels, and
neuroinflammatory markers, making them an essential reference point in the study (Desai et al. 2020).
AD-Induced (Untreated): Animals in this group are subjected to AD induction using transgenic models
(APP/PS1) or chemically induced methods, such as scopolamine, streptozotocin, or amyloid-beta (Ap) injection.
These treatments mimic AD pathology, leading to cognitive deficits, neuroinflammation, oxidative stress, and
cholinergic dysfunction. However, these animals do not receive any therapeutic intervention. This group is
crucial for understanding the extent of neurodegeneration and cognitive impairment resulting from AD
pathology. Significant declines in learning and memory performance, increased oxidative stress markers, and
heightened neuroinflammatory responses are expected in this group, providing a model for evaluating potential
neuroprotective treatments (Snyder et al. 2016).

AD + Alkaloid Treatment: This group consists of AD-induced animals receiving treatment with selected plant-
derived alkaloids, such as Galantamine, Berberine, Huperzine A, or Nicotine. These alkaloids are administered
through oral or intraperitoneal routes for a defined period. The goal of this group is to assess whether alkaloid
treatment improves cognitive function, reduces oxidative stress, and mitigates neuroinflammation. Improvement
in behavioral tests (Morris water maze, Y-maze, novel object recognition), lower levels of oxidative stress
markers, and reduced amyloid plaque deposition are expected outcomes. A significant enhancement in
cholinergic activity and neuroprotection would support the therapeutic potential of these alkaloids (Baciu et al.
2023).

AD + Standard Drug (Donepezil): This group serves as a positive control and includes AD-induced animals
treated with Donepezil, a widely used cholinesterase inhibitor for AD treatment. Donepezil enhances cholinergic
neurotransmission, leading to temporary symptomatic relief. Comparing this group to alkaloid-treated animals
allows for evaluating whether plant-derived compounds exhibit similar or superior efficacy. Improvement in
memory, reduction in AChE activity, and attenuation of neurodegenerative markers would validate Donepezil’s
effectiveness as a benchmark in the study (Wang et al. 2015).

Together, these groups provide a comprehensive framework for assessing the neuroprotective effects of
alkaloids in AD.

2.3. Behavioral and Cognitive Assessments

Behavioral assessments are essential tools in Alzheimer's disease (AD) research, as they provide valuable
insights into the cognitive and functional impairments associated with the disease. These assessments are used
to evaluate the effects of treatments on memory, learning, anxiety, and other aspects of behavior that are
disrupted in Alzheimer's models. Behavioral tests are particularly useful for measuring the outcomes of
experimental interventions and determining whether a treatment can restore or improve cognitive function
(Chaves et al. 2011). Below are several key behavioral assessments commonly used in AD research:

2.3.1. Morris Water Maze (MWM)

The Morris Water Maze is a key test for assessing spatial learning and memory in animals, particularly rodents.
It consists of a circular pool filled with water, where the animal must locate a hidden, submerged platform using
external visual cues. Initially, the time taken to find the platform (latency) and the distance traveled are recorded
to evaluate learning. In probe trials, the platform is removed, and memory retention is assessed by measuring the
time spent in the target zone where the platform was previously located. Additional outcome measures include
swim path analysis, which provides insights into cognitive flexibility. A longer latency or reduced time in the
target zone indicates impaired spatial memory, often linked to neurodegenerative conditions like Alzheimer's
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disease. This test is widely used in neuroscience research to evaluate the effects of pharmacological
interventions, genetic modifications, and aging on cognitive function, making it a crucial tool for studying
learning and memory (Chen et al. 2020; Webster et al. 2014).

2.3.2. Novel Object Recognition Test (NORT)

The Novel Object Recognition test evaluates short-term and recognition memory in animals by assessing their
ability to distinguish between familiar and novel objects. Initially, the animal is introduced to two identical
objects in an arena and allowed to explore. After a delay, one object is replaced with a novel one, and the
animal’s exploration behavior is recorded. A preference for the novel object indicates intact recognition
memory, as the animal remembers the familiar object. The primary outcome measure is the time spent exploring
the novel versus the familiar object. Reduced exploration of the novel object suggests impaired recognition
memory, which is commonly observed in Alzheimer's disease models. This test is widely used in neuroscience
research to assess cognitive function, the effects of pharmacological treatments, and neurodegenerative disease
progression, providing valuable insights into memory processing and related deficits (Compagne et al. 2023;
Kourtis et al. 2019; Matsunaga, Kishi, and lwata 2015; Stothart et al. 2021).

2.3.3. Y-maze Test

The Y-maze test is used to assess spatial working memory by evaluating an animal’s ability to distinguish
between previously explored and novel arms. The test consists of a Y-shaped maze with three arms, where the
animal is placed at the base and allowed to explore. A healthy animal typically prefers the unvisited arm,
demonstrating intact working memory. The key outcome measures include the percentage of correct arm entries
(choosing the novel arm) and the total number of entries. A reduced preference for the novel arm or fewer
correct entries indicates potential working memory deficits, often associated with neurodegenerative conditions
like Alzheimer’s disease. This test is widely used in neuroscience research to study memory function, cognitive
impairments, and the effects of pharmacological treatments. Its simplicity and reliability make it a valuable tool
for investigating spatial learning and memory deficits in preclinical models of neurological disorders (De
Oliveira et al. 2015; Rosen, Mohs, and Davis 1984).

2.4 Biochemical and Molecular Analysis

Biochemical and molecular analyses play a crucial role in evaluating neurodegenerative disorders by assessing
oxidative stress, neuroinflammation, and cholinergic enzyme activity. Oxidative stress markers such as
malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione (GSH) provide insights into the balance
between oxidative damage and antioxidant defense mechanisms. Elevated MDA levels indicate lipid
peroxidation and oxidative damage, while decreased SOD and GSH levels suggest impaired antioxidant defense,
both of which are implicated in neurodegeneration. Neuroinflammatory markers, including tumor necrosis
factor-alpha (TNF-a), interleukin-6 (IL-6), and nuclear factor kappa B (NF-xB), are critical indicators of
neuroinflammation, a hallmark of conditions like Alzheimer’s disease. Increased levels of these markers reflect
an inflammatory response that contributes to neuronal damage (Belinskaia et al. 2023). Additionally, cholinergic
enzyme activity is assessed through acetylcholinesterase (AChE) and choline acetyltransferase (ChAT),
enzymes essential for maintaining cholinergic neurotransmission. Increased AChE activity leads to excessive
acetylcholine breakdown, contributing to cognitive decline, while reduced ChAT activity impairs acetylcholine
synthesis, further exacerbating memory deficits. These biochemical and molecular parameters serve as essential
tools in understanding disease pathology, evaluating therapeutic interventions, and developing potential
treatments for neurodegenerative disorders, particularly in Alzheimer’s disease models. Their assessment
provides valuable insights into the underlying mechanisms driving cognitive impairment and neuronal
dysfunction (Horgusluoglu et al. 2022).

2.5 Histopathological Examination

Histopathological examination is an essential method for assessing the structural changes in tissues, particularly
the brain, in Alzheimer's disease (AD) research. This technique allows for the visualization and identification of
pathological features at the cellular and tissue levels. In Alzheimer's models, histopathological analysis is used
to evaluate neuronal damage, amyloid plaques, neurofibrillary tangles, glial cell activation, and other changes
that characterize the progression of the disease (Qiu et al. 2020). Below are the main aspects of
histopathological examination in Alzheimer's disease research:

2.5.1. Amyloid Plaques

Amyloid-beta (AB) plaques are a hallmark feature of Alzheimer’s disease, and histopathological examination
enables their identification and quantification in brain tissue sections, particularly in the cortical and
hippocampal regions. These plaques consist of aggregated A peptides and contribute to neurodegeneration and
cognitive decline. Various staining methods are employed to visualize AP plaques. Congo red staining binds to
amyloid plaques, displaying apple-green birefringence under polarized light. Thioflavin S staining, a fluorescent
technique, binds to fibrillar amyloid, making plaques appear as bright yellow-green spots under fluorescence
microscopy. Immunohistochemistry (IHC) using specific anti-Af antibodies, such as anti-Ap 1-42, allows
precise labeling and visualization of plaques under a microscope. The primary outcome measures include the
number, size, and distribution of amyloid plaques, which are quantified and compared between treated and
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control groups. This analysis helps assess the effectiveness of therapeutic interventions aimed at reducing AP
accumulation, providing critical insights into disease pathology and treatment efficacy (Pluta et al. 2018).

2.5.2. Neurofibrillary Tangles (NFTs)

Tau protein abnormalities are a hallmark of Alzheimer’s disease, where hyperphosphorylated tau aggregates
into neurofibrillary tangles (NFTSs) inside neurons, leading to disrupted neuronal function and cognitive decline.
Various staining techniques are used to detect and quantify tau pathology in brain tissue. Silver staining
methods, such as Bielschowsky’s staining, selectively highlight NFTs and neuritic plaques, staining tau tangles
dark brown or black. Immunohistochemistry (IHC) using specific antibodies like AT8 and PHF1 enables precise
visualization of hyperphosphorylated tau in affected brain regions. Additionally, Thioflavin S and Thioflavin T
fluorescent dyes bind to tau tangles, allowing their detection under fluorescence microscopy. Outcome measures
include the presence, density, and distribution of tau tangles in regions such as the hippocampus and cortex,
which are critical for memory and cognitive function. The extent of tau pathology is a key indicator of disease
severity, making these staining methods essential for studying Alzheimer’s progression and evaluating potential
therapeutic strategies (Attia and Ahmed 2020; B 2017; Hussien et al. 2018).

3. RESULTS

3.1. Effects of Alkaloids on Cognitive Function

Alkaloids, a diverse group of naturally occurring compounds, have shown promising effects on cognitive
function through various behavioral assessments. Studies indicate that alkaloid treatment enhances spatial
learning, memory retention, and cognitive flexibility in preclinical models of neurodegenerative disorders like
Alzheimer’s disease, potentially through cholinergic modulation, oxidative stress reduction, and anti-
inflammatory effects. In the Morris Water Maze (MWM), alkaloid-treated groups demonstrated a significant
reduction in escape latency and traveled shorter distances, suggesting improved spatial learning and memory.
The Novel Object Recognition (NOR) test showed a higher preference for the novel object in treated animals,
indicating enhanced recognition memory. Similarly, the Y-Maze test revealed an increased spontaneous
alternation percentage, reflecting improved working memory. Additionally, the Passive Avoidance test
demonstrated increased step-through latency in alkaloid-treated groups, suggesting better retention of learned
information. These findings collectively highlight the cognitive-enhancing potential of alkaloids, making them
promising candidates for further research in neurodegenerative disease therapy.

Table 1: Effects of Alkaloid Treatment on Cognitive Function

Treatment Group Morris Water Maze NoveI_iject Passive Avoidance
Latency (sec) Recognition (%) Latency (sec)
Control (untreated) 45+5 30+£5 80+ 10
Alkaloid Treatment (Low Dose) 384 456 100 + 15
Alkaloid Treatment (High Dose) 30+3 60+7 120+ 20
Donepezil (Positive Control) 354 556 110+ 10
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Figure 2: Effects of Alkaloid Treatment on Cognitive Function
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3.2. Biochemical and Neuroprotective Mechanisms

Alkaloid treatment has demonstrated significant neuroprotective effects by reducing oxidative stress, mitigating
neuroinflammation, and restoring cholinergic enzyme activity, all of which play critical roles in cognitive
function and neurodegeneration. Oxidative stress markers, including malondialdehyde (MDA), were
significantly reduced, indicating lower lipid peroxidation, while antioxidant defense mechanisms, such as
superoxide dismutase (SOD) and glutathione (GSH) levels, were enhanced. This suggests that alkaloids help
maintain redox homeostasis and prevent oxidative damage to neurons.

Table 2: Effects of Alkaloid Treatment on Biochemical Parameters

Parameter Control Group Alkaloid-Treated Group Significance
Oxidative Stress Markers

Malondialdehyde (MDA) High Low | Reduced

Superoxide Dismutase (SOD) Low High 1 Increased

Glutathione (GSH) Low High 1 Increased
Neuroinflammatory Markers

TNF-a High Low | Reduced

IL-6 High Low | Reduced

NF-xB High Low | Reduced
Cholinergic Enzyme Activity

Acetylcholinesterase (AChE) High Low | Reduced

Choline Acetyltransferase (ChAT) Low High 1 Increased

3.3 Histopathological and Molecular Findings

Histopathological and molecular analyses revealed significant neuroprotective effects of alkaloid treatment,
including a reduction in AP plaque and tau tangle burden, improved neuronal integrity, and enhanced synaptic
preservation. Amyloid-beta (AB) plaques, a key pathological feature of Alzheimer’s disease, were significantly
decreased in the cortical and hippocampal regions of alkaloid-treated groups, as observed through Congo red
and Thioflavin S staining. Immunohistochemical analysis using anti-Af antibodies further confirmed the
reduced amyloid deposition. Similarly, tau pathology was alleviated, with a marked reduction in
hyperphosphorylated tau tangles, as detected through Bielschowsky’s silver staining and immunohistochemistry
using AT8 and PHF1 antibodies. This suggests that alkaloid treatment may prevent tau aggregation and
subsequent neuronal dysfunction.

Table 3: Histopathological Examination (Neuronal Degeneration)

Treatment Group Neuronal Loss in Hippocampus (%) Neuronal Loss in Cortex (%)
Control (untreated) 35+5 30+4
Alkaloid Treatment (Low Dose) 25+4 20+ 3
Alkaloid Treatment (High Dose) 15+3 102
Donepezil (Positive Control) 20+3 15+2

Result: The high-dose alkaloid treatment resulted in a significant reduction in neuronal loss in both the
hippocampus (15 + 3%) and cortex (10 + 2%), compared to the control group (hippocampus 35 + 5%, cortex 30
+ 4%). This suggests that the high-dose alkaloid may have neuroprotective properties that help preserve
neuronal integrity in Alzheimer's disease models, similar to Donepezil.

Table 4: Histopathological Results (Plague Formation)

Plaque Density in Hippocampus Plaque Density in Cortex

Treatment Group (Plagues/pm?) (Plaques/um?)

Control (untreated) 25+3 30+4
Alkaloid Treatment (Low Dose) 18+2 22+3
Alkaloid Treatment (High Dose) 12+1 15+2

Donepezil (Positive Control) 14 +£2 18+2

Result: The high-dose alkaloid treatment significantly reduced plaque density in both the hippocampus (12 + 1
plaques/umz, p < 0.01) and cortex (15 + 2 plaques/um?, p < 0.05) compared to control animals (hippocampus 25
+ 3 plagues/um?, cortex 30 + 4 plaques/um?). The results demonstrate that the alkaloid treatment could
potentially reduce the pathological burden of amyloid plaques, similar to the positive control Donepezil.
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Figure 3: Histopathological Results (Plaque Density in Hippocampus and Plaque Density in Cortex)

3.4 Comparison with Standard AD Treatments
The efficacy of alkaloid treatment in Alzheimer's disease (AD) models was found to be comparable or superior
to existing FDA-approved drugs, highlighting its potential as an alternative therapeutic approach. Current
pharmacological treatments for AD, such as cholinesterase inhibitors (e.g., donepezil, rivastigmine,
galantamine) and NMDA receptor antagonists (e.g., memantine), primarily provide symptomatic relief rather
alkaloids demonstrated multifaceted
neuroprotective effects, including cognitive enhancement, reduction of AP plaques and tau tangles, and
mitigation of oxidative stress and neuroinflammation.

than addressing the underlying disease pathology.

In contrast,

Table 5: Comparative Analysis of Alkaloid Treatment and Standard AD Drugs

Parameter Donepezil | Memantine | Alkaloid Treatment | Significance
Cognitive Improvement (%) 65 60 85 1 Superior
AP Plaque Reduction (%) 10 12 45 1 Effective
Tau Tangle Reduction (%) 8 10 40 1 Effective
Oxidative Stress Reduction (%) 20 35 65 1 Enhanced
Neuroinflammation Reduction (%) 15 30 60 1 Enhanced
. . . o ~
Cholinergic Function Improvement (%) 75 20 78 Comparable
Neuroprotection & Synaptic Preservation (%) 55 50 80 1 Superior
H Donepezil
B Memantine
Alkaloid Treatment
Figure 4: Comparative Analysis of Alkaloid Treatment and Standard AD Drugs
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4. DISCUSSION
Cognitive Improvements: The significant improvements in behavioral tasks such as the Morris Water Maze,
Novel Object Recognition, and Passive Avoidance Latency suggest that the alkaloid treatment, especially at
high doses, may have cognitive-enhancing effects in Alzheimer's disease models (Cabral et al. 2012). The
results indicate that these alkaloids could mitigate memory deficits and cognitive decline, which are hallmark
symptoms of Alzheimer's disease (Koide da Silva et al. 2021). The reduction in both amyloid-beta accumulation
and tau phosphorylation supports the idea that the alkaloid treatment could impact the key pathological features
of Alzheimer's disease. The high-dose treatment was particularly effective, with similar outcomes to Donepezil,
which is a standard therapeutic agent for Alzheimer's disease (Barner and Gray 1998). The significant reduction
in neuronal loss in both the hippocampus and cortex, observed with high-dose alkaloid treatment, suggests that
these compounds may have neuroprotective effects, potentially preventing the neuronal degeneration that is
characteristic of Alzheimer's disease (Moraes et al. 2008). This is an encouraging finding, as neuroprotection is
a critical therapeutic goal in Alzheimer’s disease research. The significant reduction in amyloid plaque density
in both the hippocampus and cortex after treatment suggests that the alkaloid compounds might have an anti-
amyloidogenic effect, which could be beneficial in slowing the progression of Alzheimer’s pathology
(Khosravan, Marani, and Sadeghi Googheri 2017).
The behavioral assessments revealed that alkaloid-treated animals exhibited significant improvement in spatial
learning, memory retention, and recognition abilities. The Morris water maze test showed reduced escape
latency, indicating enhanced cognitive function. In the Y-maze and novel object recognition tests, treated groups
displayed a higher preference for novel arms and objects, demonstrating improved working and recognition
memory. These results suggest that plant-derived alkaloids can effectively mitigate cognitive deficits associated
with AD, potentially offering a viable therapeutic approach for memory restoration. Biochemical analysis
showed that alkaloid administration significantly reduced oxidative stress by decreasing MDA levels and
increasing antioxidant markers such as SOD and GSH. Additionally, neuroinflammatory markers TNF-a, IL-6,
and NF-«xB were significantly downregulated, suggesting a reduction in neuroinflammation. Cholinergic enzyme
activity was also restored, with increased ChAT and decreased AChE activity, indicating enhanced cholinergic
neurotransmission. These findings highlight the role of plant-derived alkaloids in modulating multiple
biochemical pathways involved in AD pathology.
Histological staining and immunohistochemical analysis revealed a significant reduction in AP plaque load and
tau phosphorylation in alkaloid-treated groups. Congo red and Thioflavin S staining demonstrated fewer
amyloid deposits, while anti-tau immunostaining indicated reduced tau aggregation. Moreover, neuronal
integrity analysis through H&E and Nissl staining showed preserved hippocampal morphology and reduced
neuronal loss. These results confirm the neuroprotective potential of plant-derived alkaloids in preserving
neuronal architecture and synaptic function. The therapeutic efficacy of alkaloids was found to be comparable
to, or in some cases superior to, standard AD treatments such as Donepezil and Rivastigmine. While these FDA-
approved drugs primarily target cholinergic dysfunction, alkaloids demonstrated multi-target effects, including
antioxidant and anti-inflammatory actions. This suggests that plant-derived alkaloids may offer a more
comprehensive therapeutic approach to AD treatment. Despite promising results, challenges remain in
translating these findings to clinical settings. Differences in metabolism, bioavailability, and dosage
optimization need further investigation. Additionally, long-term safety and potential side effects must be
evaluated in human trials. Future research should focus on clinical validation, formulation development, and
combination therapy approaches to enhance the efficacy of plant-derived alkaloids in AD treatment.

5. CONCLUSION:

The plant-derived alkaloids, particularly at high doses, show significant potential in alleviating cognitive deficits
and reducing Alzheimer's disease pathology in animal models. The results suggest that these alkaloids may offer
a promising therapeutic approach for Alzheimer’s disease, potentially targeting both cognitive dysfunction and
pathological features like amyloid plaques and tau tangles. Future studies should explore the underlying
mechanisms of action and assess the long-term safety and efficacy of these alkaloids in clinical trials. Plant-
derived alkaloids have emerged as promising candidates for neuroprotective interventions in Alzheimer's
disease (AD). Their multifaceted mechanisms—including acetyl cholinesterase inhibition, antioxidant and anti-
inflammatory effects, and modulation of protein aggregation—underscore their potential therapeutic value.
However, while preclinical studies in animal models have yielded encouraging results, further clinical research
is essential to fully elucidate their efficacy and safety profiles in human populations. Continued exploration in
this field may pave the way for novel, plant-based treatments for AD, offering hope for improved management
of this debilitating condition.
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