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Neurodegenerative illnesses have negative impacts on the central and peripheral nervous system, which, in turn, affect brain health.  Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management addresses the prevalence and pathogenesis of neurodegenerative diseases and the roles of phytoconstituents in mitigating the progression of  neurodegenerative diseases. It provides a molecular understanding of the pathophysiology underpinning neurodegenerative diseases, the role of herbal/plant products and their phytoconstituents in the treatment of these  diseases, and practical strategies to prevent these pathological conditions. 

Features

•  Contains the latest molecular and cellular-based research findings on medicinal plants in brain health and neurodegenerative diseases

•  Explains practical strategies to prevent neurodegenerative diseases using medicinal plants and their phytoconstituents

 Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management opens new research areas for academia and scientists; enhances student knowledge in pharmacognosy, medicine, pharmaceuticals, biomedical and biological sciences, and other related fields of studies; and enables traditional healers and clinicians to make recommendations for their neurological patients. 

Exploring Medicinal Plants

Series Editor: Azamal Husen , Wolaita Sodo University, Ethiopia

Medicinal plants render a rich source of bioactive compounds used in drug formulation and development; they play a key role in traditional or indigenous health systems. As the demand for herbal medicines increases worldwide, supply is declining as most of the harvest is derived from naturally growing vegetation. Considering global interests and covering several important aspects associated with medicinal plants, the Exploring Medicinal Plants series comprises volumes valuable to academia, practitioners, and researchers interested in medicinal plants. 

Topics provide information on a range of subjects including diversity, conservation, propagation, cultivation, physiology, molecular biology, growth response under extreme environment, handling, storage, bioactive compounds, secondary metabolites, extraction, therapeutics, mode of action, and healthcare practices. 

Led by Azamal Husen, PhD, this series is directed to a broad range of researchers and professionals consisting of topical books exploring information related to medicinal plants. It includes edited volumes, references, and textbooks available for individual print and electronic purchases. 

Tissue Culture Techniques and Medicinal Plants: Enhancing Propagation and Production

 Edited by Azamal Husen and Manu Pant

Comprehensive Guide to Hallucinogenic Plants

 Edited by Noureddine Chaachouay, Abdelhamid Azeroual, and Lahcen Zidane

Genetic Improvement and Conservation Practices of Medicinal Plants

 Edited by Manu Pant, Sayed Sartaj Sohrab and Azamal Husen

Sustainable Use of Plants and their Products in Neurodegenerative Diseases Management

 Edited by Johnson O. Oladele, Ebenezer I. O. Ajayi, María L. FloresLópez, and Oluwaseyi E. Okoro For more information about this series, please visit: www .routledge .com /Exploring -Medicinal -Plants /book -series /

CRCEMP

Sustainable Use of Plants 

and Their Products in 

Neurodegenerative Diseases 

Management

Edited by

Johnson O. Oladele, Ebenezer I. O. Ajayi, 

María L. Flores-López, and Oluwaseyi E. Okoro

Designed cover image: Shutterstock

First edition published 2026

by CRC Press

2385 NW Executive Center Drive, Suite 320, Boca Raton FL 33431

and by CRC Press

4 Park Square, Milton Park, Abingdon, Oxon, OX14 4RN

 CRC Press is an imprint of Taylor & Francis Group, LLC

© 2026 Taylor & Francis Group, LLC

Reasonable efforts have been made to publish reliable data and information, but the author and publisher cannot assume responsibility for the validity of all materials or the consequences of their use. The authors and publishers have attempted to trace the copyright holders of all material reproduced in this publication and apologize to copyright holders if permission to publish in this form has not been obtained. If any copyright material has not been acknowledged please write and let us know so we may rectify in any future reprint. 

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, or utilized in any form by any electronic, mechanical, or other means, now known or hereafter invented, including photocopying, microfilming, and recording, or in any information storage or retrieval system, without written permission from the publishers. 

For permission to photocopy or use material electronically from this work, access www .copyright .com or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 01923, 978-750-8400. For works that are not available on CCC 

please  contact  mpkbookspermissions @tandf .co  .uk

 Trademark notice: Product or corporate names may be trademarks or registered trademarks and are used only for identification and explanation without intent to infringe. 

ISBN: 9781032627076 (hbk)

ISBN: 9781032740317 (pbk)

ISBN: 9781003467304 (ebk)

DOI: 10.1201/9781003467304

Typeset in Times

by Deanta Global Publishing Services, Chennai, India

 To Mummy Olubunmi O. Falola, a retired nurse whose life was a testament 

 to selfless service and compassion. Throughout her life, she dedicated herself 

 to the wellbeing of others, profoundly impacting countless lives. Beyond 

 her professional work, her unwavering commitment to spiritual guidance 

 and humanitarian efforts continue to inspire all who had the privilege of 

 knowing her. Mummy Falola’s legacy of care, kindness, and devotion to 

 God and humanity will forever remain an enduring source of inspiration. 

[image: Image 2]

Contents

Preface...............................................................................................................................................ix

Editors ................................................................................................................................................x

Contributors .....................................................................................................................................xii

Chapter 1  Sustainable Uses of Plant and Plant Materials as Therapeutic Agents ........................1

 Isaac Olawale Babatunde, Opeyemi Oluwatosin Oladele, and Johnson O. Oladele

Chapter 2  Extraction of Bioactive Compounds in Herbal/Plant Products and  

Screening for Neuroactivities ..................................................................................... 10

 Monica Butnariu and Gabriela Rapeanu

Chapter 3  Therapeutic Role of Plants and Their Phytoconstituents in Huntington’s Disease .... 35

 Harsimran Kaur, Balwinder Singh, and Amritpal Kaur

Chapter 4  The Role of Medicinal Plants in the Treatment of Mental Disorders ........................ 49

 Asiat Na’Allah, AbdulBasit AbdulRazaq, and Mathew Balogun

Chapter 5  Plants Used in the Treatment of Epilepsy, a Neurophysiological Approach .............. 67

 Yuliana GarcíaMartínez, Germán ChamorroCevallos, 

 Joaquín CorderoMartínez, María Elena SánchezPardo, 

 Norma PaniaguaCastro, Jorge PachecoRosado, Hariz IslasFlores, 

 and José Melesio CristóbalLuna

Chapter 6  Protein Misfolding in Neurodegenerative Diseases: Possible Effects of  

Herbal/Plant Products and Their Phytoconstituents ..................................................97

 Christianah Adebimpe Dare

Chapter 7  Efficacy of Therapeutic Proteins of Plant Origin in Brain Health and Disease ...... 117

 Temidayo O. Adigun, Mutiu A. Alabi, Raliat A. Aladodo, 

 Funmilayo B. Borokini, Ayokunmi A. Akinduko, Omokolade O. Alejolowo, 

 Charles O. Nwonuma, Kehinde O. Aina, and Johnson O. Oladele

Chapter 8  Neuroprotective Actions of Naringenin ................................................................... 141

 Isaac Olawale Babatunde, Omobukola R. Awoyelu, 

 Opeyemi Oluwatosin Oladele, Oluwatoberu O. Oladipupo, and Johnson O. Oladele

Chapter 9  β-Caryophyllene: A Natural Compound with Neuroprotective Properties.............. 148

 H.A.  EspinozaGutiérrez, M.E.  FloresSoto, A.R. TejadaMartínez, 

 R.I. LópezRoa, N.S. FajardoRobledo, D.S. AguilarÁvila, 

 and J.M. ViverosParedes

vii

viii

Contents 

Chapter 10  Natural Products as Supporting Alternative in Alzheimer’s Treatment .................. 177

 J.C. LópezRomero, H. TorresMoreno, Melvin R. TapiaRodríguez, 

 M. VidalGutiérrez, and V.A. ReynaUrrutia

Chapter 11  Plant Products and Their Phytoconstituents for the Treatment of  

Parkinson’s Disease .................................................................................................. 198

 Bui Thanh Tung, Nguyen Kieu My, Nguyen Hai Ha, Tran Thi Lan Anh, 

 and Bui Thanh Duong

Chapter 12  Signal Pathways of Bioactive Compounds in the Neurodegenerative Diseases....... 214

 Irma Esther DávilaRangel, Ana Verónica Charles Rodríguez, 

 Susana GonzálezMorales, Laura Ortega Hernández, 

 and Erika Nohemi RivasMartínez

Chapter 13  Tools for Safety Assessment of Plant Products and Their Phytoconstituents in 

Neural Cells ..............................................................................................................248

 Temidayo O. Adigun, Charles C. Benedict, Mutiu A. Alabi, 

 Funmilayo B. Borokini, Asiat Na’Allah, Dooter F. Aondoakaa, 

 Ojiugo A. Eke, Hassanat T. Fayemo, Oreofe E. Fagbemi, and Johnson O. Oladele

Chapter 14  Drug Design and Delivery in Neurodegenerative Diseases ..................................... 267

 Jorge L. GuíaGarcía, Felipe NatarénRodríguez, and Karla J. SantamariaLópez

Chapter 15  Plant-Based Chaperones as Potential Therapeutic Options for 

Neurodegenerative Diseases .....................................................................................288

 Temidayo O. Adigun, Mutiu A. Alabi, Raliat A. Aladodo, 

 Funmilayo B. Borokini, Ayokunmi A. Akinduko, Omokolade O. Alejolowo, 

 Charles O. Nwonuma, Jeffrey O. Egbunu, and Johnson O. Oladele

Index .............................................................................................................................................. 301

Preface

Neurodegenerative diseases are progressively emerging as a major public health challenge, impacting millions globally and placing a considerable strain on healthcare systems. The growing prevalence of these conditions is strongly associated with the global demographic shift, marked by an increasing elderly population. The complexity of these diseases necessitates a multidisciplinary approach, integrating traditional knowledge with cutting-edge scientific advancements. In this context,  Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management emerges as a crucial contribution to the ongoing discourse on alternative and complementary therapeutic strategies. This book serves as a resource for researchers, clinicians, pharmacologists, and students interested in the intersection of plant-based medicine and neurodegenerative disease treatment. It delves into the molecular underpinnings of various neurodegenerative disorders, elucidating the roles of medicinal plants and their bioactive compounds in mitigating disease progression. 

Through rigorous scientific inquiry, the contributors explore the neuroprotective mechanisms of phytoconstituents, highlighting their antioxidative, anti-inflammatory, and neuro-modulatory properties. 

A distinguishing feature of this volume is its emphasis on sustainability. As the global demand for medicinal plants rises, there is a pressing need to balance conservation with pharmaceutical exploration. One of the chapters underscores the importance of sustainable harvesting, cultivation, and utilization of plant resources, ensuring that traditional and indigenous knowledge systems contribute meaningfully to modern therapeutic applications without compromising biodiversity. The book is structured to provide an in-depth understanding of plant-based interventions in neurodegenerative diseases. Early chapters introduce fundamental concepts, including the pathophysiology of these disorders and the biochemical basis of plant-derived neuroprotective agents. Subsequent sections explore specific medicinal plants, their phytochemical profiles, and evidence-based therapeutic potential. The final chapters address future directions, emerging research trends, and the need for integrative approaches combining plant-based and conventional treatments. 

This work results from collaboration among esteemed scientists and experts from diverse disciplines, ensuring a holistic and evidence-based perspective. We hope that this book will inspire further research and innovation in the field of neurodegenerative disease management, ultimately contributing to developing more effective, accessible, and sustainable treatment strategies. We extend our gratitude to all contributors, researchers, and professionals who have shared their invaluable knowledge and expertise in making this book a reality. Special thanks go to the editorial team and publishers for their unwavering support and commitment to advancing scientific knowledge. 

Johnson O. Oladele, PhD

Ebenezer I. O. Ajayi, PhD

María L. Flores-López, PhD

Oluwaseyi E. Okoro, MD
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1 Sustainable Uses of Plant 

and Plant Materials as 

Therapeutic Agents

 Isaac Olawale Babatunde, 

 Opeyemi Oluwatosin Oladele, 

 and Johnson O. Oladele

1.1   INTRODUCTION

The use of plants by humans as alternative forms of medicine is as old as humankind. History has it that traditional medicine relies mostly on plant and plant materials. Some of these medicinal plants are prepared in different forms to suit human’s taste and their usage depends on experience and superstitious beliefs have been documented and demonstrated to humans by traditional physicians, or been passed on to different generations [1, 2]. Their high potency and effectiveness in treatment and management of different disorders and diseases in humans and animals have also been documented. These attributes coupled the research documented pharmacological actions both  invivo and  

 inintro for these medicinal plants affirmed their claims of being a therapeutic agent for treatment of different human diseases. Research nowadays is tailored towards harnessing their therapeutic potentials against many epidemic and pandemic diseases as most conventional and orthodox drugs are very expensive and could be toxic to human due to their synthetic properties [2]. Medicinal plants and their materials’ recent reemergence and dependence in drug designing and formulations in pharmaceutical industries is due to their diverse therapeutic action in the treatment of different disease conditions. Therefore, considering them as important novel therapeutic agents in this modern world of drug design and poly-pharmacology is not too ambiguous. 

Many ethnomedicinal surveys of medicinal plants have been done and reported, which form the basis for discovering new medicinal compounds [3]. Reports have shown that many of these plant materials are prepared as decoction, powdery extract, tincture or as infusions in different part of the world for human usage, for treatment and management of diverse diseases such as skin diseases like rashes, acne, boils, shingles; mouth and tooth diseases like mouth odor, gingivitis, broken teeth, and toothache; rheumatism and arthritis; loss of memory and brain disorders; constipation and stomach disorders; snake bite, diabetes, and respiratory and other diseases [4–8]. 

Various parts of medicinal plants, such as stem, bark, seeds, and roots, have been used during the past against various diseases and reportedly have shown potential effects against numerous diseases. Many of which exhibit pharmacological actions such as anti-inflammatory, antioxidant, antimicrobial, anti-allergic, anticancer, neuroprotective, detoxifying effect, hepatoprotective, immunomodulatory, gastro-protection and glucose regulation and others were documented as having therapeutic actions [9–12]. 

The World Health Organization (WHO) has also affirmed the claim of medicinal plants as hav-

ing therapeutic potential or their ability to serve as precursors of pharmaceutical drugs [13]. This fact led to the emergence of phytomedicine and phytotherapy as another field of research. The advances in this field have led to determination and isolation of plant active therapeutic compounds for drug design in pharmaceutical industries [14, 15]. 
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1.2   PLANT AND PLANT MATERIALS AS THERAPEUTIC 

AGENTS IN SELECTED HUMAN DISEASES

1.2.1   TreaTmenT of DermaTological Diseases

Many plant species have been documented to be effective in the treatment of skin diseases and conditions, such as skin spots, eczema, dermatitis, wounds, measles, leprosy, fungal skin infection, and skin ulcer [16]. For example, the leaf of the  Brillantaisia lamium plant is used for treatment of skin infections [17], methanol extract of the leaf (aerial of part) has been reported to exhibit antimicrobial activities against different bacteria and fungi pathogens, such as  E. faecalis, S. aureus,  C. neoformans, and  C. tropicalis. A plant named  Strophanthus hispidus and  Kigelia africana were also reported to be potent in wound healing while  Blighia sapida and  Zornia latifolia plant leaves were potent against snakebites, aphthous ulcers, herpes sores, snakebites, scorpion bites, and wounds [16, 18, 19]. Phytochemical analysis of leaves of  Brillantaisia lamium revealed the presence of therapeutic bioactive compounds like stigmasterol, lespedin lupeol, campesterol, and, most importantly, β-sitosterol and sitosterol acetate [16], while coumarin, alkaloids, naph-thoquinone, flavonoids, iridoids, cardiac and cyanogenic glycosides, terpenoid, and saponins were reported as bioactive therapeutic compounds present in the leaves and stems of  Strophanthus hispidus and  Kigelia africana  [20, 21]. Many of these bioactive therapeutic agents are also used as constituents of cosmetic products as they exhibit antioxidant, anti-inflammatory, antimicrobial and epithelialization properties. Aside from these, plant likes  Carapa procera,  Blighia sapida, Zanthoxylum gilletii,  and  Morinda longiflora were also reported as therapeutic plants for treating different skin conditions [16]. 

1.2.2   TreaTmenT of glucose-relaTeD DisorDers

Many of the Africa indigenous plant have documented to exhibit therapeutic effect in treatment and management of glucose-related disorders such hyperglycemia, hypoglycemia and diabetes 

mellitus [22, 23]. Many of these plant parts were prepared for usage in the form of decoction and infusion. Among the most reported plants are  Momordica charantia,   Moringa oleifera,   

 Allium cepa/sativum,  Azadirachta indica,    and  Olea europaea.  For example, an aqueous extract from the fruit of  M. charantia has been reported to show antidiabetic effect by lowering blood glucose levels and increasing insulin level in STZ-induced hyperglycemic rats while enhancing β-cell function, HDL-cholesterol, insulin and total cellular antioxidant system in STZ-induced diabetic rats [24, 25]. The result from human clinical trials of GlycaCare-II (an herbal solution which contains  Momordica charantia L) shows that it is effective in reducing glycosylated hemoglobin (HbA1c) and post-prandial blood sugar in type 2 diabetes mellitus patients as compared to the standard drug merformin [26]. Clinical pilot studies on human diabetic patients have documented reduced post-prandial blood glucose potential and hypoglycemic effect of 

 M. oleifera leaf powder supplement [27, 28]. Results from phytochemical studies conducted on these plants revealed the presence of bioactive compounds like alkaloids, flavonoids, and polyphenols in both plants and some other antidiabetic plants. Anthraquinones, saponins, terpenoids, sterols, and tannins are other reported bioactive compounds found in  M. oleifera [29]. Many of the reported mechanisms of maintaining glucose homeostasis in diabetic animals by the 

medicinal plant have been elucidated, including an increase in insulin sensitivity and decrease in insulin resistance of the pancreatic beta cells; enhanced uptake of glucose and decrease in insulin resistance of the adipocytes; and inhibition of α-amylase and α-glucosidase activities to decrease glucose uptake within the intestine [22]. Due to the dynamism of these plants in modulating glucose level diabetic plants, some the plants are used as food additives in food industries; constituents of processed food like biscuits; and in the formulation of food, supplements, and beverages. 
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1.2.3   managemenT of cancer

Cancer is another slow-killing deadly disease that affects millions of people in the world. Several interventions such as radiation and chemotherapy have been used over the years, but these treatment approaches remain disadvantageous despite their high cost [30]. This has led to sorting for natural means via their use of medicinal plant and plant materials, and these have been promising as they show therapeutic action against cancer via tumor-suppressing, anti-oxidative, anti-inflammatory, and apoptotic-inducing properties in cancerous cells [31–33]. 

Ethnopharmacological surveys have validated some therapeutic plants against cancer. These 

include  Phaleria macrocarpa,   Fagonia indica,   Artemisia annua,   Coptis chinensis,   Curcuma longa,   

 Garcinia oblongifolia,   Garcinia indica,  Fagonia indica Garcinia oblongifolia,     and many more 

[31]. Extracts from the rhizomes of  Curcuma longa have been reported to exhibit anticancer effects due to the presence of a bioactive compound called Curcumin; it suppresses the growth of human HT-29 colon cancer cells by inhibiting the expression of Cyclooxygenase (COX)-2 mRNA and protein in dose-dependent manners [31]. Also, downregulation of the expression of miR-21, Induction of cytotoxicity, and increases in caspase-3, and - 9 activity in human breast cancer MCF-7 cells were reported [34]. 

 Artemisia annua is another therapeutic plant reported to exhibit an anticancer effect, although the plant was used in the olden days as an anti-malaria ayurvedic. Artemisinin, berberine, and curcumin were among the reported phytochemicals present in the leaves and stem extract. Artemisinin among all was reported to be most effective against leukemia and colon cancers [35], likewise, appreciable cell growth inhibitory effect against HeLa and AGS cell lines was reported for ethanolic extract of leaves of  Artemisia annua as compared to its stem extract [36]. Aqueous extract of  F. 

 indica was also reported to be therapeutically active against different kinds of cancers. Although early traditional claims have shown it to be effective in curing cancer, neutralizing poison for skin treatment, and preventing liver damage [37]. Plant bioactive compounds like flavonoids, alkaloids, saponins, and terpenoids were identified in its extract which is responsible for its therapeutic actions 

[38]. Induction of necrosis in MCF-7 cells by its saponin content, and stimulation of apoptotic pathways in breast and colon cell lines [39]. 

1.2.4   combaTing neuroDegeneraTion

Neurodegeneration is the pathological process implicated in the development and progression of neurodegenerative disease, aging, and brain disorders. Neurodegeneration is mostly characterized by continuous damage to neurons and loss of functional neurons in the brain. Protein misfolding and abnormal accumulation, mitochondrial dysfunction, oxidative stress, and golgi bodies fragmentation, energy depletion and many more were pathological mechanisms linked to the onset 

of neurodegeneration [40, 41]. The advent of nano-formulated drugs has made the use of phytotherapy to surface and gain interest among researchers. Many medicinal plants have been reported to exhibit therapeutic potential against different neurodegenerative disorders like Alzheimer’s disease (AD), multiple sclerosis, Parkinson’s disease (PD), Huntington’s disease (HD), and others related diseases [42, 43]. 

Among the therapeutic plants reported to be effective against neurodegeneration were 

 Ginkgo biloba,   Laurus nobilis,  Centella asiatica,   Ginseng,   Ashwagandha,   Aronia melanocarpa, Baccopamonnieri,   Ginkgo biloba,   Centella asiatica, and  Tripterygium wilfordii [44–46]. 

In treatment of PD, Ginsenosides (Rb1 and Rg3), one of the bioactive compound in a plant named   Panax inseng, was reported to exhibit neuroprotective and anti-Parkinson effects by decreasing neuronal peroxide–induced cell injury enhancing Akt and ERK signaling pathway and downregulated that of NF-KB [47], inhibiting the enhanced iron level in nigral of the brain of PD 

upregulates the expression iron transport protein ferroportin and decreases the expression of iron and other divalent metal transporters [48]. Reynosin, one of the bioactive compounds present in 
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the extract of leaves of  L. nobiliis, had also been reported to suppress neurodegeneration process 6-hydroxydopamine (6-OHDA)-induced PD in rats, this sesquiterpene lactone compound protects against decrease in tyrosine hydroxylase (TH) activity, an important enzyme in the synthesis of dopamine and decreases the expression of ASYN and increases the expression of E6-AP in PD [49]. 

In treatment of AD, the essential oil isolated from the leaf extract  L. nobiliis was reported to exhibit acetylcholine esterase and butyrylcholinesterase inhibitory and antioxidant properties and can synergistically be used to reduce the expression of ADCY1 expression in SH-SY5Y 

cells [50, 51]. Eucalyptol (1, 8-cineol), an essential oil component of  L. nobiliis,  and polyphenol isolated from the leaf extract  L. nobiliis also exhibit both antioxidative and stress protective roles as a means for preventing neurodegeneration in AD [52, 53]. The leaf extract of Ginkgo was also reported as a potent therapeutic agent for AD pathogenesis, as its treatment via  invivo study proved its ability to inhibit the formation of Aβ from β amyloid precursor protein in AD. Also it decreases the rates of neuronal apoptosis, inhibition of ROS accumulation coupled with the ability of its bioactive compounds to compete with free cholesterol in interacting with amyloid proteins had been reported as a means of decreasing protein aggregation and neurodegeneration [54]. Additionally, Celastrol, an important bioactive compound present in plant extract of T. wilfordii and  T. regelii, is another therapeutic agent of plant source which exhibits protective effects against neurodegeneration. Immune modulatory, anti-inflammatory, and antioxidant were reported therapeutic potentials of this bioactive compound; this validated its claim for treatment of human diseases such as cancer, diabetes, obesity, and neurological disorders [55]. Celastrol suppresses neurodegeneration by inhibiting Aβ production via reduction in expression BACE-1, enhanced autophagy and lysosomal biogenesis, as well as degradation of aggregated MAPT/tau 

oligomer, were reported in AD mice models [56, 57]. 

1.2.4.1   In Treatment of Other Neurodegeneration Disorders

Bacoside-A and B, which are sapogenin bioactive compounds found in  Baccopa monnieri,  were reported to be effective in improving memory, suppressing oxidative stress and inflammation in stress-mediated dysfunction in Huntington’s disease [58]. Some plant bioactive compounds likes resveratrol and kaempferol, identified in grapes and blueberries [59]; naringin hesperidin, flavonoids, and epigallocatechin-3-gallate, identified in  Tripterygium wilfordi [60]; trehalose and lycopene, present in tomatoes; sesamol from  Sesamum indicum, and extract obtained from  Convolvulus pluricaulis and coffee beans [45] were also reported to be effective in the treatment of Huntington’s disease, polyglutamine (poly Q), neurotoxicity, multiple sclerosis, and amyotrophic lateral sclerosis. 

Also Miglustat, identified in the plant  Morus alba, was reported to decrease the neurodegeneration process and improve survival of Neimann-Pick disease conditions by inhibiting glycosphingolipid (GSL) synthesis [61], while Isofagomine, identified in extract of  Fagopyrum esculentum,    was reported to improve enzymatic activity of β-glucocerebrosidase, an enzyme implicated in pathogenesis of these diseases, thus helping to decrease high level of accumulated glucocerebrosides, which promoted generation of ROS, inflammation, and other neurodegeneration [62]. 

1.2.5   TreaTmenT of respiraTory Diseases

Respiratory diseases (RDs) are another threat to human health. The diseases range from the common cold and extended to pain stacking one like pulmonary hypertension, tuberculosis, pneumonia, and COVID-19 [63]. The use of some plants in combating respiratory diseases has also been beneficial as they exhibit therapeutic effects on some of these respiratory conditions. Some of the identified reported therapeutic plants include  Nigella sativa,   Ocimum sanctum,   Licorice (Glycyrrhizaglabra),   

 Acalypha Indica,   Echinacea spp Convolvolulus pluricaulis,  Acacia torta,    and many more [63, 64]. 

Many of these are used as ayurvedik, decoction and Chinese medicine both in the olden days and today. For example, black cumin popularly called a remedy for all diseases was reported to decrease conditions, including mucosal pallor, sneezing attacks, rhinorrhea, nasal congestion and itching 
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in human volunteer trials [65]. Likewise, the use of its boiled extract by human asthma patients recorded significant improvement in pulmonary function tests (PFTs) and asthmatic symptoms [66] 

and reduction in the risk of lung damage in rats. Nigellidine and thymoquinone are among bioactive compounds identified in black cumin reported to be therapeutically effective for the early treatment of COVID-19 and SARS CoV-2 as its inhibits their protease enzymes and antagonizes the binding of these viruses with ACE 2 receptors [67, 68]. 

Also anti-arthritic, anti-inflammatory, and antioxidant potentials of A.  torta in rat models have been documented [69] while suppression of respiratory tract infection and influenza in hospital-ized human subject has been reported; Inhibition of H5N1 influenza and SARs viral ( invitro) were reported for  Glycyrrhizaglabra extract due to the presence of therapeutic bioactive compounds like isoflavones, isoliquiritin, and glycyrrhizin identified in this plant, which are potent for treatment of swelling, bronchial asthma, and chest and lung diseases 70, 71]. 

1.3   CONCLUSION

The sustainable application of plants and plant materials for medicine is essential to preserving biodiversity and advancing the well-being of people. Plant-based medicines are a major component of many indigenous and traditional medical systems, and they are used to treat a variety of illnesses. 

The fact that many pharmaceutical medications are derived from phytochemicals and natural products of plant origin indicates the potential of medicinal plants, as seen by the lengthy history of their use in indigenous and traditional medicine. The supply of these priceless resources is threatened by the rising demand for plant-based medications and herbal cures throughout the world. Sustainable methods are needed to be given priority to guarantee the continued availability of these therapeutic plants. This entails decreasing the need for wild gathering, encouraging the regulated cultivation of medicinal plants, and implementing conservation measures to safeguard endangered species. 

Achieving sustainability also requires establishing laws governing the trade in medicinal plants and involving the community in conservation efforts. In addition to preserving biodiversity, agroforestry development and the incorporation of medicinal plant cultivation within regional agricultural methods can assist rural people economically. 

The identification of plant species with therapeutic potential and the assurance of their safe and effective usage are two important functions of scientific study in the sustainable use of medicinal plants. The creation of standards for the ethical procurement and production of medicinal plants contributes to the reconciliation of ecological preservation and commercial growth. Supporting the advancement of phytomedicine, which is concerned with extraction of bioactive substances from plants, can also increase the output of plant-based medications on a large scale. Medicinal plants can continue to be an essential source of health care while safeguarding the environment for future generations by combining traditional knowledge, cutting-edge science, and environmentally friendly techniques. 
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2.1   INTRODUCTION

The NDDs are characterized by the progressive functional loss of neurons in the brain, causing cognitive impairment and motor neuron disability. Although multifactorial interactions are evident, BCs play an essential role in the pathogenesis and evolution of these diseases. The BCs in herbal/plant products play an important role in the protective effect against cognitive decline, respectively, NDDs. The use of plant or secondary metabolites (SMs) extracts as ingredients for medicines, cosmetics, and food is a topic of interest. The utilization of plants being a concern at international level, to utilize plants in various fields, it is necessary to know their content in active principles, the use of advantageous extraction methods, and the purification of extracts and their use in different fields of activity. Representative of the category are BCs, bio-FLs which represent a group of SMs derived from plants, called polyphenolic compounds (PCs), recognized as antioxidants (AOs). 

The BCs/FLs are found in certain fruits, vegetables, and other foods, including dark chocolate, and they have powerful antioxidant properties; being AOs, they can fight against the action of free radicals (FRs). The damaging action of FRs is believed to play a role in everything from NDDs. 

At the same time, AOs can even help the body cope with allergies and viruses. The BCs/FLs are a class of plant SMs that are part of the broader group of polyphenols (PPs). 

These SMs are found naturally in plants and are responsible for the vibrant colors of fruits, vegetables, and flowers. There are six subclasses of BCs/FLs: anthocyanidins, flavan-3-ols, flavanones, flavones, flavonols, and flavopolymers. They are powerful AOs, meaning they help fight OSs and protect cells from free radical damage. The BCs/FLs may also have anti-inflammatory, antiviral, antibacterial, and anti-carcinogenic effects. 

The BCs/FLs can protect nerve cells (neurons) from various harmful factors. They can even help nerve cells outside the brain and spinal cord. Most research in this segment focuses on NDDs that are thought to be caused by OSs, such as Alzheimer's disease-related dementia. In these cases, BCs/

FLs can help delay the onset of the disease, especially when taken long term (Tavan et al. 2023). 

At the same time, BCs/FLs can contribute to better blood circulation in the brain, something that could be useful in preventing a stroke. Better blood circulation can also mean better functioning of this organ or even improved cognitive function. The BCs/FLs are used in the treatment of diseases, inhibiting specific enzymes, stimulating hormones and neurotransmitters, and reducing the activity of FRs. 

Because BCs/FLs contain a variable number of phenolic groups in their chemical structure and due to their excellent properties to form chelates with iron and other transition metals, they have a high antioxidant capacity. For the human body, the AA is highlighted since they protect the cells of 10
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the body from FRs that are formed as a result of processes that use oxygen as an energy source and thus play an essential role in the protection of oxidative degradation phenomena. 

Their antiradical properties are due to hydroxyl and superoxide radicals, reactive groups that are involved in the initiation of lipid peroxidation (LPO) processes, their ability to modify the synthesis of eicosanoids, to prevent platelet aggregation (antimicrobial effect) and to protect basic lipoproteins from oxidation (Savko et al. 2023). 

Although some studies indicate that some BCs/FLs possess a pro-oxidative action, this occurs only at high doses, most investigations finding the existence of anti-inflammatory, antiviral, and anti-allergic effects, as well as the protective role in various pathologies. 

Metabolism of BCs/FLs after ingestion, the significance of different varieties of BCs/FLs 

depends on the type of BCs/FLs, geography, culture, and season considered. In recent studies, the amount of flavones and flavonols that can be ingested is estimated by some authors to be several tens of mg/day, and by other authors to 120 mg or 1.5-2.3 g of total BCs/FLs daily. To obtain more precise results, considerable efforts have been made in different countries in the food field to determine vitamin C and BCs/FLs (Blázovics et al. 1989), studies being focused on flavones and/or flavonols, flavanones, catechins, and anthocyanins. 

2.2   CHEMISTRY OF FLAVONOIDS

The term “BCs/FLs” was initially used for flavones, and later this name was extended to various plant PPs, including the less intensely colored flavanones, the colorless flavan-3-ols that give red-colored SMs, and the blue-anthocyanidins. 

The structural differences between each group result from the variation in the number and positions of the hydroxyl groups (-OH) as well as the acylation and/or glycosidation of these groups. 

Due to some physico-chemical and physiological properties, BCs/FLs are included in the class of vegetable PPs, but, due to their specific, especially pharmacological properties, they form a separate class (Cruz Dos Santos, et al. 2019). 

The BCs/FLs include various classes of natural substances, many of which give flowers and 

fruits their yellow, orange, red, or blue color. As SMs present in plants, in addition to being substances that change color and decorate plants throughout their life, they also constitute a protection against the harmful effects produced by oxidizing agents, such as ultraviolet rays, environmental pollution, etc. 

All the organs of the plant, especially the young ones and especially the epidermis, young leaves, buds, or barely opened flowers are rich in BCs/FLs. 

The heteroside (H O-soluble) forms accumulate in vacuoles and concentrate in the epidermis of 2

the leaves, and, in the case of flowers, they are stored in the epidermal cells, while the aglycones are distributed in the cuticle of the leaves and in the wood. 

BCs/FLs are synthesized via the phenylpropanol pathway, where the amino acid phenylalanine 

is used in the production of 4-coumaroyl-CoA. It condenses with mannoyl-CoA to give a group of SMs called chalcones that contain two phenyl rings (Dontas and Chenoweth 1952). 

Conjugation continues until the characteristic three-cycle form is obtained. The metabolic pathway continues with a series of enzymatic changes until obtaining flavanones, hence dihydroflavo-nones and then anthocyanidins. 

During these processes, intermediate SMs are formed: flavonols, flavan-3-ols, proanthocyanidins, and several PCs (Rathmell and Bendall 1972). The BCs/FLs are distributed in plants, being responsible for the yellow and red/blue color of flowers, and also having a protective role against microbes and insects. 

Due to the wide distribution of their variety and their low toxicity compared to other SMs (alkaloids), they are ingested by humans and animals in large quantities. Due to their obvious ability to modify certain reactions of the body to allergens, viruses, and carcinogenic substances, they are also called natural modifiers of the biological response (Soldati 1975). 

[image: Image 4]
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2.2.1   general sTrucTure anD classificaTion of bcs/fls

The BCs/FLs are PCs containing 15 atoms; two benzene rings joined by a linear bridge of three carbon atoms (C6-C3-C6) according to Figure 2.1. 

The BCs/FLs are a class of plant PPs that are an important part of the food diet. They have an overall C6–C3–C6 structural backbone, in which the two C6 units (Ring A and Ring B) are phenolic in nature. 

The BCs/FLs can be divided into different subgroups, such as flavones, flavonols, flavanones, fla-vanonols, flavan-3-ols, and anthocyanins (Figure 2.1). While in most BCs/FLs the B ring is attached at the C2 position of the C ring, in some, such as isoflavones and isoflavans, the B ring is connected at the C3 position. The C3 fragment is found in a heterocycle with oxygen, pyranic, condensed with a benzene nucleus, which is why BCs/FLs are also defined as derivatives of benzopyran having a substituted phenyl radical in position 2 (flavones), in position 3 (isoflavones). 

The chemical structure of BCs/FLs is based on a Ci5 skeleton with a chromane ring linked to the second (aromatic) B ring, in position 2, 3, or 4. A wide variety of BCs/FLs are classified according to the mode of substitution of ring C. The oxidation state of the heterocyclic ring and the position of ring B is important in the classification (Noleto-Dias et al. 2023). 

According to IUPAC nomenclature, BCs/FLs are classified:

•  Flavonoids or bioflavonoids: derivatives of 2-phenyl chromen-4–one (2-phenyl-1,4-benzo-

pyrone structure). 

•  Isoflavonoids: derivatives of 3-phenyl-chromen-4-one (3-phenyl-1,4-benzopyronic structure). 

•  Neoflavonoids - derivatives of 4-phenyl-coumarin (4-phenyl-1,2-benzopyronic structure). 

The BCs/FLs are subdivided into several series of SMs:

•  Chalcones: represent the direct precursors of flavones, which appear especially in flow-

ers, wood, and roots and, like the other flavonoid SMs, are found mainly in the form of 

glycosides. 

•  Flavones: are derivatives of 2-phenyl-benzopyran with a double bond in position 2–3. They are the yellow pigments found in flowers, fruits, and leaves in the form of glycosides, and in wood and bark, both free and as glycosides. 

•  Flavanones: are 2,3-dihydrogenated derivatives of flavones. They are colorless and are 

found in leaves, flowers, and seeds in the form of glycosides, and in free wood and bark. 

FIGURE 2.1  The flavonoids structure. 
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•  Flavonols: 3-hydroxyflavones, are the most widespread SMs in plant species, generally in the wood of angiosperms. 

•  Flavanols (catechins): are 3-hydroxylated derivatives of flavanones. 

•  Anthocyanidins: are the pigments that give the red and blue color to flowers and fruits; they are generally found as glycosides called anthocyanins. Anthocyanins also exist in 

other parts of the plant having a temporary appearance, for example in plants and leaves 

in autumn. 

•  Isoflavones: are derivatives of 3-phenylbenzopyran, which places them in the field of BCs/

FLs as general properties, but they also have specific properties. Due to position 3 of the substituted phenyl nucleus, they can easily lead to the closure of new cycles, either pyronic or in position 2–3, or in position 7–8, where the complication of the structure can be 

even more accentuated. The most important isoflavones include pterocarpans, aurones, 

and rotenoids. 

Among the most common examples are apigenin (4',5,7-trihydroxyflavone), luteolin (3',4',5,7-tet-rahydroxyflavone), tangeritin (4',5,6,7,8-pentamethoxyflavone), chrysin (5,7-dihydroxyflavone) and 6-hydroxyflavone (Dou et al. 2023). 

2.2.2   physical anD chemical properTies of bcs/fls

The physical properties depend on the class of BCs/FLs and the form in which they are found (free, glycosidic, or sulfated). For example, flavones, flavonols, and aurones, due to the conjugated system, are solid substances with a color from very weak yellow to red. Glycosides are generally amorphous solids, while aglycones and methoxylated SMs are crystalline. Anthocyanidins are deep red, dark purple, purple, and blue. 

The color of flavonic derivatives is due to the chromophoric groups -C=C-C=. The hydroxyl 

group in position 3 contributes to the yellow color, and the groups in positions 3' and 4' to the dark yellow color. 

The presence of OH groups in position 3,3', and 4' accentuates the yellow color. The solubility of BCs/FLs depends on the characteristic structure and the number of substituents present (number of polar groups). The BCs/FLs are hardly soluble in H O, and aglycones are practically insoluble in 2

H O; instead, they are soluble in ethyl ether (Roshal 2023). 

2 Rutin dissolves 1:20 in hot H O and 1:10000 in cold H O; for preparative purposes, this differ-2

2

ence in solubility at different temperatures is used, as well as the solubility of aglycones in ethyl ether, to separate them from BCs/FLs. 

Glycosides, anthocyanidins, and sulfates are soluble in H O and alcohol (MeOH and ethyl alco-2

hol). The aglycones of BCs/FLs, especially the hydroxylated ones, are soluble in alcohol (MeOH, ethyl alcohol, and n-butanol), and the methoxylated aglycones are soluble in less polar solvents, such as petroleum ether and chloroform. 

The BCs/FLs with phenolic hydroxyl are soluble in alkaline solutions, and the hydroxylated ones decompose under the action of strong bases, which allows recognition and differentiation from the others, a method used to elucidate the structure. 

Flavones, tasteless and odorless substances, are soluble in organic solvents (Sachadyn-Król, Budziak-Wieczorek, and Jackowska 2023). 

Anthocyanins are soluble in H O and alcohol, hardly soluble in ether, benzene, and chloroform. In 2

filtered ultraviolet light, BCs/FLs exhibit characteristic fluorescence. Flavonoid aglycones, or BCs/

FLs containing a free hydroxyl in position 3, have a golden to greenish-yellow fluorescence. When the hydroxyl in position 3 is missing or is blocked by glycosidation, the fluorescence is brown, and if the hydroxyls are methoxylated, with the increase in the degree of methoxylation, the fluorescence shade turns towards bright blue. in acidic solutions, in daylight, the fluorescence is greenish yellow with HCl and blue with concentrated H SO  solution, as a result of the formation of flavyl salts. 

2

4
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The BCs/FLs are sensitive to the action of bases and acids, and can be alkylated and hydrogenated. Through various oxidation, reduction, or isomerization reactions, BCs/FLs belonging to a certain group can be transformed into compounds belonging to another group of SMs (Zhu et al. 

2023a). 

2.3   EXTRACTION AND ISOLATION OF BCS/FLS

The extraction of BCs/FLs from SMs is not carried out following a standardized procedure, as there is no common solvent for all SMs. Usually, the SMs is extracted with EtOH, MeOH, ether, H O, acetone mixture, hydrochloric acid, and others. In addition to BCs/FLs, three or four solu-2

tions are used in order of increasing polarity because both glycosides and aglycones have different solubilities, according to the degree of methylation or the number of glycidic units. The polarity of the solvent also plays an essential role (Dababi et al. 2020). 

Polar BCs/FLs (e.g., isoflavones, methylated flavones, and flavonols) are extracted with organic solvents. Flavonoid glycosides and more polar aglycones are extracted with alcohols or an alcohol- H O mixture and C-glycosides with aqueous solutions or H O. Flavan-3-ols (catechins, proan-2

2

thocyanidins, and condensed tannins) can be extracted directly with H O, but the best solvent for 2

catechins is MeOH, and for procyanidins, 70% acetone. The most used methods for the extraction of BCs/FLs are: static extraction – maceration and repeated extraction – Soxhlet. 

 Maceration is the most used extraction technique, the process that is applied to the preparation of aqueous extractive solutions as well as to the preparation of alcoholic extractive solutions, the extraction time varying from 30–60 min for aqueous extraction and up to ten days for alcoholic extraction (Sabaragamuwa and Perera 2023). 

2.3.1   exTracTion anD isolaTion of bcs/fls

 Repeated extraction: Soxhlet extraction consists in the repeated extraction of SMs with a volatile organic solvent. The SMs is extracted in the first stage with ethyl ether or petroleum ether to remove the lipids and then with ethyl acetate or alcohol (MeOH/EtOH) to separate the BCs/FLs. 

Anthocyanins can be extracted from fresh tissues (e.g., petals) by maceration with an acidic solvent such as MeOH-acetic acid- H O mixture or MeOH-formic acid- H O mixture or with alcohol con-2

2

taining 1%–2% HCI and dilution with ether. Flavonoid aglycones can be isolated, like BCs/FLs, by extractions with suitable solvents; less polar aglycones from the class of isoflavones, flavanones, methylated flavones are well extracted with benzene, organic solvents, and polar aglycones are well extracted in acetone (Zhang et al. 2018). 

To obtain crude BCs/FLs, other work procedures are used:

•  the vegetable product brought to a convenient degree of shredding is extracted at reflux with 96% alcohol, after which the alcohol is removed by distilling under vacuum. The residue containing chlorophyll, resins, and lipophilic pigments is taken up with boiling H O, 

2

filtered hot and left to rest on ice, and, after this rest, which can sometimes be very long, the crude flavones are deposited, which are then purified. 

•  extraction of SMs with 80% alcohol. The alcoholic extracts are concentrated to a cer-

tain volume and treated with basic lead acetate solution. The filtered lead precipitate is 

suspended in alcohol and decomposed with H S by bubbling. The alcohol is removed by 

2

distillation under reduced pressure and the residue is purified (Sarker and Nahar 2012). 

If the SMs contains a large amount of carbohydrates (e.g., fruit), after extraction with alcohol, it is removed by distillation under reduced pressure, diluted with H O, and subjected to fermentation 2

in the presence of brewer's yeast, which will ferment carbohydrates without hydrolyzing the BCs/

FLs. The solution is then centrifuged to remove the fermentation mass, and the solution is allowed 
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to crystallize on ice. It can be stated that for the isolation of BCs/FLs from a SMs, the appropriate method is established for each SMs separately (Seidel 2012). 

Occasionally, a way of working that combines elements of the previously described separation schemes is preferred. 

2.3.2   moDern flavonoiD exTracTion Techniques

An improvement in the extraction yield was achieved using supercritical fluid extraction, ultrasonic extraction, and microwave extraction techniques. 

2.3.2.1   Supercritical Fluid Extraction

The supercritical fluid extraction (SFE) method is a non-destructive extraction method that is part of the processes that take place at high pressure, based on the solvating power of fluids at temperatures and pressures higher than those corresponding to the critical point. 

Compressed gases in a liquid or supercritical state are considered as potential solvents for the active principles obtained from plant products. 

The advantages offered by liquefied gases are the following: the possibility of excluding contact with oxygen, the absence of problems derived from the presence of solvent residues in the extract, the use of non-toxic gases (CO , Freon, inert gases, etc.) / reduced thermal consumption. 

2

The most used extraction agent in the supercritical phase is CO , which is preferred due to the 2

following advantages: in the case of extraction, mild thermal regimes are used, and very sensitive SMs can be extracted (flavors, vitamins); the solvent is non-toxic, biological, and ecological, does not produce unwanted secondary reactions (oxidations, hydroxylations), even providing protection against oxygen (Ou et al. 2024); the final extract does not contain ballast substances; selective extraction can be carried out, and the components can be fractionated from the extract by choosing the appropriate separation parameters; the solvent is not residual in the extract, and no energy is consumed for its removal; the obtained extract no longer requires purification; compared to classic extraction methods, it has an extra degree of freedom, pressure, and reduced energy consumption (Nahar and Sarker 2012). 

CO  is a non-polar solvent, extracting non-polar SMs best, but the solvation power and selectivity 2

can be improved by using polar co-solvents, the most used being EtOH and MeOH and non-polar solvents, such as light hydrocarbons. 

The SFE can be used not only to isolate oils from SMs but also to improve their physical and chemical properties, being sources for the cosmetic industry. SFE cannot change the color and smell of the final extract and can do this without introducing residual solvent into the herbal preparations. 

By this method the extraction is accelerated by the high temperature and pressure, which causes an intensification of the diffusibility of the solvent and at the same time it is possible to carry out the extraction under an inert atmosphere and with protection from light (Pourmortazavi and 

Hajimirsadeghi 2007). 

The advantage of this method is the reduced consumption of solvents, controlled selectivity and reduced thermal and chemical degradation, short extraction time, compared to other methods such as maceration and Soxhlet extraction. 

2.3.2.2   Ultrasonic Extraction (UE)

Ultrasound is used more in the extraction of essential oils and volatile oils from plants because it is much faster and more efficient than classical techniques. 

UE is especially used for the extraction of biologically active substances, both from animal and from vegetable raw materials. 

The phenomenon underlying the use of ultrasound in the extraction of active principles from plants is cavitation through thermal, mechanical, and structural effects under the influence of which the cells are emptied by breaking the membranes, allowing the collection of cellular SMs in the form of a solution (Ye et al. 2023). 
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UE can be done in two ways:

•  using an extraction bath with a frequency of 33 KHz. 

•  using a glass reactor having a conical ultrasonic system, with frequency of 20 KHz. 

By ultrasonic treatment of the solid-liquid system, the extraction yield increases, the extraction time is reduced, and higher quality extraction products are obtained. 

Ultrasound is used more in the extraction of essential oils and volatile oils from plants because it is much faster and more efficient than classical techniques. UE is applied to the extraction of SMs using liquid solvents, and it is a faster and more complete extraction process compared to traditional methods such as maceration/stirring because the contact surface between solid and liquid is much larger, and the time of extraction depends on the preparation method of the sample. UE is a rapid technique using immiscible solvent mixtures. 

The hexane phase extracts sesquiterpene lactones and hydrocarbons, while the aqueous alcoholic phase extracts BCs/FLs. Isoflavones, flavanones, methoxylated flavones, and flavonols are more soluble in non-aqueous solvents. MeOH is the most used solvent and is used for the extraction of flavanones, flavones and flavone-glycosides, methoxyflavones and flavone dimers, and 70%–80% 

MeOH is very good for the extraction of flavones, flavonols, and catechins (Zhu et al. 2023b). 

2.3.2.3   Microwave Extraction (MWE)

The use of MWE on a large scale is due to the advantages they offer: the realization of a rapid heating of the products processed with microwaves, the duration of the operation being evaluated at approximately one-fourth of that required for non-conventional heating; the quality of the product is improved from the point of view of maintaining the physical and chemical properties. 

MWE is a simple technique that can be completed in minutes. 

Microwave energy is applied to the sample that is suspended in solvent, either in a closed container or in an open cell, the latter system being the most widely used (Vo et al. 2023). 

The extraction technique that uses a microwave oven in the presence of solvents is widely 

exploited because it is a fast method that uses small amounts of samples from the SMs and, in the end, the composition of the extract is close to the real one. 

2.4   THE ACTIVITY OF BCS/FLS

Over the decades, researchers and food manufacturers have become increasingly interested in BCs/

FLs due to their antioxidant properties, their high abundance in our diet, and their suggested role in the prevention of various diseases that are associated with OS, such as NDDs, the cardiovascular system, and NDDs. 

Recent literature provides increasing evidence that the effects of BCs/FLs are mediated by 

mechanisms other than the classical AA determined by their chemical property of donating an electron or chelating transition metals (G. V. Raja et al. 2021). 

Exploring their fundamental modes of action could provide new insights into the mechanisms by which BCs/FLs influence biological functions. 

2.4.1   anTioxiDanT acTiviTy of bcs/fls

The BCs/FLs as SMs present in vegetables protect against the harmful effects produced by oxidizing agents, such as ultraviolet rays. 

Due to the presence in their structure of a variable number of phenolic groups, they have the property of forming chelates with iron and other transition metals, which gives them a high antioxidant capacity and therefore play an essential role in the protection of oxidative degradation phenomena and have an effect therapeutically relevant for NDDs. 
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Their antiradical properties are due to the inhibition of hydroxyl and peroxide radicals, reactive groups that are involved in the initiation of LPO processes and describe their ability to modify the synthesis of eicosanoids (with anti-prostanoid and anti-inflammatory response) to prevent platelet aggregation (antimicrobial effect) and protecting lipoproteins (Sun, Zhu, and He 2023). 

The antioxidant capacity of BCs/FLs has been studied since their discovery, and pharmacological studies indicate that most BCs/FLs are found in the gastrointestinal tract where they are thought to act as biochemical AOs during the energetic oxidative processes that occur during digestion. The BCs/FLs retain reactive oxygen (in the form of anionic superoxides, hydroxyl radicals, lipid peroxides, or hydroperoxides). 

Various BCs/FLs have demonstrated their efficiency to eliminate the processes of LPO of linoleic acid or phospholipids from membranes, peroxidation of red blood cells, and autoxidation of brain homogenates. 

Most of the conditions in which the therapeutic effects of BCs/FLs have been noticed involve damage caused by radicals, but, until now, the mechanism of action has not been fully elucidated, although recent research has highlighted some correlations between the structure and the AA of BCs/FLs. 

The BCs/FLs of vegetable origin, in the form of pure substances or alcoholic extracts, have been shown to be SMs with a protective role in the oxidation of vegetable oils or other foods, fatty acids, and cosmetic preparations (Cervellati, et al. 2023). 

To elucidate the structure-activity relationship in the class of BCs/FLs, the first experiments were the oxidation of ascorbic acid under different catalytic, temperature, and pH conditions. The strongest antioxidant effects are shown by quercetin, dihydroquercetin, morin, followed by rutin, diosmetin, rhamnetin, fisetin, luteolin, myricetin, kaempferol, (-) epicatechin, and the isoflavones: daidzein, genistein, and prunetin. 

The superoxide ion and free oxygen radicals are very reactive and capable of destroying a variety of molecules. 

The release of these radicals in systemic inflammatory response syndrome (SIRS) or in phagocytosis, when host tissues are attacked, has been clearly demonstrated. in this sense, the effect of oxygen FRs on collagen microfibers incubated  in vitro was investigated, in a system generating oxygen FRs, the collagen was split into low molecular weight peptides, the degradation being more drastic, and the percentage of destruction of collagen was determined from the content of hydroxyproline present in these peptides (de Oliveira Rodrigues Junior et al. 2023). 

Most research on the AA of BCs/FLs has focused on inhibitions of oxidations at the cellular level, such as LPO, enzymatic, or catalyzed by transition metal ions. 

It was concluded that in non-enzymatic LPO, a double bond between C2 and C3, a hydroxyl 

group at C3, and a ketone group at C4 can confer antiperoxidative properties. 

Regarding enzymatic LPO, according to some opinions, most BCs/FLs are potential inhibitors 

of lipoxygenase (LPO), and the inhibition depends on the concentration. 

The least active BCs/FLs are those that do not have a 3'-OH group, such as, for example, naringin and naringenin (Mukhopadhyay et al. 2023). 

Other structural elements studied, stereochemistry, methylation of the 3-OH group, inclusion of a ketone group (quercetin, rutin, naringin, naringenin), and binding to a sugar residue (rutin, naringin) do not produce remarkable differences in the lipid peroxidase inhibition power. Following the study on the action of BCs/FLs in enzymatic lipoxidation, the following conclusions were drawn:

•  The essential structures for a lipoxygenase inhibitor are the carbonyl group in position 4, the hydroxyl group in 4, and the free rotation of the aryl at C2. 

•  The lipoxygenase inhibitory activity is accentuated by: the planar heterocycle, 3',4'-dihydroxy groups in ring B and the presence of the 3-hydroxy group at heterocyl B. Thus, 

galangin is a weak inhibitor, chrysin is inactive, and luteolin and quercetin are more active than taxifolin and kaempferol. 
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•  The inhibition effect decreases with the addition of hydrophilic substituents: 7-O-hydroxyethyl-quercetin is less active than quercetin. 

•  The inhibitory activity is lost upon glycosidation (7-O-hydroxyethyl-rutin) or upon alkylation of the main -OH in the B ring. 

•  Lipoxygenase inhibition does not depend on the 5-OH substituent (quercetin versus fisetin). 

•  The incomplete hydroxyethylation of quercetin, which leads to products identical to those obtained from the incomplete methylabolization of hydroxyethyl-rutoside, can have the 

effect of inhibiting lipoxygenase (Yoon and Baek 2005). 

The relationship between the structure and AA of BCs/FLs is a difficult problem to deal with for the following reasons:

•  there is no single mechanism for inhibiting oxidation, it is about at least three mechanisms: the capture of FRs that appear in different situations, the inhibition of LPO, and the inhibition of ascorbic acid oxidation. These three different mechanisms are usually included 

in the term “antioxidant,” although they do not necessarily appear associated. Their sepa-

ration is useful in understanding the action of AOs in biochemical phenomena because 

there are several factors that influence AA, namely, lipophilicity, important for the affinity towards cell membranes, often the site of action; the ability to chelate transition metal ions (Fe/Cu), an action by which it can block the enzymatic active center (ascorbateoxidase); the ability to capture radicals; the ability to inhibit some enzymes. 

•  reversals of the antioxidant properties were observed. Thus, at high substrate concentrations, some BCs/FLs, such as myricetin stimulate cyclooxygenase, although initially the 

inhibition of the enzyme was found. Recent results demonstrate the possibility of a dou-

ble role, protective in carcinogenesis and at the same time generating genetic mutations 

(Zhang et al. 2023). 

The estimation of the AA of BCs/FLs (kaempferol, rutin, luteolin, morin, myricetin) was also carried out by following the effects of inhibiting LPO, a method that is also very useful for determining the activity of AOs -BCs/FLs and for evaluating the AA of foods and medicinal plants. 

2.4.2   biological acTiviTy of bcs/fls

The biological effects of BCs/FLs are explained by their affinity to enzymes, hormones and metal ions. 

2.4.2.1   Biochemical Effects of Flavonoids on Enzymes

Numerous researches undertaken to establish the biochemical effects of BCs/FLs on enzymes have demonstrated their ability to inhibit a series of enzymes (Chen et al. 2023a). The apparent interactions of the different parts of the flavonoid molecule with the enzymes are shown in Table 2.1:

Cases of enzyme activation by BCs/FLs are rarer. Flavonols such as, for example, quercetin, myricetin, and kaempferol inhibit the activity of adenosine deaminase of endothelial cells, and luteolin and quercetin are inhibitors of tyrosine kinase, acting on cell growth and metastases, and they have inhibitory properties on the activity of 5-nucleotidase (5'-nucleotide phosphohydrolase). 

The BCs/FLs in general inhibit intracellular Ca2+ by reducing the activity of lipase C (Melzig 1996). 

They also have strong inhibitory effects on some enzymes in the system, such as protein kinase c, protein tyrosine kinase, phospholipase A2, and others. 

2.4.2.2   Biochemical Effects of Flavonoids on Hormones

The BCs/FLs have regulatory activity on hormones by binding 17-p-hydroxy steroid dehydro-

genases, when there is regulation of estrogen and androgen levels in humans and 3-p-hydroxy 
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TABLE 2.1

Part of the Flavonoid Molecule and Enzyme Binding

Enzyme

Part of Flavonoids

Adenosine deaminase

The benzopyran ring

Tyrosine kinase

The phenyl ring

5'-Ribonylceotide phosphohydrolase

Carbohydrates

Phospholipase-C


The phenyl ring

Protein kinase C

The phenyl ring

Protein tyrosine kinase

The benzopyran ring

Phospholipase A2

The phenyl ring

Cyclooxygenase

The benzopyran ring

Lipoxygenase

The benzopyran ring

B-Galactoside

Carbohydrates

B-Galacturonidase

Carbohydrates

Hyaluronidase

Carbohydrates

Alkaline phosphatase

The phenyl ring

Aria sulfatase

The phenyl ring or the benzopyranic ring

DOPA decarboxylase

The phenyl ring

Lipase

Phenol {Mg2+ chelator}

ATPase

The benzopyran ring

c-AMP phosphodiesterase

The benzopyran ring

Catechol-O-methyl-transferase

The phenyl ring

Arii hydrolase

The benzopyran ring

Arii reductase

Methylation of the hydroxyl at gr. from Ce / Cs

Proiin hydrolase

The benzopyran ring

Dehydrogenase

The phenyl ring

Xanthine oxidase

Gr. free OH at C5 and C7

Phosphodiesterase

Gr. free OH at C5 and C7

Ca2+ ATP-ase

Gr. free OH at C5 and C7

Lipoxygenase

Gr. free OH at C5 and C7

steroid dehydrogenase, with the regulation of progesterone and androgen levels in humans (Mihal 

et al. 2023). 

Quercetin, myricetin, rutin, kaempferol, galangin, spineroside, and robinin are potent non-

toxic inhibitors of the enzyme iodothyronines deiodinases in microsomal membranes and intact hepatocytes of mice. Myricetin, rutin, spineroside, and robinin are specific high-affinity inhibitors of L-tetraiodotyrosine binding to human TBPA. They are weak antagonists in the iodothyronine 5'-deiodinase enzyme reaction and are weak inhibitors for the binding of triiodotyrosine to its nuclear receptor (Bošnjak-Neumüller et al. 2017). 

2.4.2.3   The Interaction of Flavonoids with Metals in Biological Systems

In the plant world, BCs/FLs are largely what give plants their color, a different color due to copigmentation and the formation of chelates with metals (Al, Mo, etc.). The property of giving color, the flavonoid-metal complex has biological interest and therapeutic properties, especially when such an interaction involves toxic heavy metals, such as copper and iron, which produce radical reactions, for example, the Fenton reaction:

H O  + Fe2+

2

2

→ HO • + HO- + Fe3+
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Copper (I) reacts in the same way with Fe2+. The strong affinity of BCs/FLs for divalent heavy metal ions is dependent on the position of the "hydroxyl" substituents on the phenolic rings. Metal ions are necessary in several physiological processes, but their accumulation in the body leads to intense oxidative processes and ultimately results in serious diseases in the therapy of which BCs/

FLs may be useful, hence, the great interest in the flavonoid-metal interaction. 

The formation of complexes with heavy metal ions is found in many biological systems, hemo-

proteins, cobalamins and Fe2+, Cu2+, Zn2+, Co2+, Mn2+, and Ni2+ ions, which are essential in biochemical systems (Türkyılmaz et al. 2023). 

These metal ions are essential for some physiological functions as constituents of hemopro-

teins and cofactors of various enzymes, such as catalase (Fe), ceruplasmin (Cu), and superoxide-dismutase (Zn, Cu), enzymes involved in antioxidant defense. Other heavy metal ions are strong inhibitors of the sulfhydryl group in the active anabolic system as well as for protective enzymes, such as γ-levulic acid synthase, ferrochelatone, all kinases and dehydrogenases, as well as for GSH 

reductase. 

Within the structure of BCs/FLs there are three positions for the formation of complexes with metals in which hydroxyl, respectively, hydroxyl-carbonyl groups are involved. According to numerous studies, the OH group in position 3 appears to be very important for complexes with Fe compared to the OH in position 5. 

Thus, for trihydroxyethylquercetin it has a superior chelating activity compared to trihydroxy-ethylirutin. Also, due to their activity in biological systems, BCs/FLs can catalyze the transport of electrons or capture FRs. 

Having the ability to form complexes with extracellular proteins, they are active in microbial infections produced by many microorganisms (Giusti and Wrolstad 2003). 

Apigenin, genkwanin, kaemferol, quercetin-5,3'-dimethylether, and rhamnazine showed remark-

able antibacterial activity. 

Rhamnocitrin and quercetin-5,3'-dimethylether inhibit  Micrococcus luteus and  Shigella sonei. 

Also, the antimicrobial activity of BCs/FLs, kaempferol, quercetin, myricetin, rutin, naringin, and formononetin, separated from different plant extracts, was tested against different bacteria and fungi. 

To evaluate the biological effects of BCs/FLs, like any drug or food component, one of the 

most important aspects is bioavailability, which is influenced by factors such as chemical structure, absorption, distribution, and elimination. 

There are differences in bioavailability between quercetin and catechin depending on metabolism. It has been shown that the plasma concentration of quercetin metabolites has a longer average life than catechin metabolites. 

The metabolites of catechin are gluconidated, and those of quercetin are sulfated; this may affect the solubility of the metabolites in body fluids, responsible for the different ways of elimination of both BCs/FLs. Catechin is mainly eliminated in the urine, while quercetin is eliminated in the bile (Tao, Forester, and Lambert 2014). 

2.4.3   biological funcTion of bcs/fls

Although the exact role played by BCs/FLs in plants is still unknown, there is some experimental evidence that suggests:

•  Their ability to absorb ultraviolet radiation to protect plant tissue from harmful radiation. 

•  Their varied colors and their presence in tissues, as for example in flowers, suggest participation in reproductive processes, favoring the attraction of pollinating insects. 

The differences in biological activity discovered on some of the BCs/FLs and the experimental findings for some of them explain the resistance of some plants against various infections and diseases; 
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it can therefore be stated that BCs/FLs act like phytoalexins, a term that suggests that these substances present a chemical plant defense mechanism. 

The ability to inhibit some plant hormones shown by some BCs/FLs, suggests that they act as plant growth regulators (Zheng et al. 2023). 

2.4.4   flavonoiDs as anTioxiDanTs

Regarding their AA, BCs/FLs are believed to prevent OS-related diseases by directly scavenging reactive oxygen species (ROS) by donating a hydrogen atom, activating antioxidant enzymes, metal chelating activity (such as iron and copper), and mitigation of oxidative effects stress which is caused by nitric oxide (NO). 

The AA, however, cannot be the only explanation for the  in vivo cellular effects of BCs/FLs, since AA is expressed at flavonoid concentrations. 

Dietary BCs/FLs are poorly absorbed from the intestine, highly metabolized, or eliminated 

quickly (Inoue et al. 2021). 

During absorption, BCs/FLs are conjugated in the small intestine and later in the liver. This process mainly includes methylation, sulfation, and glucuronidation. 

This is a metabolic detoxification process that is common to xenobiotics that limits their potential toxic effects and facilitates their biliary and urinary elimination by increasing their hydrophilicity. 

The present review focuses on the mode of action of BCs/FLs through their interaction with 

macromolecules such as lipoproteins, cellular and serum proteins, and DNA and RNA (Roy and 

Bhattacharya 2023). 

2.4.5   flavonoiD inTeracTions wiTh macromolecules

2.4.5.1   Flavonoid-Protein  Interactions

The molecular interactions of proteins and nucleic acids with low molecular weight SMs is an area of fundamental interest. At low concentrations, molecules such as ions, metabolites, and osmolytes can affect proteins such as enzymes, receptors, antibodies, and transcription factors. 

The effect can be at the structural, functional, or conformational level. Dietary BCs/FLs are a good example of small molecules mediating cellular effects that are essential for intracellular signaling cascades (Sengupta et al. 2022). 

The effects of flavonoid-enzyme complexes formed by the interaction of BCs/FLs with, for example, hydrolases, oxidases, and kinases, on enzyme structure and activity have been extensively explored. 

Investigations have suggested that BCs/FLs selectively interact with different components of protein kinases and alter their phosphorylation state, thereby regulating multiple cell signaling pathways. 

Similarly, BCs/FLs have been found to act as ligands for nuclear receptors, causing their proliferation or activation and modulating energy homeostasis. Apigenin and kaempferol directly suppressed the interaction between the estrogen-related receptor (ERR) and its peroxisome proliferator-activated coactivator coactivator-1 (PGC-1). 

In contrast, luteolin suppressed PGC-1 activity by promoting PGC-1 degradation, leading to suppression of ERR activity in HeLa cells. 

The BCs/FLs such as glabridin and glabrene can also interact with and modulate the endogenous activities of estrogen receptors in human endothelial cells and smooth muscle, so that they can slow down and even prevent NDDs (Rymbai, et al. 2023). 

The ability of BCs/FLs to interact with serum albumin and other serum proteins has also been investigated. Reversible or irreversible protein-flavonoid interactions depend on pH, temperature, and protein and flavonoid concentrations. 

Although the biological fate of protein-flavonoid complexes  in vivo is still unknown, BCs/FLs have been found to affect various human diseases that have been linked to OS, such as NDDs and cardiovascular and NDDs (Chen et al. 2023b). 
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2.4.5.2   Methods for Characterizing Flavonoid–Protein Interactions

Several studies have been performed to characterize the interactions between dietary BCs/FLs and proteins, mainly serum and food-related proteins, for example, serum albumins and -casein. 

Flavonoid-protein interactions occur mainly through non-covalent bonds that are derived from hydrophobic, van der Waals, hydrogen bonding, and ionic interactions, which can alter protein conformations and enzyme activities. 

Non-covalent interactions between BCs/FLs and proteins are weak and reversible. Studies have also provided information on covalent reactions between BCs/FLs and proteins. The BCs/FLs can easily oxidize and covalently react with amino and thiol side chains of a protein through irreversible binding. Numerous methods, mostly spectroscopic, have been developed to characterize noncovalent interactions between BCs/FLs and proteins (Wang et al. 2023). 

UV-visible spectroscopy is used to predict flavonoid-protein interactions and to provide information about the nature of those interactions. 

Protein absorbance at 280 nm is related to the aromatic amino acids tryptophan, tyrosine, and phenylalanine, which can be further stimulated upon interaction with BCs/FLs. Circular dichroism spectroscopy is used for the quantitative analysis of conformational changes, -helix and -sheet changes, in proteins due to non-covalent interactions with small molecules such as BCs/FLs. 

Fourier-transform infrared spectroscopy (FTIR) is also used to determine changes in protein secondary structure as a result of flavonoid interactions. 

This method allows the interpretation of the secondary structure in the form of the amide I band, located at 1650–1660 cm. 

The thermodynamic properties of the binding interaction between BCs/FLs and protein can be 

studied using isothermal titration calorimetry, a method that is based on measuring the heat evolved during molecular association (Ansari et al. 2023). 

Some studies evaluated the binding interactions between four BCs/FLs (kaempferol, luteolin, quercetin, and resveratrol) and human serum albumin and glutathione S-transferase Pi isoform 1 

using Taylor scattering surface plasma resonance (SPR) – a highly sensitive, label-free technique for studying non-covalent interactions of biomolecules, especially between proteins and between proteins and small molecules. 

Tryptophan (Trp) fluorescence quenching assay is another sensitive, selective, and widely used method for determining flavonoid-protein interactions. Excitation of proteins at 280–290 nm induces fluorescence emission in the 340–350 nm range due to the presence of Trp. 

The fluorescence quenching in this range can be attributed to flavonoid binding (Kongstad et al. 

2015).  

While using this method, the quenching mechanism – static (complex formation between 

polyphenol and protein) or dynamic (fluorophore collision with quenching) – can be determined using the Stern-Volmer equation and calculating the Stern-Volmer constant and the quenching rate constant. 

For static quenching, the binding constant and the number of binding sites in the protein molecule can be calculated and then the thermodynamic properties can be characterized. 

Finally, docking calculations can be used to predict the fit of the evaluated ligand within the protein, where the shape is complementary to the binding site (Ahmadi Oskooei et al. 2023). 

Computational modeling complements experimental data on flavonoid-protein binding and 

enables large-scale screening for different protein targets selected from structures available in the Protein Data Bank (PDB). 

2.4.5.3   Flavonoid Interactions with DNA and Chromatin

There is ample evidence in the scientific literature for genome regulation by BCs/FLs through gene expression and chromosomal alterations, although the precise mechanism of action remains unclear (Soto-Sánchez 2022). 
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The BCs/FLs such as quercetin and Epigallocatechin gallate (EGCG) have been shown to pen-

etrate cell membranes and accumulate in the nucleus of human intestinal and liver cells. The structure of quercetin allows hydrophobic intercalation of its most hydrophobic segment inside the DNA helix. 

Quercetin intercalates with DNA and RNA duplexes and binds preferentially to triplex and tet-raplex DNA in human prostate cancer cells (Yang, Du, and Yang 2016). 

Although the same number of OH groups, which are mainly involved in the hydrogen transfer 

mechanism, are present in kaempferol and luteolin, the latter shows a slightly higher affinity for DNA. 

This could be due to the presence of OH at its position 30. Structure-activity relationships in flavonoid-DNA interactions have indeed been widely detected. It is proposed that the affinity of BCs/FLs for DNA increases along the same sequence as that shown by their biological activity. 

Upon treatment of DNA with EGCG or quercetin, various effects, including DNA damage, were 

observed in human peripheral lymphocytes. 

Studies show that EGCG inhibits the activities of various chromatin proteins, such as cAMP 

response element-binding protein, DNA polymerase, DNA methyltransferase, and DNA topoisom-

erase in human lung and colorectal adenoma cells and in mouse liver, lung, and kidney (Luo, et al. 

2018). 

These reactions are likely affected by EGCG binding to DNA and RNA or proteins that are 

attached to nucleic acids in various types of interactions. While the interactions of BCs/FLs, such as resveratrol, quercetin, EGCG, and genistein, with DNA are known, the precise location of flavonoid binding sites on DNA, the mode of interaction, and its function in the genome are not known full meaning (Oh et al. 2014). 

2.4.5.4  Characterization Methods  Flavonoid and Interactions

Covalent binding of small molecules to DNA was first observed in the early 1980s. After the covalent binding of [14C] quercetin to DNA was determined, it was argued that BCs/FLs have conflicting biochemical activities. In addition to covalent binding, BCs/FLs can interact with DNA through intercalation, groove binding, and backbone binding. 

Several methods have been used to elucidate the noncovalent interactions between BCs/FLs and DNA, including electrochemical techniques and SPR, linear dichroism, absorption spectroscopies, fluorescence, and nuclear magnetic resonance (Li et al. 2023). 

The binding of 10 flavonoid aglycones and glycosides with DNA duplexes was investigated while using electrospray ionization mass spectrometry (ESI-MS). 

ESI-MS and SPR analysis showed that exactly three molecules of EGCG bind to poly(dT) 18 

mer single-stranded DNA oligomers via a hydroxyl group of the trihydroxyphenyl group of EGCG. 

After binding, EGCG protected double-stranded DNA oligomers from melting to single-stranded DNA. 

Today, computational simulation and spectroscopy are mainly adopted to explore biophysical 

information regarding the interactions between BCs/FLs and DNA. 

Experiments that have been performed in recent years have suggested specific consensus DNA 

binding sites for BCs/FLs (Chandrashekaran et al. 2010). 

Quercetin, i.e., binds to the duplex dodecamer sequence CGCGAATTCGCG, whose unbound 

structure was solved many years ago (PDB ID: 1BNA). 

Currently, the complete genome of an organism can be revealed using next-generation sequencing (NGS) technologies, such as Illumina or Sanger massively parallel sequencing machines. 

Furthermore, by following specialized protocols, it is possible to extract DNA in specific regions or with specific functions and then use NGS to obtain the DNA sequence. 

Chem-seq (chemical affinity capture coupled to massively parallel DNA sequencing) is a new 

NGS application that has recently been used to extract and sequence DNA regions that have been 
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bound by small molecules. This method allows the capture of chromatin regions bound to small molecules without prior information, i.e., with an unbiased, non-specific marker (Estey, et al. 1987). 

Recent studies have already illustrated the ability to isolate known drug-chromatin interactions using Chem-seq. Some researchers used the Chem-seq technique to characterize the interactions between quercetin and cellular DNA and demonstrated its subsequent effect on downstream transcription. 

The results show that quercetin binds to monocyte chromatin and modulates the expression of genes that are involved in cell cycle and cell development. Using the Chem-seq application, interactions of BCs/FLs with DNA and chromatin can be determined to study its significance. 

This ability could be important for medicine and human health and beneficial for the design of dietary interventions and appropriate drugs for the treatment of NDDs (Atrahimovich et al. 2019). 

2.5   FLAVONOIDS ATTENUATE HUMAN DISEASE THROUGH DIRECT 

INTERACTIONS WITH PROTEINS, LIPOPROTEINS, AND DNA

2.5.1   inTeracTions of flavonoiDs wiTh Key proTeins involveD in inflammaTion

Inflammation characterizes the protective response of the immune system, involving the production of various pro-inflammatory cytokines and chemokines, which increase the production of interferon-, proteases, NO, and ROS. 

Cytokines also induce the expression of cyclooxygenase-2 (COX-2), an enzyme that catalyzes 

the production of prostaglandins (PGs), which are key mediators of inflammation. Xanthine oxidase (XO) is another critical source of ROS contributing to inflammation. SIRS conditions lead to increased XO levels and thus increased ROS generation and peroxynitrite formation. Peroxynitrite is a strong reactive nitrogen species (RNS) accompanied by OS, which is produced by the reaction of NO radicals and superoxide (Liu et al. 2023a). 

Several mechanisms of action have been proposed to explain the anti-inflammatory activity of BCs/FLs  in vivo, such as AA and modulation of pro-inflammatory cytokine production and gene expression. Interestingly, BCs/FLs affect the SIRS not only by reducing the expression of cytokines and other related SIRS markers, but also by interacting with proteins that are related to inflammation. The BCs/FLs have been shown to modulate the activity of arachidonic acid (AA) metabolizing enzymes such as phospholipase A2 (PLA2), 

COX and lipoxygenase (LOX) and the NO-producing enzyme nitric oxide synthase (NOS). 

Inhibition of these enzymes by BCs/FLs reduces the production of AA, PG, leukotrienes and 

NO, which are crucial mediators of inflammation. Thus, flavonoid inhibition of these enzymes is certainly one of the important cellular mechanisms of anti-inflammation. Quercetin was the first discovered flavonoid inhibitor of PLA2, from human neutrophils. Quercetin has been shown to selectively inhibit group II secretory PLA2. Also, rutin selectively inhibited human PLA2-II from synovial fluid, while it was a weak inhibitor of human PLA2-I from pancreatic juice. 

When different BCs/FLs were compared for their ability to inhibit PLA2, small changes in structure appeared to influence both overall PLA2 inhibition and group II selectivity. 

The position of the -OH has been shown to be an important aspect of the ring C-2, 3-double 

bond. The 3' and 4' -OH on ring B appeared to be important for the selective inhibition of PLA2-II, while the 5-hydroxyl group on ring A, the unsaturation, and the 4-oxy on ring C appeared to be important for the general ability of BCs/FLs to inhibit PLA2 activity; inhibition of PLA2 was highly dependent on the position of the -OH on the A, B, and C rings, whereas the -OH at positions 5, 6, and 7 on the A ring were predicted to be required for binding to PLA2 (Bae 2015). 

Thus, quercetin, kaempferol, and galangin showed high inhibitory activity on PLA2, while naringin showed lower inhibitory activity. COX produces PGs and thromboxanes and exists in at least two different isoforms, COX-1 and COX-2. COX-1 is a constitutive enzyme that is present in almost every type of cell. 
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Whereas COX-2 is an inducible enzyme that is highly expressed in inflammation-related cell 

types, including macrophages and mast cells. Because it produces PG, COX-2 is closely associated with acute and chronic types of SIRS. Some BCs/FLs, such as luteolin, 3',4'-dihydroxyflavone, galangin and morin, catechin and epicatechin, were found to inhibit rat renal medullary COX. 

In thrombin-aggregated human platelets, certain BCs/FLs such as chrysin and apigenin were 

shown to be COX inhibitors, while myricetin and quercetin exerted strong LOX inhibition. 

Reduction of the C-2,3-double bond and glycosylation reduced the inhibitory activities of BCs/FLs. 

 Insilico analysis demonstrated that quercetin could partially inhibit the COX-2 enzyme by binding to the A subunit, which has peroxidase activity and serves as a source of ROS (Martín et al. 2004). 

The BCs/FLs can be mainly involved in the inflammation process by inhibiting and regulating enzymes that modulate pro-inflammatory cytokines or small molecules, such as ROS and RNS. 

2.5.2   inTeracTions of flavonoiDs wiTh Key proTeins in 

neuroDegeneraTive Diseases (nDDs)

Alzheimer's disease (AD) is a widespread NDD that is characterized by neurofibrillary tangles, senile plaques, and synaptic loss, ultimately leading to neuronal death. 

The NDD is a form of dementia, which is characterized by progressive memory loss, a decline in language skills and other cognitive impairments and most commonly affects the elderly (Monteiro, de Aquino, and da Silva-Júnior 2023). 

The etiology of AD is unclear; however, a variety of factors are considered in the pathophysiology of the disease, such as the formation of amyloid (A) protein plaques, low levels of acetylcholine (ACh), OSs, and abnormal post-translational modifications of the tau protein. Sequential cleavage of the amyloid precursor protein forms aggregates of A-peptides of 39-43 amino acids, which adhere to neurons as insoluble amyloid plaques. A is generated from amyloid precursor protein by site-1 

amyloid precursor protein-cleaving enzyme (BACE-1-secretase) and -secretases. 

Thus, inhibition of BACE-1 is assumed to play an important role in preventing NDDs. The 

neurotransmitter ACh plays an important role in learning and memory in the hippocampus. Two enzymes, acetylcholinesterase (AChE) and butyrylcholinesterase (BChE), are involved in the hydrolysis of ACh, decreasing its level during the development of AD. Therefore, inhibition of AChE and BChE is a highly desirable strategy for the treatment of AD. The clinically approved drugs tacrine, donepezil, galantamine, and rivastigmine improved short-term memory and cognitive levels by inhibiting AChE (Uysal et al. 2023). 

The disadvantages of these drugs and their gradual side effects, such as peripheral side effects, hepatotoxicity, and gastrointestinal tract disturbances, have encouraged researchers to develop more effective AChE inhibitors. The BCs/FLs are promising natural products with neuroprotective potential that either prevent the onset or slow the progression of age-related NDDs. The mechanism by which BCs/FLs prevent or slow the progression of NDDs could be through direct interaction with key enzymes that are involved in this disease. Some researchers examined the potential of flavonols and flavones to inhibit BACE-1. They found that four flavonols: myricetin, quercetin, kaempferol, and morin and one flavone, apigenin, directly inhibited BACE-1 enzyme activity in a concentration-dependent manner. 

Epigallocatechin-3-gallate (EGCG) and curcumin were found to reduce A-mediated upregula-

tion of BACE-1 in neuronal cultures, which interestingly increased nonamyloidogenic processing of amyloid precursor protein by enhancing -secretase cleavage. 

Some researchers reviewed the literature on natural and synthetic BCs/FLs with AChE inhibi-

tory activity (Gandhi et al. 2023). 

Hyperphosphorylation of tau proteins with subsequent accumulation as neurofibrillary tangles is a major contributor to cognitive dysfunction and one of the earliest markers of NDDs. Several kinases, such as GSK-3b and CDK5/p25, are known to contribute to the phosphorylation of tau proteins and are involved in the pathogenesis of NDDs. 
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The BCs/FLs that inhibit the activities of several kinases may be used in the prevention of NDDs. 

Morin flavonoid therapy has been shown to reduce tau hyperphosphorylation  in vitro and  in vivo in hippocampal neurons of transgenic animals (3xTg-AD mice). 

Quercetin inhibited PI3-kinase activity and Cyanidin 3-O-glucoside also provided significant protection against cognitive dysfunctions that are induced by A administration in animal models. In general, BCs/FLs may exert their potential neuroprotective actions by interacting with key proteins that are involved in NDDs (Shamsi et al. 2023). 

A better understanding of flavonoid-protein interactions in NDDs could be a promising strategy for the development of new neuroprotective therapies for the prevention and treatment of NDDs. 

2.5.3   inTeracTions of flavonoiDs wiTh Key proTeins 

anD lipoproTeins in aTherosclerosis

Atherosclerosis is another disease that BCs/FLs have been shown to alleviate. 

The first step in atherosclerosis is the accumulation of low-density lipoprotein (LDL), the main carrier of cholesterol, in the arterial wall. 

High-density lipoprotein (HDL), on the other hand, is a major anti-atherogenic factor in the blood that keeps the cholesterol level of the whole body in a state of balance. More than 80 proteins have been identified in the HDL proteome, with apolipoproteins A1 and A2 representing approximately 65% and 15% of the protein mass, respectively (Liu et al. 2023b). 

The other proteins include a variety of enzymes, such as paraoxonase 1 (PON1). PON1 is responsible for many of the anti-atherogenic properties of HDL. 

Correlations between PON1, HDL, and atherosclerosis, both  in vivo and  in vitro, have been well established. In addition to cholesterol efflux, HDL has other potent biological activities: antioxidant, anti-inflammatory, anti-apoptotic, and vasodilator. 

These activities do not necessarily depend on the amount of HDL, but probably depend on its quality. 

Regarding cardiovascular health, we have previously shown that the flavonoid glabridin, 

extracted from licorice root, acts as an excellent antioxidant and demonstrates additive antioxidant and antiatherogenic properties (Rachmawati et al. 2023). 

Glabridin binds to recombinant PON1 (rePON1) and protects its Cys284 from oxidation by the 

atherosclerotic component linoleic acid hydroperoxide (LA-OOH). 

This specific ability of glabridin is unique; the flavonoid catechin shows no binding affinity to rePON1. 

The association between flavonoid structure and their effects on rePON1 activity was further explored. The interactions of 12 representative BCs/FLs from different chemical subclasses with rePON1 were characterized. 

In addition, the potential of rePON1-flavonoid complexes to prevent LDL oxidation, a key process in atherogenesis, was examined (Atrahimovich, Vaya, and Khatib 2013). 

Catechin, which does not bind to rePON1, accelerated LDL oxidation; in contrast, glabridin 

demonstrated high binding affinity to rePON1 and enhanced its protective effect against LDL 

oxidation. Moreover, we consistently observed interactions of specific BCs/FLs with the HDL particle or its bound proteins, apolipoprotein A1 and PON1. 

We showed that quercetin and punicalagin bind to the HDL particle and increase its anti- 

inflammatory properties, while upon binding to LDL particles or to its bound apolipoprotein B100, punicalagin induced LDL influx in J774A.1 macrophage cells, which may decrease circulating LDL 

levels (Cheng et al. 2019). 

In general, BCs/FLs and PPs have been found to inhibit the symptoms of atherosclerosis and 

reduce its development through specific flavonoid interactions with cellular and serum proteins and lipoproteins. 

Extraction of Bioactive Compounds in Herbal/Plant Products 

27

2.5.4   flavonoiDs as anTicancer agenTs Through 

inTeracTion wiTh Dna anD chromaTin

The anticancer activities of BCs/FLs could be the result of the interaction of these SMs with biomolecules (DNA, RNA, and proteins). 

We recognize that dietary BCs/FLs can bind DNA specifically or stochastically and change its function. Extensive  in vitro studies suggest that BCs/FLs effectively decrease cell proliferation, induce apoptosis, and decrease the risk of metastasis (Barra et al. 2022). 

The chemopreventive effects of BCs/FLs, including luteolin, epigallocatechin gallate, quercetin, apigenin, and chrysin, have been demonstrated with an emphasis on protection against DNA damage caused by various carcinogens. 

These BCs/FLs selectively protect normal cells and induce cell death mechanisms in human 

lung cancer cells and colorectal adenoma cells during chemotherapy or radiotherapy. 

The BCs/FLs, namely quercetin, myricetin, kaempferol, apigenin, and luteolin, which are lipid soluble and weakly acidic, were found to freely diffuse through the cell membrane and specifically accumulate inside K562 leukemia cells. 

Therefore, it is suggested that BCs/FLs are more likely to bind DNA or proteins in the nucleus of the cancer cell and specifically disrupt the regulation of the NDDs genome (Atrahimovich, Avni, and Khatib 2021). 

 Insilico results showed that quercetin interacts well with G-quadruplex DNA, which is bound to telomerase. 

Quercetin acts as an anticancer therapeutic agent by regulating telomerase activity. By compar-ing computational and experimental binding profiles, a new study confirmed that quercetin has the strongest DNA binding affinity among the BCs/FLs studied. 

Furthermore, the study showed that BCs/FLs can change DNA conformation and inhibit DNA 

amplification, can show an impressive induction of cell cycle arrest, and can promote apoptosis in cancer cells, reach the effective therapeutic doses used in preclinical studies, emphasis must be placed on improved and targeted drug delivery techniques so as to achieve maximum efficacy with minimal adverse side effects (Luo, Xiang, and Xiao 2023). 

Advances in nanotechnology-based drug delivery systems open better opportunities for increasing solubility, improving bioavailability, and improving targeting capabilities of BCs/FLs. 

However, more studies are needed to establish their mechanism of action to improve our understanding of epigenetic processes that may provide a more rational basis for combining certain dietary SMs in a clinical setting. 

2.6   APPLICATIONS OF FLAVONOIDS – PHARMACOLOGICAL 

EFFECTS OF FLAVONOIDS

Among the pharmacological effects of BCs/FLs, the most representative are: activity on the 

NDDs etc. 

Some BCs/FLs (apigenin, chrysin, toxifolin, gossypin) have anti-inflammatory action  in vitro due to their influence on the metabolism of arachidonic acid, by blocking cyclooxygenase and/or lipoxygenase, enzymes involved in the blosynthesis of pro-inflammatory PGs and blood coagulation. Other BCs/FLs are antiallergic (isobutyrin, hispidulin), hepatoprotective (flavanol lignans), and antispasmodic (liquiritigenin). 

The hypoazothermic and anti-nephritic, anti-ulcer action (kaemferol) was also highlighted, 

which is due to the inhibition of the PAF factor (involved in the production of ulcers of the digestive tract mucosa) and leukotrienes (LTC4), simultaneously with the increase in the synthesis of anti-ulcer PGs (Ling, Pisar, and Man 2007). 

The BCs/FLs have general antimicrobial activity against many microorganisms. A study shows 

that BCs/FLs are strong antithrombotic agents  in vitro and  in vivo because they inhibit the activity 
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of cyclooxygenase and lipoxygenase, it being known that arachidronic acid which is released in SIRS conditions is metabolized by platelets to form PGs, endoperoxides, and thromboxane A2, important for platelet activation and aggregation. 

Thus, administered orally and weekly, BCs/FLs inhibit vascular permeability and prevent pulmonary hemorrhage. 

The BCs/FLs maintain the integrity of capillary vessels, have a direct effect on capillaries, potentiate the action of ascorbic acid, inhibit hyaluronidase, inhibit histamine, inhibit adrenaline oxidation, and have an effect on bleeding and coagulation time. 

They can also relax the muscles of the cardiovascular system, reducing blood pressure and, at the same time, improving blood circulation to the heart. 

Currently, of great interest in the study of BCs/FLs is their biological action to prevent, slow down, and stop the proliferative processes (Jalil et al. 2012). 

Thus, may BCs/FLs have been identified as modulators of the carcinogenesis process, demon-

strating their antimutagenic and anticarcinogenic effect, as well as their role as a chemopreventive agent. 

Table 2.2 shows some of the diseases for which BCs/FLs were administered in treatment. 

 In vivo experiments have confirmed the protective role of quercetin, whose effects inhibit human NDDs cells frontally. The BCs/FLs have an effect on LPO and the production of oxyradicals, as well as genotoxic, bacterially mutagenic effects, effects that have been followed by testing the mutagenicity of BCs/FLs contained in food, by testing for genetic effects in non-microbial systems  in vitro and  in vivo, and by testing for carcinogenicity in animal experiments (da Silva Junior et al. 

2018). 

Various BCs/FLs have demonstrated their effectiveness to eliminate the processes of LPO of 

linoleic acid or phospholipids in membranes, red blood cell peroxidation, and autooxidation of brain homogenates. The ability to inhibit  in vitro the oxidation of LDL and reduce the cytotoxicity of LDL oxidases was also studied. Because of this, subjects who consumed products rich in BCs/FLs presented low risks in the case of NDDs. 

Due to their antioxidant properties, BCs/FLs contribute to the reduction of SIRS, such as arthritis and to the treatment of one of the most widespread degenerative diseases, atherosclerosis. 

TABLE 2.2

Diseases Treated with Flavonoids

Applied flavonoids

Aim

Disease

Hydroxyethylrutoside Quercetin, 

Synthesis of PG

Pain and swelling cramps, fatigue/tired legs/

Silymarin

edema/unswollen ankles

Quercetin

Aldolase reductase

Diabetes mellitus

Rutin/Citrine

Capillary wall (PG)

Allergy

Disodium cromoglycate

H+ATPase

Allergy

Quercetin

cell

Allergy

Quercetin

Capillary wall (PG)

Periodontitis

Quercetin

Na+K+ATP-ase

NDDs

Quercetin

H+ATP-ase of the ribosomal 

Virus infections; common cold

membrane

Quercetin

Aryihydroxylase Epoxide 

Chemical oncogenesis

hydroxylase

Sofalcona, Quercetina

Synthesis of PG

Oral surgery, stomach duodenal ulcer

Kaempferol

bang

Ulcer

(+)3-cyanidanol Meciadanol, catechins

H+K+ATPase gastric

Ulcer
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Quercetin inhibits the oxidation of LDL, a process that is an important step in the formation of atherosclerotic plaques and, as a result, in NDDs. Only one aglycone of the tested BCs/FLs confirmed appreciable mutagenic activity. in terms of the therapeutic potential of BCs/FLs, quercetin has, in addition to its action due to its antioxidant property, an anti-inflammatory effect; improves insulin secretion and protects pancreatic cells from the action of FRs. 

In addition, it inhibits the NADH-dependent enzyme, a compound that produces complications 

in diabetes and even in cataracts. It has a beneficial action in the treatment of prostate tumors and inhibits collagen-induced serotonin secretion; in conclusion, quercetin is active in various diseases such as NDDs (Çelik, Koşar, and Arinç 2013). 

Rutin has real capillary protective, antihypertensive, vasodilatory, anti-inflammatory properties. Rutin is also notable for its antioxidant action, being useful in some red blood cell pathologies. Genistein and tangeretin have action in various forms of NDDs. It has also been proven to be cytotoxic in hormone-dependent NDDs or prostate and breast cancer; and in leukemia. Naringenin and luteolin have vasodilatory and antiarrhythmic action. 3-Rhamnoquercetin has antidiarrheal and antiallergic activity. 

3-Hydroxyflavones and 3',4'-dihydroxyfalvones and 2',3'-dihydroxyfalvones (fisetin, apigenin, luteolin, and genistein) have an inhibitory action on cell proliferation (Çelik and Koşar  2012).  

Thus, flavones with partially methylated -OH have antitumor action; flavones have antispasmo-lytic activity; flavanones have antifungal and antimicrobial action; isoflavones have antiestrogenic, antimutagenic, antifungal, and antimicrobial action; and chalcones have antimycotic, antibacterial, cytotoxic, and antiallergic action. 

2.7   CONCLUSION AND FUTURE PERSPECTIVES

Different methods of extracting natural products can be applied, but the approach strategies are established depending on the origin of the material from which they are to be extracted. In the case of BCs/FLs, account is first taken of the identification of the individual components as much as possible in order to be able to establish as precisely as possible which fact is due to their biological properties. The presence in the medium of carbohydrates and/or lipophilic substrates can have an influence on the composition (both qualitative and quantitative) of the obtained extract. 

Nutrition can profoundly affect brain function and the neurodegenerative process. Low nutrient intake induces a state of malnutrition, with low BMI increasing the neurodegenerative process. 

Differently, overnutrition can lead to obesity and metabolic syndrome, which is also responsible for neurodegeneration due to insulin resistance and SIRS markers. Diet due to the controlled caloric intake, and the amount of PPs and BCs/FLs (fruits, vegetables, olive oil, red wine) plus a regular intake of proteins (fish and meat) and carbohydrates (cereals) reduce insulin resistance and the level of pro-cytokines inflammatory cells causing neuronal protection and slowing neurodegenerative progression. Nutrition is an important strategy for preventing neuronal and cognitive decline in NDDs. The consumption of BCs/FLs reduces neurodegenerative progression due to the high intake of PPs and low-calorie consumption. Cognitive impairment seems more correlated with improved insulin action in the brain. Undernutrition has a detrimental effect on the progression and mortality of NDDs, and patients with low BMI are at greater risk. Clinical effects of nutrition on NDDs should be assessed, including energy intake and macronutrients. Some SMs of plant origin can intensively block the activity of the two enzymes, which leads to the stimulation to a greater or lesser extent of some neural processes, but also to the appearance of side effects such as nausea, vomiting, diarrhoea, dyspepsia, respiratory depression, and skin rashes. The PCs, but also the iridoids from the plant extracts, could have a very good antioxidant action; this is being investigated in current research through the  in vitro determination of the chelating capacity of the ferrous ion. 

The results highlighted the fact that all BCs/FLs have a significant AA, some of them (luteolin and myricetin) although in low concentrations reduce by half the damage caused by FRs at the cellular level. It can be concluded that each flavonoid has a higher antioxidant capacity when it acts alone 
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than when it acts combined with other BCs/FLs, and the antioxidant capacity increases with the increase in the concentration of the flavonoid in the solution, but this increase is not proportional to the concentration. It is believed that the neuroprotective effect of the extracts could be due, on the one hand, to the anti-inflammatory action and, on the other hand, to the antioxidant qualities, but also to the presence of BCs in the extracts. 
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in Huntington’s Disease
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3.1   INTRODUCTION

Neurodegeneration, an escalating neuronal deterioration, involves loss in structural integrity as well as functional ability of the nerve cells and represents an array of neurological diseases with heterogeneous pathological and clinical expressions, described by functional and structural abnormalities of the nervous system. Any pathological ailment that results in neuronal death exerts irreparable loss, and, in maximum cases, the cognitive damage cannot be replenished, as observed in common neurodegenerative ailments such as dementia, amyotrophic lateral sclerosis, cerebella degeneration, Alzheimer’s disease, and Huntington’s disease. A physician from Ohio, George Huntington, was the first to describe Huntington’s disease (HD) in 1872. HD is an inherited autosomal dominant neurodegenerative condition that pass from one generation to another within families and is characterized by uncontrolled choreatic movements with behavioral and cognitive disturbances that also involve memory and weight loss (Kshirsagar et al. 2021). Symptoms insidiously show between the ages of 35 and 50; however, the onset age varies from early childhood up to old age. The disorder is progressive and becomes incurable after 15–20 years after onset. In juvenile patients of HD, the symptoms are different and include rigidity, bradykinesia, and dystonia. In such cases, chorea can be entirely absent (Malkani et al. 2018). The disease affects the medium spiny neurons of the striatum and the cortex. A loss of enkephalin neurons of basal ganglia and γ-amino butyric acid (GABA) is also observed in HD along with alterations in the number of N-methyl-D-aspartate receptors 

(Choudhary et al. 2013). Besides, elongation of cytosine-adenine-guanine (CAG) repeats leads to generation of a polyglutamine stretch, which is also a cause of HD. CAG codes for glutamine and expansion of the code leads to an abnormally stretched glutamine tract within the N- terminus of huntingtin protein (Htt) (Kshirsagar et al. 2021). The length of the CAG repeat and the starting age for HD occurrence are inversely correlated with each other. Death often occurs 15–20 years after the first symptoms appear. At biochemical level, HD patients exhibit reduction in levels of gamma-aminobutyric acid (GABA) and acetylcholine (ACh) and the enzymes involved in their synthesis, glutamate decarboxylase and choline-acetyl transferase, respectively (Choudhary et al. 2013). 

Among different geographic regions and diverse ethnic groups, HD is of universal occurrence. 

With no gender dominance, it is prevalent among 5–8 individuals per lakh worldwide. Its frequency is the highest among people of European origin. In Japan, its occurrence rate is one-tenth of the population of European origin. In India, its frequency rate is in comparison with that in western Europe (Irfan et al. 2022). This distressingly high incidence of HD can be explained by geographic differences in haplotypes of Huntington gene, different mutation rates, and environmental factors (Dey et al. 2020). An augmented interest in plant-based healthy diets has considerably changed the direction of research for product development. Several nutritional and pharmaceutical products-based establishments have brought functional foods and nutraceuticals into the marketplace due 
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to their health-promoting potential. This chapter highlights the beneficiary role of plant and plant-based products against this progressive neurodegenerative health ailment. 

3.2   CLINICAL SYMPTOMOLOGY OF HD

Based on the severity of the disease, the entire sequence of HD progression is divided into three main stages: early, middle, and late depending upon the disease onset in the patient. HD is linked with motor, cognitive, and psychiatric instabilities. The patients exhibit both involuntary body movements and unusual voluntary movements. These abnormal movements follow a biphasic pattern 

that involves an initial hyperkinetic response, which increases with time followed by bradykinesia, resulting in rigid-akinetic state and severe hypokinesia (Sturrock and Leavitt 2010). Impaired movements include chorea, i.e., writhing or jerking movements of face, neck, and trunk; dystonia involving muscular contracture or rigidity; faster eye movements; limb stiffness; sporadic limb movement; and impaired body balance. Besides, dysarthria, i.e., irregularity in speech and dysphagia, impaired swallowing, are also observed in patients with HD (Carroll et al. 2015; Dey et al. 2020). 

The non-motor-related symptoms include distinctive cognitive and emotional instabilities (Walia 

et al. 2021). The progressive cognitive impairment is also referred to as subcortical dementia and includes common cognitive symptoms such as defective recalling ability, bradyphrenia, weakening of intellectual abilities, trouble in performing functions along with changes in the patient’s personality 

(Choudhary et al. 2013). Certain psychiatric imbalances, including anxiety, depression, irritability, impulsivity, aggression, and suicidal thoughts, are also observed as major symptoms (Paoli et al. 2017). 

3.3   PATHOLOGICAL SYMPTOMS OF HD

Degradation of neurons in caudate, putamen, and the cerebral cortex is the primary feature of HD. The area-specific neuronal loss from the basal ganglia and the cortex in the affected patients describe the phenotypic variation. Loss of medium spiny neurons containing encephalin in basal ganglia leads to chorea. Loss of medium spiny neurons containing substance-P leads to akinesia and dystonia development. Several theories related to pathogenesis of HD have been proposed, and more than one process may be involved at one time. 

3.3.1   oxiDaTive sTress

It is one of the main pathological reasons behind neurodegenerative disorders. Augmented amounts of reactive oxygen species (ROS) and diminished action of antioxidative pathways result in neuronal death (Farooqui et al. 2009; Farombi et al. 2019; Oladele et al. 2020). Protein oxidation, lipid peroxidation, deoxyribonucleic acid mutation along with oxidation leads to impairment of nerve cells during oxidative stress (Jimenez-Sanchez et al. 2017). Increased amounts of malondialdehyde (MDA), lipid peroxidation marker, heme-oxygenase, and 3-nitrotyrosine have been reported in the brains of patients with HD (Chen 2011). ROS also stimulates aggregation of mutant Huntingtin (mHtt) protein along with mutant Huntingtin-dependent cellular death by simulating proteasomal failure. 

Augmented amounts of free radicals leads to impaired mitochondrial functioning and energy production, and this metabolic alteration eventually results in excitotoxic damage (Tunez et al. 2010).  

However, even though several studies indicate the crucial role of oxidative stress in HD pathogenesis, a direct connotation between HD and oxidative stress has not been reported. 

3.3.2   exciToToxiciTy

Excitotoxicity is one of the assumptions that have been put forward for explaining disintegration of spiny projection neurons in the striatum of the brain of HD patients. Excitotoxic neuronal cell death is instigated by unwarranted glutamate neurotransmission and involves extreme activation of the 
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glutamate receptors and diminished uptake of glutamate by the glia, along with a persistent rise in levels of intracellular calcium (Choudhary et al. 2013). Excitated amino acids further overactivate the NMDA receptors, leading to formation of free radicals and opening of mitochondria’s transition pore, both of which are lethal. As seen in HD patients, direct incorporation of acids like kainic acid into the striatum nuclei leads to neurodegeneration of MSN (Chang et al. 2015). 

3.3.3   miTochonDrial impairmenT

Mitochondrion, the power house of the cell, is the site for cellular respiration and oxidative phosphorylation that eventually leads to adenosine triphosphate (ATP) generation. Along with this, they are also responsible for maintaining calcium at low levels in the cytosol. Dysfunctional mitochondria leads to diminished glucose metabolism, oxygen consumption, and reduced amounts of cyclic adenosine monophosphate (cAMP) within the cerebrospinal fluid, as reported in HD affected individuals (Cramer et al. 1984; Leenders et al. 1986). Further, augmentation in levels of lactate in the cerebrospinal fluid and cerebral cortical tissue is also observed (Koroshetz et al. 1997). Deregulation of mitochondrial functioning by 3-nitropropionic acid, a mitochondrial toxin, leads to metabolic impairment as an outcome of energy impairment, excitotoxicity, and oxidative stress, which further results in cytotoxicity in the striatum. All these changes due to mitochondrial dysfunction also make striatal neurons sensitive to excitotoxicity in HD (Fontaine et al. 2000). 

3.4   AMELIORATIVE POTENTIAL OF PLANTS AND 

THEIR PHYTOCONSTITUENTS IN HD

A plethora of studies suggest that dietary supplementation or intake of natural products delays or prevents the commencement of several neurodegenerative disorders (Chang et al. 2015). Nature is referred to as the best chemist that has the cure for all diseases known to mankind. Several thousand plant species growing globally exhibit a direct pharmacological action onto the body. These medicinal herbs contain a mixture of phytoconstituents, secondary metabolites, and organic chemicals that include alkaloids, flavonoids, fatty acids, sterols, saponins, glycosides, terpenes, etc. Greater efficacy, slighter side effects, and synergistic interaction of secondary metabolites in cases of complex health disorders make plant-based medicine a popular candidate. Thus, medicinal herbs are favored over the synthetic drug therapy as a more effective remedy for brain disorders (Dey et al. 2020; Adebayo et al. 2024; Ajayi et al. 2024). Both genetic and chemical rat models of HD are employed to check the efficacy of plants and plant-based phytoconstituents in preventing HD progression or development. However, not even a single model can broadly replicate both neuropathological and behavioral alterations as observed in humans. The chemical-based experimental procedures mainly employ 3-nitropropionic acid (3-NP), which, upon systemic administration at lower dose to rodents, causes deterioration of the striatal neurons, the same neurons which gets damaged in HD. The genetic-based experimental procedures include three different approaches: N-terminus transgenic animal models that possess only the 5’ part of human  HTT gene containing CAG repeats; full length transgenic animal models carrying the entire HTT sequence with the CAG repeats; and the knock-in models wherein the CAG repeats are directly incorporated in the mice Htt genome locus. The genetic procedures vary in disease severity and time of its onset, where the N-terminus transgenic animal displays the most typical phenotypic characters (Maher et al. 2011). In the following section, we summarize briefly the neuroprotective role of medicinal plants and their phytoconstituents. 

3.4.1   bacopa monnieri

Commonly known as water hyssop/Brahmi,  B. monnieri ( Plantaginaceae) is traditionally employed in Ayurvedic medicine as an anti-epileptic, memory enhancer, and sedative (Dey et al. 2020). This creeping perennial herb belongs to the family Scrophulariaceae and is commonly found in warm 
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wetlands. Brahmi is indigenous to both India and Australia and is also grown in Nepal, Sri Lanka, Vietnam, China, Taiwan, Florida, and other southern states in the United States (Irfan et al. 2022).  

The nootropic utility of the plant has been substantiated in various randomized, placebo-controlled, double-blind trials. The alcohol extract of the plant has been reported to display cognition-augmenting effects, including enhanced motor learning, consolidation, and memory retention in rats. The bacosides present in the plant extracts can pass through the blood–brain barrier via lipid-facilitated free diffusion because of its hydrophobic nature and pose a stimulatory effect on brain health and functioning (Chauhan et al. 2015). Phytocompounds bacopasaponin D as well as bacopasaponin G 

present in the plant have been reported to suppress the binding activity of amyloid-b plaques, thus posing as a potential anti-neurodegenerative capacity (Sangeet and Khan 2022). Dietary supplementation of  B. monnieri leaves to prepubertal mice regulates mitochondrial and cytoplasmic oxidative markers by ameliorating the neurotoxicity caused by 3-NP (Shinomol 2011). 

3.4.2   cenTella asiaTica

 C. asiatica, belongs to the family Umbelliferae and is commonly referred to as Indian pennywort, Gotu kola, and Jal brahmi. In Ayurveda it falls in the category of Rasayanas since it has the capacity to improve age and memory-related brain ailments (Choudhary et al. 2013). In India it is known as a “brain food” since it revitalizes nerve and brain cells. Several experimental reports have revealed the neuropharmacological potential of  C. asiatica in memory enhancement, rectification of cognitive dysfunction, amplified neurite elongation, and accelerated nerve regeneration, etc. (Dey et al. 

2020). In mice models, the neuroprotective efficiency of  C. asiatica aqueous extract (5 mg/kg bw) was observed against 3-NP instigated oxidative damage and mitochondrial dysfunctioning in the striatum along with other regions of the brain. The increased levels of ROS, MDA, and hydroperoxides within the cytosol and mitochondrial striatum were fully attenuated by the  C. asiatica extract. 

The protection from significant reduction in total thiols and glutathione levels and alterations in antioxidant enzyme defenses was also observed. The  C. asiatica prophylaxis posed varied degrees of defense against 3-NP induced mitochondrial dysfunctioning, i.e., a decrease succinic dehydrogenase activity, electron transport chain enzymes, and reduced mitochondrial viability (Shinomol 2008). The hydroalcoholic extract of  C. asiatica (HA-CA) at a daily dose of 80 and 100 mg/L in water for up to 28 days was tested for its neuroprotective capacity on 3-NP induced HD in zebrafish. The HA-CA extract treatment significantly decreased the induced HD symptoms like aug-

mented lipid peroxidation, nitrite levels, and acetyl-cholinesterase activity. Oral administration of the extract significantly rectified changes in behavior and body weight and behaviors, in addition to reduction in neuro-inflammation of the brain by reducing the levels of interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α) (Kumar et al. 2022). 

3.4.3   curcuma longa

Volatile oils like  d-sabinene, cinol, sesquiterpenes, borneol, and zingiberene are obtained from the plant rhizome. Turmerone, ar-turmerone, and zingiberene are attributes towards the aroma of the plant. Both turmeric and its major constituent curcumin have extensively been reported for their major function in curing neurological ailments. The neuroprotective potential of the plant has been confirmed in various neurodegenerative/neuropsychiatric ailments, including cognitive deficits, anxiety, epilepsy, Parkinson's disease, Alzheimer's disease, HD, and multiple sclerosis (Razavi and 

Hosseinzadeh 2020). In a study in  Drosophila model of HD, curcumin commendably lowered the high crystal cell count along with activity of phenoloxidase in the flies exhibiting HD- like symptoms. Additionaly, curcumin considerably managed the altered plasmatocyte count, amended their phagocytic ability via upregulation of phagocytic receptors implicated in HD. Moreover, ROS alleviation and mitochondrial dysfunctioning were also reported in plasmatocytes of these flies after administration of curcumin. Furthermore, curcumin supplementation efficiently attenuated the 
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transcriptional expression of AMPs and pro-inflammatory cytokines in HD  Drosophila. Curcumin effectually cured anomalous body weight, dysregulated lipid, and carbohydrate levels in HD model of  Drosophila flies. Besides, in the adipose tissue of these flies, curcumin supplementation lowered augmented ROS levels and upgraded the functioning of locomotor and viability attributes during the later stages of the disease (Aditi et al. 2022). This study clearly suggested the efficient role of curcumin in attenuating metabolic instabilities in HD flies, thus proving beneficiary in easing complexities related with HD. 

3.4.4   ficus religiosa

Different parts of  F. religiosa,  a sacred deciduous tree, are used in Ayurveda for treatment of cough, asthma, nose bleeding, heart diseases, diabetes, fever, toothaches, constipation, and jaundice. The plant contains an array of bioactive compounds, including phenols, carotenoids, flavonoids, sterols, anthocyanins, saponins, terpenoids, alkaloids, and tannins (Bhangale et al. 2015). High doses of ethanolic and ethyl acetate extracts of  F. religiosa (400 mg/kg) to HD induced rats prohibited behavioral (memory deficit, hypolocomotion, and muscle incordination), neurochemical (increased acetylcholinesterase activity), and biochemical (heightened lipid peroxidation, reduced GSH, SOD 

and CAT levels) alterations in comparison to 3-NP treated rats, thus protecting the brain from the damaging effects of oxidative stress (Bhangale et al. 2016). 

3.4.5   ginKgo biloba

Native to China, the extract of the plant extract is a common health product used in the United States. Supplements and drugs containing several preparations from leaves of  G. biloba leaves are commonly used by the elderly population (Bader et al. 2018). “Gold standard” EGb761  Ginkgo extract contains ginkgolides (Ginkgolide A-C, Ginkgolide J-M), several flavonoids (isorhamnetins, quercetin and biflavonoids), bilobalide, and proanthocyanidins (Choudhary et al. 2013;  Kwon et al. 

2015). Its safety and efficacy in treatment of cognitive impairments, dementia, vertigo, and tinnitus have been confirmed through various clinical studies (Dey et al. 2020). In rat models pretreated with EGb 761, downregulation of striatal glyceraldehyde-3-phosphate dehydrogenase ( GAPDH) and  Bax along with upregulation of  Bclxl gene expression level was observed in comparison to 3-NP induced HD groups. Histochemical studies revealed that EGb 761 considerably prohibited 3-NP facilitated succinate dehydrogenase enzyme activity (Mahdy et al. 2011). These biochemical discoveries, along with histological results suggested the potential utilization of EGb 761 in HD. 

3.4.6   panax ginseng

The dried plant root of  Panax is called Ginseng. The plant is native to China and Korea but now is cultivated globally in countries like Japan, US, Canada, Vietnam, Russia, Nepal and in Eastern Himalayas (Irfan et al. 2022). The beneficiary role of  P. ginseng in neurodegenerative disorders is largely attributed to the immunomodulatory and antioxidative activities of its saponins i.e. ginsenoside. Approximately 30 different ginsenosides have been identified and have been used for treating HD symptoms (Hua et al. 2022). Several mechanistic experiments on neuroprotective potential of ginsenosides have disclosed that they act as antioxidants and modulators of neuronal intracellular signaling and metabolism, cell survival and death genes, and mitochondrial functioning (Kim et al. 

2018).  Kim et al. (2005) studied the role of ginseng total saponins (GTS) in striatal neurotoxicity induced rat models. Systemic GTS administration significantly improved 3-NP implicated behavioral disorders and extended the survivorship rate of rats. The authors proposed that GTS inhibits 3-NP induced increase in intracellular concentration of Ca2+ and restored the decreased mitochondrial transmembrane potential in  in vitro cultured rat striatal neurons. GTS in a dose dependent patterns also prevented striatal neurons cytotoxicity. Similarly, Kim et al (2018) also confirmed the 
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neuroprotective potential of  P. ginseng and revealed that both pretreatment and co-treatment with  P. 

 ginseng extract to striatal toxicity induced in mice amended not only clinical performance but also striatal neuronal cytotoxicity by modulating microglial stimulation, inflammatory markers (nitric oxide synthase (iNOS), interleukin-6 (IL-6), TNF-α and IL-1β), along with activation of ERK1/2 

MAPKs and p38 signaling cascades. 

A systematic administration of ginsenoside R6/2 to mice clearly repressed the stimulation of ataxia-telangiectasia mutated (ATM)/AMP-activated protein kinase (AMPK) protein kinase signaling and lessened neuronal toxicity as well as mutant HTT aggregation. Concurrently, it improved neuronal density, lifespan, and motor dysfunctioning in R6/2 mice. Also, ginsenoside augmented the expression of Bcl2 protected cells of striatum from the toxicity persuaded by over activation of AMPK and mHtt (Hua et al. 2022). In HD cellular model with primary striatal medium spiny neuronal cultures, ginsenosides Rc, Rb1, and Rg5 exercised defensive effects on glutamate facilitated apoptosis (Wu et al. 2009) In HD Sprague-Dawley male rat model, protopanaxtriol extracted from  P. ginseng was reported to exhibit neuroprotective effects on 3-NP induced oxidative stress. 

Oral supplementation of the compound led to marked improvements in bodily weight and locomotor activities. The beneficiary effect of protopanaxtriol was mediated by up regulating the entry of Nrf2 factor in the nucleus while augmenting the expression of nicotinamide adenine dinucleotide phosphate quinone oxidase-1 and heme oxygenase-1 in the striatum (Gao et al. 2015). 

3.4.7   wiThania somnifera

 Withania somnifera, commonly referred to as Ashwaghanda/Indian Winter Cherry, is a widely employed herbal medicine as adaptogen, nerve tonic, anti-stress, memory augmenter and used for the treatment of rheumatoid arthritis, insomnia, cognitive deficits, anxiety, infectious diseases, gout, and infertility. Its formulations are used in Ayurvedic and Unani medicinal system (Dar and Ahmad 

2020). The plant is rich in steroidal lactones, also called withanolides, which are also present as glycosides (withanosides) in both leaves and rot of the plant. In addition, sitoindosides, phenolic compounds, multiple alkaloids, and organic acids are also reported from the plant (Zahiruddin et 

al. 2020). Some of the withanolides present in the plant have electrophilic sites that confer thiol reactivity, which is considered to play an important role in facilitating biological activity related with antioxidant responses and directing other electrophilic sensors that regulate transcriptional and post-transcriptional response parameters (Speers et al. 2021). 

The implication of GABAergic in HD pathogensis is well documented and  W. somnifera  has been reported to act upon the GABAergic system (Choudhary et al. 2013). The root extract of the plant at a dosage of 100 and 200 mg/kg, incorporated as a pretreatment, could significantly improve several cognitive functions, repaired acetyl cholinesterase activity as well as glutathione enzyme levels in 3-NP treated animals in a dose dependant manner. The extract upregulated the level of antioxidant enzymes, ATP synthesis, and mitochondrial complex activity and downregulated lipid peroxidation and the level of nitrite and lactate dehydrogenase enzymes (Kumar and Kumar 2009).  

Withaferin A, an active phytoconstituent present in plants, can partially rescue defective proteostasis in HD mouse models by triggering heat shock response (HSR), thus delaying disease progression. 

Withaferin A exposure upregulates HSF1 and triggers expression of chaperones such as HSP70 as observed in an  in vitro cell culture experiment along with suppression of mutant Htt protein aggregation in the HD cell model. The lifespan of HD mice considerably increased upon treatment with withaferin A along with rectification of progressive motor behavior alteration and deteriorated body weight. The biochemical studies further confirmed that HSR activation improves striatal functioning and reduction in inflammatory markres in HD mouse brains treated with Withaferin A, suggesting the putative role of Withania’s phytoconstituent in HD treatment and other ailments that involves protein aggregation and misfolding (Joshi et al. 2021). Withanolide A extracted from  W. 

 somnifera exhibits the capacity to reconstruct synapses and regenerate neurites in damaged neurons (Kuboyama et al. 2005). 
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3.4.8   ugni molinae

The fruits of  Ugni molinae, a Chilean berry, were able to reduce protein aggregation in an HD HEK293 

cell model. The phenol rich berry extracts of genotype ETE 19–1 considerably decreased levels of polyglutamine peptide aggregates, which was correlated with modulated expression of proteins related to autophagy. Further, liquid chromatography-mass spectroscopy and molecular network exploration revealed the occurrence of several flavonoids, ellagitannins, and phenolic acids responsible for its neuroprotective effect (Perez-Arancibia et al. 2021). Continuing with the same extract, Perez et al. (2022),  

using an R6/2 HD mouse model, evaluated the motor capacity employing Rotarod test and reported improved motor functioning besides a decline in protein aggregation in brain striatum as revealed by western blots. In addition to similar positive results, Cisternas-Olemando et al. (2023) also observed a reduction in neuroinflammation of striatum along with relief from intestinal damage in R6/2 HD mice. 

3.4.9   berberine

Berberine is a naturally occurring quaternary ammonium salt derived from protoberberine type isoquinoline alkaloids (Dey et al. 2020). Isolated from plants like  Berberis sp., it is a part of traditional medical systems, including Iranian, Ayurvedic, and Chinese medicine, and it has been used for curing diabetes, cancer, cardiovascular diseases, hypertension, etc. Several preclinical reports conclusively show that berberine imparts a therapeutic role in disorders of central nervous system 

(Cheng et al. 2022). Berberine exerted protection to transgenic N171- 82Q HD mice, attenuated motor imbalances, and increased age in mice by disrupting the mutant Htt and stimulating autophagy (Jiang et al. 2015). Quinolinic acid (QA) induced neurotoxicity in mice models revealed that berberine supplementation (50 mg/kg b.w) for two weeks could significantly prevent QA-induced cognitive and motor impairment and associated pathologic alterations in the mice brain. In addition, berberine attenuated QA inhibited phosphorylation of the protein kinase C (PKC) and the associated downstream molecules ERK, GSK-3β, and CREB and augmented glutamate levels and 

release of neuroinflammatory cytokines; these effects were attenuated by berberine (Liu et al. 2019).  

Berberine mitigate haloperidol and 3-NP induced behavioral alterations and enhanced the antioxidant status in rodents (Kadir et al. 2022). In HD rat models, berbine partially protected the striatum by activating BDNF–TrkB–PI3K/Akt signaling pathway and ameliorating the neuroinflammatory 

status by obstructing NF-κB p65 along with suppression of downstream cytokines TNF-α and IL-1β 

(anti-inflammatory response). In addition, berberine also expressed antioxidant reduced MDA, increased GSH and Nrf2 levels) anti-apoptotic (downregulation of capsase-3 and generation of pro-survival Bcl-2 protein) and effects in this 3-NP induced HD model (Gendy et al. 2023)

3.4.10   cannabigerol

A nonpsychotropic phytocannabinoid, cannabigerol significantly rectified reactive microgliosis and the upregulated proinflammatory markers in R6/2 rats induced by 3-NP, thus taming motor deficit responses and protecting striatal neurons. In addition, cannabigerol treatment enhanced the activity of antioxidant defenses. Employing HD array analysis, the expression of genes linked with the disease such as symple-kin; histone deacetylase 2, δ subunit of the gamma-aminobutyric acid-A receptor; huntingtin-associated protein 1; and hippocalcin, which was changed in R6/2 mice, was found to be normalized partially by the phytocannabinoid treatment. In addition, improvement in expression of brain-derived neurotrophic factor (BDNF), peroxisome proliferator-activated receptor-γ (PPARγ) and insulin-like growth factor-1 

(IGF-1), was also reported in cannabigerol treated animals (Valdeolivas et al. 2015). 

3.4.11   embelin

Embelin  (2,5- dihyd roxy- 3-und ecyl- 1,4-b enzoq uinon e),  an  alkyl  substituted  hydroxy  benzoquinone present in all parts of  Embelia ribes,  exerted a neuroprotective effect in an HD induced rat model 
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at a dosage of 10 and 20 mg/kg. The co-treatment of embelin and 3 NP for seven consecutive days, significantly reversed antioxidant status, i.e., decreased MDA levels, and increased levels of antioxidants (GSH, CAT and GST). Embelin treatment also exhibited significant reduction of 69%–76% 

brain lesion area indicating its ability to overturn striatal neuronal damage caused by the neurotoxin. Additionally, an improvement in behavioral imbalances, cognitive performance, and memory retention was also observed (Dhadde et al. 2016). 

3.4.12   ferulic aciD

The phenolic compound ferulic acid is a hydroxycinnamic acid derivative, obtained from  Ferula communis L. (Sajjadi et al. 2012). Ferulic acid, along with fish oil, exhibited high neuroprotective potential in comparison to fish oil or ferulic acid alone and reduced levels of MDA, nitric oxides, and hydroperoxides in rat models. By restoring the mitochondrial functioning, it could effectively regulate levels of AChE and dopamine (Joseph 2014). Ferulic acid can readily neutralize oxidative stress imposed in the striatum and cerebellum regions of the brain by neurotoxin like 3NP and restores the activity of antioxidant enzymes and cytosolic calcium levels (Srinivasan et al. 2007).  

In addition, administration of ferulic acid to rats recovered the nerve terminals of the striatum and the dopamine neurons of the substantia nigra pars compacta area in rat models. It also regulated the antioxidant enzymes, prohibited GSH depletion, and repressed lipid peroxidation, thus promoted microglial attenuation and astrocytic stimulation by dropping the levels of inflammatory mediators like cyclooxygenase-2 and pro-inflammatory cytokines (Ojha et al. 2015). 

3.4.13   flavonoiDs

Flavonoids are polyphenolic compounds that share a common phenylbenzopyrone structure 

(C6-C3-C6) and are widely present within the plant kingdom (Choudhary et al. 2013). These compounds are powerful antioxidants and possess free radical scavenging capabilities due to the presence of aromatic hydroxyl groups. The daily intake of flavonoids varies between 20 and 500 mg, and it is obtained primarily from vegetables, fruits, tea, cocoa, and red wine (Khan et al. 2018). They are classified into numerous classes such as flavones, flavanones, flavonols, flavan-3-ols, isoflavones, and anthocyanidins, reliant upon the oxidation level and the substitution pattern of their phenylbenzopyran ring (Maher et al. 2019). 

Hesperidin, a flavonoid from citrus, can move across the blood–brain barrier and exert neuroprotective potential. In the rat hippocampus, hesperidin repressed glutamate release and elevated levels of free cytosolic Ca2+ concentration in response to treatment with 4-aminopyridine (4-AP). 

Hesperidin decreased the occurrence of impulsive excitatory postsynaptic currents without altering their amplitude, thereby demonstrating the contribution of a presynaptic process. Pretreatment with hesperidine (10/50 mg/kg, i.p) modulated neuronal death implicated by kainic acid within the rats hippocampus region of the brain (Chang et al. 2015). In another study by Kumar et al. (2013),  

combination treatment of minocycline (25 mg/kg) and hesperidin (50 mg/kg) significantly regulated quinolinic acid induced HD symptoms such as reduced body weight, weakened locomotion 

and memory performance, oxidative damage, mitochondrial dysfunction, augmented striatal lesion volume, and altered BDNF expression in rats. 

The 14 days oral administration of chrysin (5, 7-dihydroxyflavone) at 50 mg/kg b.w. efficiently exhibited a neuroprotective effect in 3-NP treated male Wistar rats. The flavonoid enhanced behavioral performances and synchronized the complex events occurring in the mitochondria. 

Furthermore, chrysin reduced oxidative stress markers, including lipid peroxidation and protein and nitrite carbonyls by augmenting the overall antioxidant status within the striatal mitochondria. 

Chrysin prevented apoptosis by upregulating the expression of Bcl-2 mRNA and downregulating the pro-apoptotic mRNAs (Bad, Bax) under the influence of 3-NP induced condition (Thangarajan 

et al. 2016). Mohammed et al (2023) reported that luteolin could efficiently reduce the mutant Htt 
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cytotoxicity and protect the neuroblasts. Additionally it also reduced the amassment of soluble and amassed insoluble mutant Htt proteins. The luteolin-facilitated decline of these protein aggregates is independent of the antioxidative Nrf2-ARE pathway. Chronic oral supplementation of 7,8 

Dihydroxyflavone to transgenic R6/1 N-terminal HD mice, at a dose of 5 mg/kg, deferred the progress of cognitive and motor deficits, prohibited the striatal volume loss, boosted neurotrophic factor signaling markers such as enkephalin, and diminished inflammatory markers by activating downstream signaling PLC γ1 pathway (Barriga et al. 2017). 

er flavonol, quercetin, was tested in 3-NP rat models. Sandhir and Mehrotra (2013) orally administered quercetin (25 mg/kg/day) and reported reduced motor imbalances, improved mitochondrial function besides attenuating oxidative stress markers. Although they suggested the beneficiary role of quercetin on survival of striatal neurons, their results were unclear. In a study conducted by 

Chakraborty et al. (2014), i.p. dose of quercetin (50 mg/kg) increased motor function and decreased inflammatory markers (serotonin metabolism). Kaempferol (25 mg/kg, i.p.); on the other hand, in comparison to quercetin, reduced motor deficits besides attenuating the striatal neurons loss in 3-NP treated rats (Lagoa et al. 2009). Rutin, a glycoside of quercetin, was tested in another study in a 3-NP rat model. Daily rutin dosage of 25 and 50 mg/kg prevented impairments caused by 3-NP 

such as motor dysfunctioning, body weight reduction, and memory loss. It also reduced inflammatory and oxidative stress markers and rectified the concentration of glutathione, activities of CAT, SOD, glutathione peroxidase, glutathione-S-transferase, and glutathione reductase. In addition to a reduction in amounts of lipid peroxides, nitrites, glial fibrillary acidic protein, as well as acetylcholine esterase activity was also reported (Suganya et al. 2017). In another study conducted in Caenorhabditis elegans HD model of HD, chronic rutin supplementation lowered aggregation of polyglutamine (polyQ) protein in muscle, decreased polyQ-facilitated neuronal death in sensory ASH neurons, and prolonged the lifespan. Activation of autophagy (protein degradation) and insulin/IGF1 (IIS) signaling pathways along with augmented antioxidant defense were reported to be the possible mechanisms via which rutin exerted its beneficiary effect (Cordeiro et al. 2020). 

Similarly, fisetin and resveratrol were reported to activate Ras-extracellular signal-regulated kinase (ERK) cascade in PD12 cells that expressed Httex1 mutant under inducible promoter control, in Drosophila expressing Httex1 mutant and in R6/2 HD mice (Maher et al. 2011). 

3.4.14   mangeferin

A potent naturally occurring glucoxilxanthone, present in  Mangifera indica plants is known to possess neuroprotective abilities and is beneficial against cognitive and memory impairments. 

Mangiferin has the potential to attenuate cerebral infarction and edema, lipid peroxidation, neuronal damage, etc. It has the capacity to potentiate endogenous antioxidant levels and confer safety against oxidative stress within the neurons. It also regulates several signaling cascades that influence the generation and concentration of proinflammatory cytokines in the brain (Walia et al. 2021).  

Mangiferin exerts anti-inflammatory, antioxidant, immunomodulatory, and antiapoptosis properties in the nervous system (Feng et al. 2019). Mangiferin promotes emission of TNF-α and nerve growth factor (NGF) in U138-MG, human neuroblastoma cells, suggesting that it augmented levels of cytokines and neurotrophic factors involved in recognition memory improvement. Wistar rats supplemented with mangiferin in their diet lead to a decrease in the plasma level of glucocorticoids (GCS), TNF-α, IL-1β, iNOS, and cycloxygenase-2 (COX-2) (Du et al. 2019). 

Mangiferin treatment at 10 and 20 mg/kg dosage levels alleviated neurotoxin induced anxiety, reduced recognition memory, diminished locomotor activity, and lowered grip strength and rotarod performance. Further, a significant alteration in markers of oxidative stress (reduced MDA, increased GSH, augmented SOD and CAT activity) and reduction in proinflammation markers (TNF-α, IL-1β 

and IL-6) was also observed in the brain striatum, hippocampus, and cortex regions in mangiferin administered rats. Thus, antioxidant and anti-inflammatory properties of this glucoxilxanthone helps protect the brain from oxidative mutilation and neuroinflammation (Lum et al. 2023). 
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3.4.15   sesamol

Sesamol is a major constituent of sesame oil and is largely responsible for exhibiting high antioxidant potential. Sesamol has the capacity to control high blood pressure, lipid peroxidation, and hyperlipidemia by augmenting the activity of non-enzymatic and enzymatic antioxidants (Dey et al. 

2020). It attenuates 3NP induced HD symptoms in rats, provides protection from oxidative stress, memory impairment, and neuroinflammation of the hippocampus neurons, and it subsequently 

improves neurotransmission and synaptic plasticity (Singh et al. 2023). Sesamol pre-treatment in HD rats significantly amended body weight, motor coordination, and locomotor activity, and it rectified the oxidative damage caused in different regions of the brain. In addition, marked improvement in the levels of mitochondrial enzymes in the brain in comparison to 3NP treated rats was also observed. It also impedes nitrite generation and the expression of inducible NOS in the liver of rats (Hsu et al. 2007). 

3.5   CONCLUSION

The occurrence of HD and other neuropsychiatric disorders today has remarkably increased across the globe because of stressful lifestyles and other unknown factors. Experimental data collected in the last few decades on natural products has tremendously increased the search for potent phytocompounds with efficient pharmacological potential that can be employed in drug development. 

In this regard, traditional systems of herbal medicines pose as a complementary and alternative solution that can effectively aid conventional medicine and prevent the disastrous incurable threat of genetic disabilities like HD. Plants demonstrating neuroprotective capabilities via active phytochemicals like phenolics, alkaloids, flavonoids, steroids, terpenoids, saponins, etc. have paved way for alternative treatment without any side effects as caused by synthetic drugs. This chapter provides comprehensive details on plants and their phytoconstituetns exhibiting anti-HD properties with proven efficacy against molecular and biochemical modifications related to HD. However, despite the use of herbs and their phytochemicals in relieving neurological symptoms since early times, their mode of action remains elusive. 
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4 The Role of Medicinal 

Plants in the Treatment 

of Mental Disorders

 Asiat Na’Allah, AbdulBasit AbdulRazaq, and Mathew Balogun

4.1   INTRODUCTION

Plants with therapeutic qualities or positive pharmacological effects on humans or precursors for producing valuable drug components are called medicinal plants. Since ancient times, they have been utilized in traditional medical practices. They are prized for the variety of substances they can produce, including terpenes, glycosides, polyphenols, and alkaloids (Sofowora et al. 2013; Namdeo 

2018; Gershenzon and Ullah 2022; Adewale et al.    2024). These plants have multiple uses, including food, spice, and fragrance plants with therapeutic qualities, galenical preparations, and pure substance extractions (Evans 2008; Sofowora 2008; Sofowora et al. 2013; Oladiji and Oladele 2023).  

Since they have been used for thousands of years to make medicine, medicinal plants have been a significant subject of research due to both their potential health advantages and the creation of contemporary pharmaceuticals (Marrelli 2021; Oladele et al. 2020). 

4.1.2   hisTorical use of meDicinal planTs in TraDiTional meDicines

Since ancient times, medicinal plants have been utilized for therapeutic purposes. This use has been extensively documented in numerous sources, such as textual documents and conserved monuments, and they have been used as well as primary plant remedies (Petrovska 2012). About 5,000 years ago, the earliest written record of the use of medicinal plants is found on Sumerian clay slabs from Nagpur to prepare drugs, comprising 12 medication manufacturing instructions that referenced more than 250 different plants (Kelly 2009; Petrovska 2012). There are further historical written records from the Greek, Islamic, Mesopotamian, and Egyptian civilizations (Petrovska 2012).  

About a thousand plants, such as  Glycyrrhiza glabra  L.,  Cupressus sempervirens  L.,  Commiphora myrrha  Engl.,  Papaver somniferum  L., and  Cedrus Duham  species, were used according to the oldest reports (Borchardt 2002; Süntar 2020). Numerous ancient societies, such as the Chinese, Egyptians, Indians, Greeks, Romans, and Old Slavs, were familiar with a wide variety of medicinal herbs, and they also shared this knowledge with other countries (Šantić et al. 2017). Many pharmacological drugs used today, like aspirin and artemisinin, are derived from ancient knowledge of medicinal plants (Šantić et al. 2017). 

4.1.3   eThnopharmacological relevance of meDicinal planTs

Medicinal plants have been used extensively in traditional medicine and are now used extensively in the creation of contemporary medications and herbal remedies. Numerous biological effects of a wide range of chemicals originating from plants have been uncovered by ethnopharmacological research, which concentrates on the traditional knowledge and applications of medicinal herbs by certain cultural groups. These studies are important for the identification of possible bioactive chemicals and 
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for the research and development of new, safe, and reasonably priced medications because they offer scientific proof of the efficacy of conventional herbal therapies (Süntar 2020). There is ample historical documentation on the use of medicinal plants, with evidence extending back thousands of years. 

Numerous historical societies, such as the Chinese, Egyptians, Indians, Greeks, Romans, and Old Slavs, were well versed in the use of medicinal plants for healing purposes. The development of modern pharmacotherapy has benefited from this expertise, which has been passed down through the years. Many contemporary medications are derived from traditional herbal medicine (Šantić et al.  

2017; Petrovska 2012). Many civilizations have passed down their empirical awareness of the health benefits of medicinal plants over the ages, and modern science has recognized these plants' active ingredients. The earliest documented records of the use of medicinal plants to make medications date back 5,000 years, and they include recipes that include over 250 different plants, some of which are still in use in contemporary medicine (Petrovska 2012). The value of medicinal plants from an ethnopharmacological perspective is rooted in their potential for drug discovery and the creation of reasonably priced, strong medications. The extensive use of medicinal plants throughout history in traditional medicine is clear evidence of their enduring importance in health care. Moreover, it highlights the invaluable knowledge that has been transmitted across generations. 

4.2   MEDICINAL PLANTS AND MENTAL HEALTH

4.2.1   an overview of meDicinal planT use for menTal healTh

People may manage life's challenges, realize their full potential, learn and work efficiently, and contribute back to their communities when they are in a condition of mental well-being known as mental health (WHO 2022). Many disorders fall under the following categories: schizophrenia, bipolar disorder, depression, and other mental health issues since ancient times. The growing incidence of stress, anxiety, and depression around the globe has raised interest in the use of medicinal plants for mental health (Kenda et al. 2022). As people seek out more natural ways to manage their health, the application of these herbs in medicine has grown in popularity and is given in Table 4.1. 

Although these medicinal herbs have been used for centuries, it is crucial to use caution when using them. The mechanisms of action and possible adverse effects of these plants require further investigation, particularly when combined with other drugs (Kenda et al. 2022). 

4.2.2   menTal DisorDers

Complex illnesses involving a variety of biological, psychological, and environmental elements are known as mental disorders. Mental illnesses such as anxiety, bipolar disorder, schizophrenia, and depression have been linked to biochemical abnormalities in the brain (Smith and Rosich-pla 1979; 

Sourkes 1962; Sourkes 1977). Studies have demonstrated the critical role that neurotransmitters like norepinephrine, dopamine, and serotonin play in mood regulation, and abnormalities in these neurotransmitters have been connected to mental health conditions (Sourkes 1977). Research has also demonstrated the potential involvement of several biochemical pathways in the emergence of mental diseases, including oxidative phosphorylation, mitochondrial malfunction, and energy metabolism (Cereda et al. 2017). New therapies that target biochemical abnormalities in the brain have been developed as a result of understanding of these pathways. Examples of these treatments include antipsychotic medicines for schizophrenia and selective serotonin reuptake inhibitors (SSRIs) for depression (Smith and Rosich-pla 1979, Sourkes 1977). Research in this field has produced important advancements in the diagnosis and treatment of mental diseases, even if the precise biochemical pathways underlying these conditions are still not fully understood. To gain a deeper comprehension of the intricate actions between biological, psychological, and environmental variables in the development of mental diseases and to create more potent treatments for these conditions, additional study is required (Smith and Rosich-pla 1979; Sourkes 1962; Sourkes 1977). 
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TABLE 4.1

Medicinal Plants That Are Frequently Utilized to Treat Mental Health Issues

S/No. 

Plant Name

Uses

References

1

 Lavandula angustifolia 

Renowned for its relaxing properties and 

Kenda et al. 2022

(Lavender)

ability to alleviate melancholy and anxiety

2

 Humulus lupulus  L. (Hops)

Helps with anxiety and restlessness

Kenda et al. 2022

3

 Valeriana officinalis  L.   

Valerian roots are often used to treat anxiety, 

Kenda et al. 2022; 

(Valerian)

sadness, and insomnia because of their 

Beaubrun and Gray 2000

reputation for inducing sleep. 

4

 Panax ginseng (Ginseng)

Traditionally used to ease stress and depression 

Lee and Rhee 2017

and to enhance mental clarity

5

 Matricaria recutita 

Chamomile has a reputation for being relaxing 

Mao et al. 2014

(Chamomile)

and having the ability to alleviate depression 

and anxiety. 

6

 Passiflora incarnata 

Passionflowers help reduce stress and anxiety. 

Janda et al. 2020

(Passionflower)

7

 Crocus sativus  L.   (Saffron)

Saffron has a reputation for helping people 

Shahrahabian 2022

with anxiety and depression. 

8

 Piper methysticum  G. Forst

Kava is used to relieve stress and anxiety, but 

Shahrahabian 2022

(Kava)

because it may interfere with other 

medications, it should be used cautiously. 

8

 Rosa rubiginosa (Rose)

Rose is a remedy for stress and anxiety. 

Shahrahabian 2022

9

 Elettaria  cardamomum 

Cardamom has a reputation for helping people 

Shahrahabian 2022

(Cardamon)

with anxiety and despair. 

10

 Hypericum perforatum  L. 

St. John's wort has been demonstrated to be 

Galan 2019

(St. John’s wort)

beneficial in a few controlled trials and is 

frequently used to treat depression. 

11

 Ginkgo biloba (Ginkgo)

Ginkgo is utilized to increase blood flow and 

Beaubrun and Gray 2000

oxygen delivery to the brain, which may 

enhance mental clarity and lessen anxiety. 

12

 Withania somnifera 

Research has demonstrated the adaptogenic 

Lopresti and Smith 2021

(Ashwagandha)

qualities of ashwagandha, which is used to 

lower stress and anxiety. 

13

 Rhodiola rosea  L.   

Rhodiola is used to lessen anxiety and stress, 

Stojcheva and Quintela 


(Rhodiola)

especially in reaction to long-term stressors. 

2022

4.2.3   significance of biochemsiTry in menTal healTh research

Understanding the fundamental biological processes that lead to the emergence of mental diseases is the importance of biochemistry within the domain of mental health research. In research on mental health, the study of biochemistry entails looking at the various substances that the brain uses for information processing and transmission (Ballenger 1999). The complex interactions between the body's and the brain's biochemical processes affect many facets of mental health, from mood control to cognitive performance, see Table 4.2. 

4.2.4   raTionale for invesTigaTing meDicinal planTs in menTal healTh TreaTmenT

Given their potential benefits in treating mental health disorders, medicinal plants are being investigated extensively in the field of mental health care. Studies on medicinal plants offer promise in developing natural treatments for mental health illnesses due to their anxiolytic, sleep-promoting, and 
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TABLE 4.2

Important Facets of Biochemistry in Studies on Mental Health

S/No. 

Plant Name

Uses

References

1

Neurotransmitter 

Neurotransmitter imbalances, including those 

Teleanu et al. 2022

imbalances

caused by serotonin, dopamine, and 

norepinephrine, have been linked to mental health 

problems such as anxiety, depression, 

schizophrenia, and bipolar disorder. 

2

Biochemical pathway

Studies have indicated that there may be other 

Saia-Cereda et al. 2017

factors that influence the emergence of mental 

illnesses such as metabolic pathways, including 

oxidative phosphorylation, mitochondrial 

malfunction, and energy metabolism. 

3

Genetic predisposition

Understanding the biochemistry of mental health 

Pferschy-Wenzig et al. 

requires an understanding of the heredity of mental 

2022

diseases. Mental health problems can arise due to 

genetic susceptibility, as well as those with a 

family background of mental disorders that may be 

more vulnerable to these conditions. 

4

Biochemical imbalances

Unbalances in nutritional levels, either too high or 

Saia-Cereda et al.    2017

too low, can cause major issues with 

neurotransmitters and a host of mental health 

disorders. 

5

Individualized treatment

By identifying the underlying biochemical 

Chen and Hu 2019

imbalances that may contribute to mental health 

disorders, researchers and health-care professionals 

can develop personalized treatment plans aimed at 

normalizing brain chemistry and reducing the need 

for conventional medications

mood-regulating properties (Beaubrun and Gray 2000; Smith and Rosich-pla 1979). Furthermore, the application of therapeutic herbs to mental health care may lessen the need for prescription drugs, which have several dangerous side effects (Beaubrun and Gray 2000; Smith and Rosich-pla 1979;  

Ozturk and Ilgun 2023). However, it is crucial to proceed cautiously when using medicinal plants to treat mental health issues because they could interact with prescription drugs or pose a risk for toxicity or adverse effects (Meltzer and Nash 1988). These plants' mechanisms of action and possible adverse effects require more investigation, particularly when used with other drugs (Beaubrun 

and Gray 2000). 

4.3   NEUROTRANSMITTER IMBALANCES IN MENTAL DISORDERS

4.3.1   seroTonin anD Depression

Serotonin (5-HT) and depression have a complicated interaction that encompasses several aspects of neurotransmission. Serotonin, a neurotransmitter, is important in the mechanisms underlying depression. Utilizing antidepressants is justified by the depression serotonin theory, which suggests that depression is brought on by a decrease in serotonin pathway activity (Cowen and Browning, 

2015; Martins and Brijesh 2018). Research points to changes in serotonin function as a potential factor in depression treatment response, precipitation, and vulnerability (Meltzer et al.   1988).  

Throughout the brain, serotonergic neurons are involved in adjusting responses to different stimuli 
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and coordinating the right reactions. Serotonin dysregulation has been linked to fundamental depressive behaviors, such as mood, sleep, appetite, appetite control, circadian rhythms, and cognitive performance (Cowen et al. 1987). Research reveals that while treatments that increase serotonin availability, such as giving tryptophan, may have mood-elevating benefits, those that manipulate serotonin levels, such as reducing brain 5-HT concentration, induce depressed symptoms (Shopsin et al. 1976). Furthermore, supporting serotonin's role in depression are biochemical anomalies in the serotonergic system seen in blood platelets and cerebrospinal fluid. The complex link between depression and the serotonin system highlights the importance of targeting this system for, and treatment of, mood disorders (Mcbride et al. 1983; Arora and Meltzer 1989; Biegon et   al. 1992). 

4.3.2   Dopamine DysregulaTion in schizophrenia

One of the main tenets of the dopamine (DA) hypothesis, a prominent notion in comprehending the pathophysiology of the condition, is dopamine dysregulation in schizophrenia. Antipsychotic medications, especially those that target dopamine D2 receptors, have been shown to reduce symptoms, which is where the hypothesis came from (Cresse et al. 1976; Seeman et al. 1984). Imaging investigations in individuals who have never used drugs yielded inconclusive results (Farde et al. 

1990; Martinot et al. 1991; Pilowsky et al. 1994) despite early post-mortem studies, suggesting increased striatal D2 receptor density (Owen et al. 1978; Mackay et al. 1982; Seeman et al. 1984).  

Amphetamine-challenged experiments, however, showed increased dopamine release in schizo-

phrenia patients, indicating aberrant dopamine neurotransmission (Laruelle et al. 1996; Breier et al. 

1997; Abi-Dargham et al. 1998). According to the incentive salience theory (Kapur 2003), increased dopamine release plays a role in the attribution of anomalous salience to stimuli, which may be the cause of positive symptoms. On the other hand, adverse symptoms could result from prefrontal hypodopaminergic situations (Abi-Dargham and Moore, 2003). Targeting dopamine receptors, second-generation antipsychotics seek to balance reduced adverse effects with increased efficacy (Kapur and Mamo 2003; Stone et al. 2005; Grunder et al. 2006). All things considered, dopamine dysregulation in schizophrenia entails complicated interactions and continues to be a key area of study for comprehending and managing the disorder's wide range of symptoms. 

4.3.3   gabaergic sysTem anD anxieTy DisorDer

Gamma-aminobutyric acid (GABA) is the neurotransmitter at the core of the GABAergic system, which is responsible for controlling anxiety. The main neurotransmitter that inhibits in the brain is GABA, balancing excitatory signals and producing calming effects (Lydiard 2003). According to 

Goddard et al. (2001), there is frequently a dysregulation of the GABAergic system in anxiety disorders, which results in a reduction in inhibitory control. Anxiety symptoms may appear as a result of increased neuronal excitability brought on by decreased GABAergic activity (Möhler 2012).  

Anxiety disorders are linked to GABA receptors, namely GABA-A receptors. Benzodiazepines and other drugs that increase GABAergic transmission are frequently used to treat anxiety (Rudolph and 

Knoflach 2011). A potential target for therapeutic interventions in anxiety disorders is GABAergic dysfunction, as highlighted by the complex relationship between anxiety and GABAergic neurotransmission and the significance of preserving a delicate balance within the GABAergic system for emotional well-being (Gottersmann 2002; Whiting et al. 2000). 

4.3.4   oxiDaTive sTress anD neuroinflammaTion

According to Giasson et al. (2000) and Fischer and Maier (2015), the pathophysiology of neuroinflammation is significantly influenced by oxidative stress and contributes to several neurodegenerative illnesses, including Parkinson's disease (PD) and Alzheimer's disease (AD). Reactive oxygen species (ROS) are produced excessively under oxidative stress situations; these ROS are frequently 
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the result of malfunctioning mitochondria (Oladele et al. 2021). Pro-inflammatory mediators are released when these ROS trigger redox-sensitive inflammatory pathways (Chausse et    al. 2020; 

Calvani et al. 2018). Mitochondrial DNA (mtDNA) can be released into extracellular space as a consequence of mitochondrial malfunction brought on by oxidative stress. Due to its bacterial-like patterns, mtDNA is a powerful innate immune response trigger. It does this by binding to pattern recognition receptors and triggering inflammatory pathways like toll-like receptors and inflammasomes (DiSabato et al. 2016; Yin et al. 2017). A vicious cycle that is crucial to the development of neurodegenerative diseases is established by the interaction of oxidative stress, mitochondrial malfunction, and the ensuing neuroinflammation. 

4.3.5   oxiDaTive cellular Damages in menTal DisorDer

When ROS are produced at a rate higher than the cells can remove them, oxidative stress ensues. 

The pathogenesis of mental diseases is significantly influenced by oxidative cellular damage, which leads to structural changes and neuronal dysfunction (Giasson et al. 2000; Fischer and Maier 2015; 

Oladele et al. 2021). Increased oxidative stress is linked to lipid peroxidation, protein oxidation, and DNA damage in diseases such as anxiety disorders, depression, and schizophrenia (Chausse et al. 2020; Calvani et al. 2018). Because of its elevated oxygen need and high lipid content, the central nervous system (CNS) is especially assailable to oxidative stress, which can affect neuronal signalling and neurotransmitter systems (DiSabato et al. 2016). Overwhelming antioxidant defenses can exacerbate cellular damage and upset the delicate balance of brain circuitry linked to mental wellness. Comprehending the function of oxidative stress in mental illnesses opens up new options for therapeutic approaches that aim to target oxidative pathways to reduce symptoms and enhance mental health in general. 

4.3.6   inflammaTory paThways in menTal DisorDers

When the body is injured, a complicated biochemical reaction known as inflammation takes place. 

Numerous mental illnesses have been linked to inflammatory pathways, underscoring the complex relationship betwixt the immune system and the CNS. The pathophysiology of mental diseases 

is thought to involve neuroinflammation, which is typified by the liberation of pro-inflammatory chemicals and brain immune cell activation. Dysregulated inflammatory responses have been linked to conditions like bipolar disorder, schizophrenia, and major depressive disorder (MDD) (Miller 

and Raison 2016; Najjar et al. 2013). For example, elevated concentrations of pro-inflammatory cytokines, such as interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α), have been reported in MDD. In a similar vein, increased cytokine levels and modified immunological responses have been connected to schizophrenia. The exact processes behind the complex relationship between inflammation and mental disorders are probably influenced by a mix of immunological, environmental, and genetic variables (Köhler et al. 2014). 

4.3.7   neuroplasTiciTy anD synapTic funcTion

A common idea that arises from the investigation of cellular and molecular mechanisms in neurodevelopmental and neuropsychiatric disorders is that many of these conditions, such as bipolar disorder, schizophrenia, and autism spectrum disorders (ASDs), can be classified as synaptopathies, which primarily involve abnormalities of synaptic plasticity and function. Although many genetic variables have been linked to these illnesses by genome-wide association studies, uncommon mutations with great penetrance have received a lot of attention. The Cardiff University symposium explores these mutations, focusing, in particular, on two genes: FMRP, linked to fragile X syndrome (FXS), a prevalent cause of ASD, and DESC1, linked to depression, bipolar illness, and schizophrenia.  Tropea et al. (2018) and Michaelsen-Preusse et al. (2018) emphasize how DISC1 regulates 
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actin dynamics and stability of the dendritic spine via synaptic plasticity and FXS. These findings may indicate a connection between abnormal synaptic plasticity and changed spine morphology in ASDs as a whole and FXS in particular (Ebrahimi-Fakhari and Sahin 2015; Giegling et al. 2017; 

Craddock and Sklar 2013). 

4.4   NEUROTRANSMITTER MODULATION BY MEDICINAL 

PLANTS IN MENTAL DISORDERS

4.4.1   seroTonin reupTaKe inhibiTion by meDicinal planTs in menTal DisorDers

Numerous research has looked into the possibility of using medicinal plants to treat mental illnesses by blocking serotonin reuptake. The brain's serotonin levels rise when serotonin reuptake is inhibited, and this is linked to happier moods and less depressive and anxious symptoms (Liu, et al. 2015; 

Peng et al. 2022; Kenda et al. 2022; Ozturk and Ilgun 2023). It is common practice to recommend a family of medications known as SSRIs to treat depression and other mental health issues. They function by preventing serotonin from being reabsorbed, which is a neurotransmitter that affects mood, emotion, and sleep. SSRIs work by increasing serotonin's availability to transmit information between nerve cells. This can relieve depressive symptoms and boost a patient's receptivity to other forms of therapy, like cognitive behavioral therapy (Liu, et al. 2015). It has been demonstrated that some medicinal plants, like ginseng, have antidepressant properties due to their ability to sensitize serotonin receptors or inhibit monoamine oxidases (Peng et al. 2022). It has also been discovered that hypericum formulations, a commercial medication made from St. John's wort, are somewhat more tolerable than serotonin reuptake inhibitors (Kenda et al. 2022). Nevertheless, cautious use is required, especially in light of potential drug interactions, and additional research is needful to confirm the action mechanics and any adverse effects of these plants (Liu, et al. 2015; Peng et al. 

2022; Ozturk and Ilgun 2023; Winiarska-Mieczan et al. 2023). 

4.4.2   Dopaminergic regulaTion by meDicinal planTs in menTal DisorDers

Dopamine is the most significant dopamine reward system for neurotransmitters. Human eating, drinking water, and sexual behavior are among the physiological and instinctual actions that are modulated by the reward reinforcement circuitry (Hull et al. 2004; Wise 2006). Dopaminergic system disorders impair cognitive functioning. Specific drugs that target dopaminergic neurotransmission and its receptors are effective in treating schizophrenia, bipolar disorder, PD, attention deficit hyperactivity disorder (ADHD), and Huntington's disease in children (Tay et al. 2011). The alternative strategy to lessen this issue is the use of herbal mixtures to treat anxiety, which increases 5-HT, DA (Mizoguchi et al.   2010), and dopamine transporters (Xu et al. 2015). Through significant processes including altering dopamine receptor antagonism, medicinal plants can regulate the brain's dopamine system and treat disorders connected with it (Mantsch et al. 2010). The body experiences less oxidative stress when exposed to medicinal plants and their compounds (Heidarian et al. 2013; 

Rafieian-Kopaei et al. 2013; Ghatreh-Samani et al. 2016). They could reduce dopaminergic degeneration and regulate neuroinflammation in the CNS (Sapkota et al. 2010; Doo et al. 2010; Li et al. 

2010; Liu et al. 2010; Renaud et al. 2015). 

4.4.3   meDicinal planTs’ anTioxiDanT anD anTi-inflammaTory 

properTies in menTal DisorDers

The potential anti-inflammatory and antioxidant properties of medicinal plants have been investigated for treating mental illnesses. These effects are significant since the etiology of mental diseases, including anxiety and depression, has been linked to oxidative stress and inflammation (Agbor et al. 2022). Studies have revealed that the reduced hypothalamic-pituitary-adrenal (HPA) axis's 
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antioxidant enzyme activity is frequently linked to emotional disorders like depression and anxiety. 

Depression is frequently accompanied by hyperactivity of the HPA axis, which is correlated with a rise in the concentration of glucocorticoids. This leads to the emergence of glutamatergic excitotoxicity and oxidative damage, which ultimately results in the death of nerve cells, particularly in the hippocampus, which is a crucial region involved in mood regulation (Lee et al. 2002; Lau et al. 

2010; Myers et al.    2014; Freitas et al. 2015; Spiers et al.    2015; Freitas et al. 2016;  Stanić et al.    2016).  

Furthermore, long-term psychological stress results in structural alterations in the hippocampus that are linked to the control of cognition and are known to have a role in the onset of depression (Czéh et al. 2007). Numerous natural foods, herbs, and spices contain polyphenols, which have been demonstrated to possess neuroprotective, antioxidant, and anti-inflammatory qualities (Agbor et al. 

2022). These substances can interact with ROS and shield the brain from oxidative damage, which may lessen depressive symptoms. Medicinal herbs have been shown to influence oxidative stress and inflammatory-related illnesses in addition to their antioxidant and anti-inflammatory qualities. 

Antioxidants have been shown to have a neuroprotective impact by repairing the CNS and halting neurodegeneration brought on by oxidative stress (Rasmus and Kozłowska 2023). 

4.4.3.1   Reactive Oxygen Species-Scavenging Properties

An increasing amount of research suggests that ROS may be crucial in the pathophysiology of some mental and neurological illnesses, such as mood disorders. Several investigations have demonstrated increased levels of pro-apoptotic markers, lipid peroxides, free radicals, and modified antioxidant defense systems in people with neuropsychiatric illnesses (Casademont et al. 2007; 

Rezin et al. 2009; Boskovic et al. 2011). According to a meta-analysis conducted by Black et al. 

(2014), higher levels of oxidative stress were seen in people with MDD and/or depressed symptoms. Significantly, oxidative stress is connected to several lifestyle, health, and sociodemographic factors, such as smoking and socioeconomic level, which are also connected to depression (Dalle-Donne et al. 2006; Valko et al. 2007; Janicki-Deverts et al. 2009; Luppino et al. 2010; Rasmus 

and Kozłowska 2023). It is interesting to note that using herbal remedies to treat mood disorders appears to have promising results without the negative effects of using synthetic drugs. Treatment with astaxanthin and lutein-zeaxanthin combination exhibited a similar effect to antidepressants with engagement of the serotoninergic system, according to Jiang et al. (2017) and Sharma et al.   

(2017) (Jiang et al. 2017; Sharma et al. 2017). According to Kim et al. (2016), β-carotene possesses antidepressant qualities. These effects are most likely caused by their ability to lower pro-inflammatory cytokine levels, such as TNF and IL-6, and raise brain-derived neurotrophic factor levels (Kim et al. 2016). 

4.4.3.2   Modulation of Neuroinflammatory Pathways

The defense process known as neuroinflammation works to shield the CNS from damage and viral assaults. Most of the time, it is a helpful process that ends when the threat is removed and homeostasis is restored (Glass et al. 2010). On the other hand, persistent neuroinflammatory processes could be part of the series of events leading to the gradual loss of neurons seen in numerous neurodegenerative diseases, including PD and AD (Hirsch et al. 2009, McGeer and McGeer 2003), as well as the neuronal injury linked to stroke (Zheng et al. 2003, McGeer and McGeer 2003). The field of neuromodulation is expanding quickly as a brain problem therapeutic option (Johnson et al.   2013). However, because of their exorbitant cost, complex fitting requirements in specialized clinics, and surgical risks, they are utilized only in a restricted patient population (McIntosh et al. 

2003; Kleiner-Fisman et al. 2006; Bronstein et al. 2011; Vanneste and De Ridder, 2012). Conversely, bioactive substances obtained from plants are more effective and less harmful than synthetic medications (Atanasov et al. 2015). Their antibacterial, immunomodulatory, anti-proliferative, and antioxidant qualities, as well as their ability to control cellular hormonal and metabolic profiles, account for their remarkable effectiveness (Andre et al. 2010; Nyamai et al. 2016). Certain compounds originating from plants, for example, can penetrate the blood–brain barrier (BBB) and directly affect 
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neurons, astrocytes, microglia, and oligodendrocytes in order to shield these brain cells from harmful stimuli or to treat neurological impairments (Welcome 2020). 

4.4.4   neuroTrophic acTions of meDicinal planTs

The term "neurotoxicity" describes an agent's capacity to negatively impact the structural or functional integ./rity of the nervous system and structural injury to nervous system components typically results in altered functioning (Taïwe and Kuete 2014). Because neurotoxins can specifically cause the death of nerve cells, they are used to imitate major neurodegenerative diseases such as AD, myotrophic lateral sclerosis, and PD (Cao et al. 2021). Certain neuronal populations in the brain depend on neurotrophins for their survival, upkeep, and regeneration. Brain-derived neurotrophic factor, neurotrophin-3 (NT-3), neural growth factor, and NT-4/5 are among the neurotrophins that have been found to promote neuronal survival in mammals (Kim et al. 2011; Konar 

et al. 2011). Neurotrophin-based therapies have reached only the preclinical stage thus far; despite the challenges associated with these clinical trials, phytochemicals derived from natural sources and synthesized derivatives have demonstrated promise in regulating NT levels. To counteract NT 

depletion, a modulator or enhancer that specifically targets the tropomyosin-related kinas receptor may be a good option (Reichardt 2006). The BBB prevents some NTs from passing through; however, this issue can be solved by substituting NTs-mimetic substances or substances that both promote NT expression and pass through the BBB. 

4.5  

 IN-VITRO STUDIES OF MEDICINAL PLANTS ON NEURONAL CELLS

4.5.1   meDicinal planTs in animal moDels of menTal DisorDers

Medicinal plants exhibit a spectrum of psychoactive effects, including purported anxiolytic, antidepressant, nootropic (cognitive enhancing), analgesic, sedative, and hypnotic properties (Sarris et al. 2011). Over the past decade, an escalating number of herbal products like ginseng, kava, ginkgo biloba, and St. John’s Wort have been incorporated into psychiatric practices. Numerous herbal medicines have undergone assessment of their therapeutic potential in various animal models, with investigations into their mechanisms of action using neurochemical approaches (Beaubrun 

and Gray 2000; Desai and Grossberg 2003; Fugh-Berman and Cott 1999; Lake 2000; Linde et al. 

2001a, 2001b; Walter and Rey 1999; Wong et al. 1998). The investigation of the medicinal properties from extract of herbs and components in psychiatric animal models has demonstrated the potential for the creation of novel pharmacotherapies for mental diseases (Zhang 2004). These plant-based medications' main modes of action involve altering the production and breakdown of neurotransmitters, agonizing or antagonizing neuroreceptors, inhibiting neurotransmitters, reuptake proteins, or assisting the HPA axis's homeostatic role (Sarris et al. 2011). Furthermore, substances obtained from medicinal plants have demonstrated promise in ameliorating cognitive impairment in animal models, prompting the creation of novel molecules for psychiatric medications. Although these results are promising, more investigation is required to fully comprehend the safety and effectiveness of medicinal plants in the treatment of mental illnesses. 

4.5.2   clinical sTuDies on humans using meDicinal planTs for menTal illnesses

Although there have been human clinical trials of medicinal plants for mental illnesses, further studies are required to confirm their safety and effectiveness. According to a meta-review of systematic-analyses of randomized controlled trials, phytoceuticals (plant-based medications) have been shown to be promising for the treatment of mental illnesses (Irun et al. 2023). Research has provided important details for the development of novel clinical psychiatric pharmacotherapies made from medicinal herbs (Beaubrun and Gray 2000). Several plants possessing anxiolytic qualities were 
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tested in clinical trials. Pittler and Ernst (2003) conducted studies on seven randomized controlled meta-analysis that included  Piper methysticum. The results showed a substantial reduction when compared to a placebo control group. Analogous results were found in another study on  P. methysticum, while other investigations (Sarris et al. 2010; Akhlaghi et al. 2011; Jafarpoor et al. 2014) did not reveal any favorable outcomes. Acute  S. lateriflora treatment was shown in a clinical experiment to reduce anxiety (Wolfson and Hoffmann 2003). A pilot clinical experiment with  P. incanata extract showed equivocal effectiveness to oxazepam (30 mg/d) in lowering anxiety, with negligible adverse effects (Akhondzadeh et al. 2001). Research on an acute study on  P. incanata to treat pre-surgical anxiety saw a noteworthy decrease in anxiety. Additionally, a toxicological analysis of  P. 

 incanata revealed no indications that this herb posed a safety risk (Miyasaka et al. 2007). Even at greater dosages, a clinical trial employing a supple dose of  M. recutita showed no appreciable side effects in the  M. recutita group, indicating a significant effect in favor of the plant intervention (Amsterdam et al. 2009). In patients with anxiety,  G. biloba extract (480 mg/d or 240 mg/d) also showed a noteworthy dose-dependent decrease (Woelk et al. 2007). Long-term medication use with  H. perforatum has been shown to alleviate anxiety with little negative effects (Kobak et al. 

2005).  H. perforatum at a variable dose of 600–1800 mg did not significantly differ from placebo in a clinical trial for social anxiety (Kobak et al. 2005). Numerous plants that have been reviewed as anxiolytics have potential uses, including enhancing mood ( P. methysticum and  M. officinalis), reducing pain or tension in muscles ( Eschscholzia californica), acting as hypnotics or sedatives for insomnia ( P. incanata and Scutellaria lateriflora), and enhancing cognitive function ( G. biloba and  B. monnieri) (Spinella 2003). However, definitive results can be elusive in some circumstances because of the well-known high placebo response linked to anxiety disorders and because a placebo arm may not exist in other trials. 

4.6   CHALLENGES IN STANDARDIZATION OF HERBAL PREPARATIONS 

FOR THE TREATMENT OF MENTAL DISORDERS

4.6.1   inTegraTion of herbal preparaTions wiTh convenTional psychiaTric Therapies

There is increasing interest in the combination of traditional psychiatric therapy and herbal medications. Since ancient times, herbal remedies have been utilized to address mental health issues, and this practice is still beneficial today. Numerous plants, including valerian, ginkgo, kava, and St. John's wort, have been investigated for their ability to treat mental health issues (Sarris 2007; 

Beaubrun and Gray 2000). Even while some herbal medicines have demonstrated promise in treating ailments, including depression, anxiety, and sleep disorders, it is crucial to take into account their safety, potential for interactions with prescription drugs, and the requirement for more substantial clinical data (Sarris 2007; Mischoulon 2018). Since the use of herbal medicines for mental health is frequently combined with conventional medical care, including psychiatric medication, patients should be informed of the possible hazards and should be transparent with their health-care professionals (Ravven et al. 2011). Health-care professionals must keep up to date on herbal treatments and have candid conversations with patients about the potential advantages and disadvantages of doing so (Beaubrun and Gray 2000). 

4.6.2   novel TargeTs for menTal healTh inTervenTions: 

recenT aDvances anD fuTure perspecTive

Technology has enabled recent advancements in mental health interventions. The range of webbased interventions available now spans from informational, static websites to intricate interactive online programs for cognitive-behavioral treatment (CBT). Other strategies, like online counsel-ling, provide a practical, inexpensive, and efficient substitute for conventional in-person treatment (Barak and Grohol, 2011). Blogs and online forums for mutual self-help offer ongoing emotional 
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social support and encouragement. Future generations will have unprecedented access to online mental health interventions thanks to the development of other modalities and technology. Now, all of these therapies are based on twenty years of study proving their effectiveness (Barak and 

Grohol 2011). Digital solutions in psychiatry have been made possible by the development of digital phenotyping and digital therapeutics (Stein et al. 2022). According to recent research, innovative therapies and digitally based interventions, like community pharmacy programs, adventure therapy, and home-based nurse-family partnership programs, have produced encouraging outcomes (Akash 

et al. 2022). Nonetheless, there are still gaps in the literature, necessitating additional research on novel technologies, target populations, and delivery environments (Nikolaos and Schaub 2022).  

Additionally expressing interest in this field of study, the U.S. National Institute of Mental Health (NIMH) has called for studies on the applicability and reliability of artificial intelligence and digital health technologies as well as clinical and intervention research (NIMH 2023). 

4.7   SUMMARY OF BIOCHEMICAL INSIGHTS AND GAPS IN KNOWLEDGE

4.7.1   unexploreD avenues in meDicinal planT-baseD TherapeuTics for menTal DisorDers

Their widespread use does not guarantee the effectiveness and safety of plant-based medications. 

Numerous chemical components of plant-based medications have intricated human pharmacological effects. Clinical studies may not be required for herbal practitioners or believers. Still, they are required for widespread ethical credence and commercial practicality in the global market because they are a current necessity. The first step towards integrating natural remedies into conventional medical procedure is developing clinical and pharmacological information on plant-based therapeutic items supported by scientific evidence (Parveen et al. 2015). When bioactive or marker phytocompounds are characterized and quantified in traditional medicine formulations, they can be accepted by regulators worldwide. Several effective and promising phyto-based formulations are undergoing studies to treat mental disorders, majorly, ADs. These trials are either at the recruitment phase or at a different stage. It is expected that these formulations will serve as possible starting points for the creation of anti-AD and other medications (Soheili et al. 2021; Baghel et al. 2023; Nakhate et al. 2023). To sum up, while plant-based medications are becoming more and more popular, clinical trials are still necessary to confirm their efficacy and safety. This will make it possible for herbal medications to be included in traditional medical practices and increase the likelihood that they will be approved by regulators globally. 

4.7.2   conclusion anD fuTure perspecTives

Medicinal plants, renowned for their healing properties, have played a crucial role in traditional medicine by providing essential compounds utilized in various applications. Their historical use across diverse cultures has shaped modern medical practices. Ethnopharmacological investigations leverage this traditional plant knowledge to identify bioactive components, aiding in the creation of new medications. In mental health research, understanding the molecular mechanisms underlying mental illnesses through biochemistry is pivotal in developing targeted treatments. The exploration of medicinal plants for mental health care shows promise, yet the complexity of neurotransmitter interactions and other factors underscores the intricacies of these disorders. While human trials indicate a potential for using medicinal plants in treating mental health issues, further comprehensive studies are necessary to establish their safety and effectiveness across different investigations. 

Species like  G. biloba,  S. lateriflora, and  P. methysticum show promise but require more research to comprehend their mechanisms and ensure clinical safety. The convergence of herbal medicine with psychiatric therapies stresses the importance of rigorous clinical research, safety evaluation, and consideration of potential drug interactions. Technological advancements in digital phenotyping and therapies have propelled progress in mental health interventions, yet more exploration into these technologies and their implementations are needed to address current gaps in the literature. 
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5.1   INTRODUCTION

Epilepsy is a medical condition that has intrigued mankind since ancient times. Its earliest known description dates to ancient Mesopotamia, where the Assyrians and Babylonians already documented it in their medical writings as a manifestation of the supernatural, either by divine or by demonic cause. The earliest descriptions of a person with epilepsy date back to a 4,000-year-old Akkadian tablet that describes a person with tense hands and feet, neck turned to the left, eyes wide open, and foam emanating from the mouth in a state of unconsciousness. A millennium 

later, Babylonians wrote a diagnostic manual called  Sakikku that in addition to classifying certain types of epilepsy, described terms as  miqtu (fall),  hayyatu (fit), and  sibtu (convulsion). Unlike the Mesopotamians, who defended the supernatural nature of convulsions, the ancient Egyptians demonstrated that these could be caused by a disturbance in the cerebral cortex, as shown in the Edwin Smith Surgical Papyrus, which describes a man with an exposed wound in the skull, which, when pressed, generated tremors in the patient (Kaculini et al. 2021). However, even in the face of such evidence, the supernatural pathophysiology of epilepsy remained irrefutable until the arrival of the father of medicine, Hippocrates (5th century B.C.), who questioned its supernatural origin by arguing that epilepsy was no more divine than other diseases, that the brain was the fundamental cause of this condition, and that it should be treatable like other diseases. Although it is true that the physicians who preceded him did not advance significantly in the knowledge of the causes of epileptic seizures, they did a great job in the description of the symptoms and their classification (Magiorkinis et al. 2010). 

5.2   EPILEPSY

5.2.1   DefiniTion anD economic impacT

Epilepsy is one of the most common psychiatric disorders that comprises a wide spectrum of brain disorders that is often accompanied by high economic burdens in terms of direct costs. In the USA the approximate annual health-care utilization costs in recent years per individual were $US 2,740, while the productivity loss-related costs were $US 5,015. Extrapolating such figures to the population of that country, the annual costs associated with epilepsy exceed $US 62 billion, placing a 
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burden on caregivers of about $US 48 billion (Hussain et al. 2020). Not to mention that this prevalent neurological condition damages family relationships, friends, and participation in the workplace, affecting people of all social classes, races, ages, and geographic locations (Beghi 2020). Epilepsy is frequently accompanied by a complex psychiatric comorbidity where traditionally the stigma of the diagnosis of epilepsy, uncontrolled seizures, and negative psychotropic effects of antiepileptic drugs have been considered the most important underlying factors (Revdal et al. 2023). 

In 2005 this chronic disease was defined conceptually by the International League Against 

Epilepsy (ILAE) as a “disorder of the brain characterized by an enduring predisposition to generate epileptic seizures and by the neurobiologic, cognitive, psychological, and social consequences of this condition” (Fisher et al. 2005). Since then, this definition was useful in the diagnosis of epilepsy until almost a decade later, when it was considered inappropriate in certain clinical circumstances, since such definition required the occurrence of at least one epileptic seizure. So, in 2014, the ILAE 

supplemented its previous conceptual description of epilepsy in favor of an operational/practical clinical definition which considered very particular clinical cases: “a disease of the brain defined by any of the following three conditions; at least two unprovoked (or reflex) seizures occurring >24 h apart, one unprovoked (or reflex) seizure and a probability of further seizures similar to the general recurrence risk (at least 60%) after two unprovoked seizures, occurring over the next 10 years, and diagnosis of an epilepsy syndrome” (Fisher et al. 2014). 

5.2.2   inciDence, DisTribuTion, anD prevalence

Currently, the World Health Organization estimates that 50 million people worldwide suffer from some form of epilepsy, about 80% of whom live in low- and middle-income countries (LMIC) 

(WHO 2023). A recent study revealed similar figures, estimating that only 10% (7 million) of the global epilepsy patients (69 million) live in high-income countries (HIC), whereas 90% (62 million) of patients live in developing countries: 25% (17 million) in urban areas vs 65% (45 million) in rural areas of such regions (Pesqueira et al. 2023). About 5 million epilepsy patients are distributed in LMIC with a prevalence of 15.4 patients per 1,000 inhabitants (81.7/100,000/year), against 5.8 per 1,000 inhabitants (45/100,000/year) in HIC. This is equivalent to almost triple the observed average in world population. Such background information indicates that incidence rates of epilepsy are higher in LMIC where, on average, the figures range between 180 and 250 cases per 100,000 

inhabitants per year (Espinosa-Jovel et al. 2018). We must add that according to the estimates of the last decade, it is estimated that almost 2.4 million people are diagnosed each year with epilepsy (Keste et al. 2015). 

According to data published in a systematic review in which figures from more than 222 studies published in the area were reviewed, the prevalence of epilepsy worldwide is estimated to be 61.4 

per 100,000 person-years (95% CI: 50.7-74.4): with a lower incidence in HIC 48.9 (95% CI: 39.0-61.1) compared to LMIC 139.0 (95% CI: 69.4-278.2) (Beghi 2020). This interesting discrepancy is easily attributable to different risk factors in the two groups of countries. While in LMIC there is greater exposure to risk factors such as central nervous system (CNS) infections, head injuries, brain tumors, and exposure to a wide variety of toxic agents, in HIC the exposure to these factors is lower (Fiest et al. 2017). 

5.2.3   paThogenic approach

5.2.3.1   Seizure  Classification

Seizures arise from the dysfunction of local circuits whose increased signaling progressively activates neighboring circuits that together generate a complex seizure network that can spread (Paz and 

Huguenard 2015). These are divided by their site of origin into focal (limited to a specific area of the brain with local discharges), generalized (involving both cerebral hemispheres with synchronous 
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activation), focal to bilateral also called combined (starts as a focal seizure, spreads and becomes generalized) and of unknown onset (Fisher et al. 2017). The exact mechanism that initiates seizures has not been fully elucidated, as it consists of a combination of different processes, including changes in neuronal membrane properties, change in threshold potential, alteration in neurotransmitter levels, ions, alteration of excitation-inhibition, which generates atypical electrical activity (Bromfield et al. 2006; Poblete and Sung 2017; Lawal et al. 2018). Several mechanisms are involved in epileptic seizures, the most important of which are hyperexcitability and hypersynchrony. As reported by Bromfield et al. (2006), " a hyperexcitable state results from increased excitatory synaptic neurotransmission, altered or decreased inhibitory neurotransmission, altered ion channels and ion concentration in favor of membrane depolarization". While hypersynchrony is caused by the recruitment of several neurons that generate action potentials synchronously (Stafstrom 2010; Chen 

et al. 2007). In general, seizures involve a process of onset, propagation, and termination, so it is of vital importance to understand each step of the cascade to facilitate the design of new pharmacological treatments and the use of natural treatments that attenuate the number of seizures or their development (Stafstrom 2006). These can cause damage to the brain or other parts of the body, as well as cognitive, behavioral, and emotional changes (Anwar et al. 2020). 

5.2.3.2   Physiological Mechanisms of Epilepsy: Morphological and Biochemical Changes

Epilepsy  per se can be classified into acquired, idiopathic, and genetic epilepsy. Although the mechanisms by which epilepsy develops are unified in the hyperexcitability of neuronal networks and decreased neuronal inhibition, they do not always start with the same mechanism (Zilberter et 

al. 2022). While idiopathic epilepsy begins in developing brains (childhood), acquired epilepsy is related to structural lesions of the brain, and genetic epilepsy develops due to changes in genes that control ion channels, enzymes, and transporters, among others (Anwar et al. 2020). Multiple factors contribute to the epileptic phenomenon and these can act simultaneously, generating biochemical and morphological changes that alter the electrical activity of neurons directly or indirectly (Fisher 

et al. 2005). Example: the development of status epilepticus, the process of epileptogenesis (in acquired epilepsies), failure of mechanisms regulating neuronal excitability (death of GABAergic-type neurons, post-translational modification of receptors, over-activation of excitatory receptors, internalization of GABA-type receptors, mutation of ion channels, altered synaptic function, altered gene and protein expression, atypical release of excitatory-type neurotransmitters), aberrant glial reaction (activation of astrocytes and microglia, initiation of the inflammatory cascade, damage to the blood–brain barrier, secretion of proinflammatory substances, secretion of proliferation factors, growth factors, differentiation factors), oxidative stress (production of reactive oxygen species), morphological changes (ectopic migration, reorganization of neuronal networks), and neuronal death (by apoptosis or necrosis). Together these mechanisms alter neuronal communication, resulting in difficulties in maintaining the physiological functions of the brain (Jessberger and Parent 

2015; Zilberter et al. 2022). The following subsections describe the processes already mentioned more precisely. 

5.2.3.3   Neurotransmitters

 5.2.3.3.1   GABA and Its Receptors

γ-aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the brain, mediating its effects through three types of receptors: GABA , GABA and GABA . GABA  and GABA  

A

B, 

C

A

C

receptors are ionotropic while GABA  receptors are metabotropic (Chebib and Johnston 1999).  

B

Ionotropic GABA  receptors are considered to be responsible for the rapid inhibition (Sigel and 

A

Steinmann 2012) that allows Cl- to enter the cell (Hampe et al. 2018). GABA  receptors (bound to B

G-proteins) cause slow inhibition and increase K+ transport out of the cell (Pinard et al. 2010). There are two types of GABA release, one vesicular (calcium-dependent and triggered by high potassium concentrations) (Song et al. 2013) and one non-vesicular, which is transporter-dependent (found in 
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astrocytes) and mediated by transient reversal of the direction of GABA transporters type 1 and type 3 (GAT-1, GAT-3) (Bryson et al. 2023). 

Loss of inhibition is a common feature in epilepsy. Several studies have shown the different mechanisms by which this action takes place: reduction of neurotransmitter-mediated inhibition (reduced GABA secretion), reduction of the number of GABA transporters (Treiman 2001), changes in GABAergic receptor expression (internalization of receptors or reduction of their expression), reorganization of GABAergic synapses, death of GABAergic neurons, among others (Wang et al. 

2018). Scientific evidence has shown that a disturbance in GABA signaling can cause excitatory circuits to go out of control and, in parallel, too much inhibition can also trigger a seizure (Briggs and 

Galanopoulou 2011). One of the mechanisms by which GABA decreases is through the selective death of the GABAergic neuron population, a very clear example being axoaxonic neurons (which decreases inhibition at the axon level) (Bernard 2012). On the other hand, it is known that alterations in neurotransmitter release (Ben-Ari and Dudek 2010) are carried out through the negative regulation of enzymes involved in GABA synthesis and by a decrease in reserve vesicles (Bernard 2012). 

Structure-based dysfunction of GABA receptors (changes in composition, distribution, or secretion) facilitates the development of epilepsy. After seizure, GABA receptors are internalized and their diffusion is lateralized, which hinders neurotransmitter binding (Bernard 2012). Subunit changes are specific to each brain area, mutations in GABA receptor subunits have been associated with various epileptic syndromes (Benarroch 2021; Akyuz et al. 2021). In acute seizures or chronic epilepsy of developing brains, GABA  receptor-mediated synaptic transmission has been A

altered, where the GABA  receptor exerts seizure-promoting actions by changing GABAergic sig-A

naling from hyperpolarizing to depolarizing. They attribute this change to changes in intracellular Cl- ion concentration due to alterations in the expression of chloride ion co-transporters (K+/Cl- co-transporter 2 (KCC2) and Na-K-Cl co-transporter (NKCC1)). Which explains why some drugs that increase inhibition become ineffective (Löscher et al. 2013; Wang et al. 2018). 

Inhibitory mechanisms can fail when receptor expression is low, by neuronal overexcitation that cannot be controlled, or by reorganization of excitatory and inhibitory neuronal networks (Briggs 

and Galanopoulou 2011). Changes in the innervation of GABAergic cells change circuit dynamics, promoting the formation of epileptic foci. Under the stimulus of seizures, some populations of GABAergic neurons reorganize their networks and couple to any nearby neurons, including other inhibitory neurons, which promotes a disinhibitory effect that, in turn, promotes overexcitation of the networks and the likely spread of atypical signals to other regions (Paz and Huguenard 2015). 

 5.2.3.3.2   Glutamate and Its Receptors

Glutamate (GLU) is the brain's primary excitatory neurotransmitter (Zhou and Danbolt 2014),  

playing a vital role in cognitive functions like learning and memory (Akyuz et al. 2021). It is released by glutamatergic neurons and possibly by astrocytes. The GLU cycle involves synthesis in neuron body, exocytosis, receptor binding, diffusion, reuptake by transporters (amino acid transporter (EAAT) or Glutamate Aspartate Transporter (GLAST) in humans and rats, respectively), and recycling for further use (Eid et al. 2016). GLU is packaged into vesicles by vesicular glutamate transporters (vGLUTs) for release (Eriksen et al. 2020). GLU acts on two types of receptors: ionotropic and metabotropic. Ionotropic receptors act rapidly, after GLU binds to the ionotropic receptor, the channel undergoes a conformational change that allows ion entry (Mark 

et al. 2001; Goodwani et al. 2017). Ionotropic receptors for GLU are classified into three subtypes: the N-methyl-D-aspartate (NMDA), α-ami no-3- hydro xy-me thyl- 4-iso xazol eprop ionic  acid (AMPA), and kainate (KA). Fast synaptic transmission is mediated by the activation of AMPA and KA receptors (they are permeable to sodium and potassium), on the contrary, the NMDA receptor (permeable to calcium) generates slow synaptic potentials (Akyuz et al. 2021). On the other hand, metabotropic receptors (mGluR) belong to the G-protein-coupled receptor family, and they mediate glutamatergic neurotransmission through second messengers, this makes them slow responding receptors (Goodwani et al. 2017). 
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The role of GLU in epilepsy is one of the most important as altered GLU synaptic transmission can trigger seizures, increased intracellular calcium, excitotoxicity, gene transcription, activation of signaling kinases, and cause neuronal damage (Cho 2013). Glutamatergic neurotransmission can be altered by different factors: disruption in synthesis, excess GLU release, increased receptor formation, receptor level mutations, overactivation of receptors, and altered neurotransmitter reuptake 

(Akyuz et al. 2021). 

Excessive GLU accumulation is a feature present in most types of epilepsy that results in an increased propensity for GLU binding to its receptors and thus sustained seizures due to excessive receptor stimulation (Albrecht and Zielińska 2017). The increase in GLU levels is due to an increase in its synthesis and increased synaptic vesicles. In various articles it has been reported that, in patients with temporal lobe epilepsy (TLE), vesicular transporters increased, which could cause an increased release of GLU into the extracellular space (Van Liefferinge et al. 2013). In acquired epilepsies, due to injury, synaptic activity is increased, increasing vesicular GLU release from the presynaptic neuron (Albrecht and Zielińska 2017). High concentrations of GLU released into the synaptic space give rise to receptor overstimulation, which causes and contributes to the generation of free radicals. Overactivation of the NMDA receptor has been shown to trigger a series of signaling cascades leading to excitotoxicity, mainly through excess Ca2+ influx (Chen et al. 2023a). These receptors play an important role in modifying synaptic plasticity and excitotoxic cell death. On the other hand, AMPA receptor signaling enhances synaptic strength due to the upregulation of AMPA receptors (lacking the GLUA2 subunit) on the membrane of the postsynaptic neuron (Hanada 2014).  

Kainate receptors participate in the formation of aberrant synapses and, finally, metabotropic type receptors increase GLU exocytosis due to the signaling cascade of G-proteins coupled to these receptors (Musto 2022). 

The neurotransmitter released into the extracellular space under epileptic conditions has been found to be elevated (2 to 5 µm). This increase in extracellular GLU is due to impaired neurotransmitter reuptake. In TLE a decrease in EAAT2 transporter expression has been observed due to the death of seizure susceptible neurons, additionally decreased EAAT mRNA levels and EAAT protein levels were reported in focal epilepsies (Cho 2013; Green et al. 2021). 

5.2.3.4   Inflammation and Damage to the Blood–Brain Barrier

Inflammation is considered to be one of the relevant mechanisms in the development of seizures and epilepsy. It has been widely studied and is associated with neurological injuries caused by accidents (traumatic brain injury, stroke, etc.). About 50% of epilepsy cases are due to previous neurological lesions (Chen et al. 2023b). These lesions lead to the onset and progression of unprovoked seizures, which may or may not eventually result in the development of epilepsy. In this context, neuroinflammation is presented as one of the main mechanisms, through activation of microglia (aberrant activation) and astrocytes (through secretion of cytokines and chemokines). Experimentally, the induction of prolonged seizures induces the activation of glial cells (astrocytes and microglia), which release proinflammatory molecules such as interleukins (IL-1β and IL-6), tumor necrosis factor (TNF-α), cyclooxygenases (COX-2), and prostaglandins (PGE2). These molecules are present within the first hour after a seizure and can be maintained for days (Avignone et al. 2008; Wang 

and Chen 2018). Increased levels of COX-2 play an important role in prolonging the inflammation reaction as it is essential in arachidonic acid peroxidation and prostaglandin synthesis (Wang and 

Chen 2018). On the other hand, seizures have been shown to be associated with an increase in blood–brain barrier (BBB) permeability. In this regard, prolonged seizures affect endothelial cell adhesion molecules facilitating the recruitment of blood-derived leukocytes into the brain (Webster 

et al. 2017; Weissberg et al. 2011). 

5.2.3.5   Metabolic  Changes

The brain is an organ that requires energy to perform its normal activities, due to abnormal discharges of neurons, cerebral blood flow increases, glucose and oxygen consumption increases, and 
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synaptic transmission increases. These processes together cause (adenosine triphosphate) ATP in the brain to decrease, resulting in the brain's energy supply becoming insufficient (Imran et al. 2015; 

Yang et al. 2013). It has been shown that glucose use is elevated because of the energy demands associated with the restoration of ionic gradients, and compensation for cellular stress (Koenig and 

Dulla 2018), thus necessitating the use of other energy supplies, such as the glycogen reserve found in astrocytes, which, through glycolysis, generates more ATP. During epileptic seizures, there is a significant increase in oxygen demand, the effect of which is the induction of a hypoxic state and consequently decreases aerobic metabolism. The latter promotes energy generation through glycolysis and an increase in lactic acid (Yang et al. 2013). 

5.2.3.6   Oxidative Stress and Neuronal Death

Overstimulation of GLU receptors contributes to the generation of free radicals, which cause the appearance of oxidative stress and, consequently, an imbalance in mitochondrial functions. In this context, it is known that mitochondria are important producers of reactive oxygen species (ROS), as a by-product of cellular respiration, the same that are involved in processes leading to neuronal apoptosis (Kovac et al. 2017). Thus, during epileptic activity, the release of GLU is increased, producing an excessive stimulation of the NMDA receptor and subsequent Ca2+ influx that activates some enzymes that result in an increase in ROS, such as proteases that cause the degradation of the neuron cytoskeleton, lipases that damage plasma membrane lipids and release arachidonic acid 

(Shekh-Ahmand et al. 2019), nicotinamide adenine dinucleotide phosphate (NADPH), specifically NADPH oxidase (NOX) and nitric oxide synthase (NOS). NOX increases superoxide and COX-2 

production, which stimulates astrocytes to synthesize proinflammatory cytokines (Shekh-Ahmad et 

al. 2019; Lin et al. 2020). Whereas NOS, in particular the inducible isoform (iNOS), is involved in inflammatory processes and contributes to oxidative stress. Interestingly, when nitric oxide is produced in excess, it can combine with reactive oxygen species to generate peroxynitrite, causing neurotoxic effects, DNA damage, lipid peroxidation, and mitochondrial dysfunction (Rana and Musto 

2018; Walker 2018). Intracellular calcium accumulation and increased reactive oxygen species lead to excitotoxicity and subsequent cell death (Lado et al. 2002; Méndez-Armenta et al. 2014). Altered mitochondrial function contributes to the onset and progression of epilepsy by triggering activation of apoptosis cascades, the basic mechanism of cell death (Akyuz et al. 2021). In particular, activation of caspase 3 (executioner caspase) promotes apoptosis, through damage to structural proteins, DNA degradation, and inhibition of cellular repair enzymes (Shekh-Ahmad et al. 2019; Lin et al. 

2020). 

5.3   PHARMACOLOGICAL TREATMENT OF EPILEPSY

5.3.1   mechanisms of anTiepilepTic Drugs

The treatment of people with epilepsy (PWE) is based on the use of antiepileptic drugs (AED) depending on the type of epilepsy present, which allows specialists to treat seizures through a different molecular mechanism, or through combinations of these. The latter practice is not recommended as it often results in patients going into remission. Not to mention that about 30% of PWE 

do not respond to pharmacological treatment (Sánchez-Álvarez et al. 2015). The four most representative mechanisms aimed at avoiding or reducing epileptic seizures are: enhancing GABA-mediated inhibitory neurotransmission; stabilize thalamic neurons by inhibiting T-type Ca channels; modulate the conductance of membrane cations (Na+, Ca2+ or K+), as well as the activity of voltage-gated ion channels; and attenuate glutamate-mediated excitatory neurotransmission (Lasoń et al. 2013).  

The most used AED are phenobarbital, carbamazepine, phenytoin, and valproic acid to treat PWE 

seizures by increasing pre- and postsynaptic GABA action, blocking cyclic adenosine receptors, decreasing automaticity of neuronal hyperexcitability, and by a dual effect of increasing GABA transmission and preventing Ca2+ and Na+ entry, respectively (Marvanova, 2016). However, all these 
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drugs have serious adverse effects, such as hepatotoxicity, anxiety, depression, somnolence, and teratogenicity; very few AED can be administered during pregnancy (lamotrigine, oxcarbazepine, and levetiracetam) (Mari et al. 2022). 

5.3.2   siDe effecTs of anTiepilepTic Drugs

In general, the main problems of AED treatment are four: side effects, interaction with other drugs, drug resistance, and high cost. Its long list of side effects reduces the quality of life of patients, causing them to frequently abandon treatment (drowsiness, tiredness, vertigo, coordination problems, tremors, cognitive alterations, mood changes, behavioral alterations, sexual and hepatic problems, and alterations in embryofetal development) (Mutanana et al. 2020). AED frequently interfere with the mechanism of action of other drugs that the patient consumes, modifying their action by reducing their efficacy, increasing the risk of side effects, increasing or decreasing serum levels, and acting as enzyme inhibitors and inducers, among others. These interactions are classified into three levels according to their clinical consequences (Johannessen and Landmark 2010). In terms of resistance, some patients may become resistant to anticonvulsant drugs, meaning that the drug no longer works to control seizures. This can be due to factors such as genetic changes, alterations in receptors or enzymes, or lack of compliance with treatment (Löscher et al. 2020). Finally, AED 

tend to have a high cost, especially the new generation ones, which makes it difficult for all patients to have access to treatment. Not to mention that their prolonged use generates additional expenses for the management of side effects or drug-drug interactions (Rajagopalan et al. 2018). Although today there is a wide variety of new generation AED with novel mechanisms that have improved the tolerability of new antiepileptic therapies, their efficacy remains virtually unchanged from that of conventional AED. Thus, none of the AED available on the market today are completely ideal; in fact, most of them are used as adjunctive therapies to standard treatment (Bialer and White 2010).  

Not to mention that all AED have a synthetic origin and to date there are none of natural origin (Kośmider et al. 2023). 

Faced with these drawbacks, patients seek alternatives that offer advantages to their pharmacological treatment: lower toxicity, lower cost, greater availability, and better acceptance. Although there is a long list of alternatives, one of the few therapies, which, in addition to meeting all these desired characteristics, offers good results, is undoubtedly the use of medicinal plants with relaxing, sedative, antioxidant, anti-inflammatory, etc. properties. In this sense, several patients prefer the use of medicinal plants for cultural, religious, or personal reasons, which increases their acceptance and adherence to treatment. In addition, some plants may have a beneficial effect on the emotional or spiritual state of patients (anxiolytic, antidepressant) (Zhu et al. 2023). In this context, the mil-lenary use of medicinal plants gives patients the confidence to use them because they believe that, being natural, they are less toxic than AED, which reduces the risk of side effects or intoxication. 

However, this is only a belief that has spread because although in general terms plants are usually less toxic than drugs, this does not mean that they are harmless. Since they present a mixture of active ingredients, possible contamination with other substances such as pesticides, and they do not have an adequate dosage, they are also susceptible to contraindications and interactions with other substances (Karimi et al. 2015). Finally, it is important to note that medicinal plants are more accessible and cheaper than AED, which makes them easier for patients to obtain and use. Mainly for those in rural areas of LMIC, where health services are insufficient, there is a higher prevalence of risk factors, a greater number of patients, and greater empirical ethnobotanical knowledge that allows people to cultivate or collect plants to treat their ailments. Thus, the use of medicinal plants is presented as an attractive alternative to maintain the health of PWE, since numerous investigations show that antioxidant or anti-inflammatory agents (such as those present in plants) have a great therapeutic value against oxidative stress and inflammation characteristic of the epileptogenesis phase (Bialer and White 2010). 
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5.4   MEDICINAL PLANTS: THE ROOTS OF HUMAN HEALTH AND CULTURE

Since the dawn of mankind, humans have made use of the plants around them to obtain not only food, but also shelter, refuge, and heat, and to treat their illnesses. The oldest traces of man's use of medicinal plants to treat his illnesses are found in the cave paintings inside the caves of Lascaux, France, which date back some 13,000 to 25,000 years ago (Chopda and Mahajan 2009).  

Archaeological studies show that the oldest evidence of this practice is found in prehistoric tombs from more than 60,000 years ago in present-day Iraq. Where the sequencing of pollen found inside dental calculus of primitive men has allowed the identification of plant species with no nutritional value, but with remarkable medicinal properties such as antibacterial ( Alcea   sp.), antimicrobial ( Bellevalia  spp), antioxidant ( Aizoon hispanicum), febrifuge ( Anthemis  sect . Maruta), contraceptive, antifungal, sedative, and antifungal ( Cyperus  cf . articulates), etc. (Hardy 2019). Throughout the history of mankind, medicinal plants have played an integral role in the development of the cultures and traditions of peoples around the world, contributing to the establishment of their own medical systems based on empirical knowledge and oral transmission, known as traditional medicine. This is defined as the set of knowledge, techniques, and practices based on beliefs, theories, and experiences of different cultures, used to maintain an optimal state of health, as well as to prevent, diagnose, and treat physical and mental illnesses (Salmerón-Manzano et al. 2020). In this context, the use of medicinal plants by man can be considered as the origin and basis of modern pharmacology and therapeutics. It is now common to use drugs based on isolated plant molecules that were used in Sumerian, Ayurvedic, Chinese, Greek, Arabic, and, more recently, Native American medicine (Dias et al. 2012). 

5.4.1   bioDiversiTy of planT species in The worlD

Although new plant species are discovered every day, the most recent official data indicate that, as of today, there are about 422,000 vascular plant species distributed throughout the world (it is estimated that the figure could be as high as half a million), of which only 8.3% to 17.8% of plant species (35,000 to 75,000) have scientific studies to support the biological effects attributed to them in traditional medicine (Hardy, 2019; Salmerón-Manzano et al. 2020). The most megadiverse countries in terms of plant species are those that are located near the tropics and have climatological characteristics typical of tropical zones: soil diversity, geographical isolation, relatively high temperatures, high water availability, etc. Distinctive features that have allowed them to develop and conserve a wide diversity of flora and fauna (Zhang et al. 2022). Thus, among the most megadiverse countries we can find China, India, Brazil, Ecuador, Colombia, Mexico, and Australia, among others (Villaseñor and Meave 2022). The first three countries occupy the top positions in global biodiversity, and only China and India top the list of countries that have published the most scientific papers verifying the biological effects attributed to medicinal plants in the last two decades. Brazil is in fourth place below Iran (Salmerón-Manzano et al. 2020). This is due not only to its plant biodiversity, but also to the knowledge bequeathed by the ancestral civilizations that developed in these territories. 

5.4.2   seconDary meTaboliTes

The medicinal properties of plants are based on the presence of secondary metabolites, complex chemical substances of diverse nature that perform non-essential functions for plants, such as defense and protection against fungi, insects, herbivores, diseases, and other plants (Pichersky and 

Raguso 2016). Unlike the primary metabolites that play a determining role in plant survival, the absence of secondary metabolites is not lethal for the plant since they are aimed at intervening in the ecological interactions between the plant and its environment. Some of the most representative secondary metabolites include alkaloids, terpenes, flavonoids, phenolic compounds, etc. Several 
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of these compounds usually have biological effects, such as analgesic, antihypertensive, hypoglycemic, anti-inflammatory, antiparasitic, anxiolytic, antidepressant, and anticonvulsant (Nogia and 

Pati 2021). 

5.5   MEDICINAL PLANTS: AN ALTERNATIVE FOR THE TREATMENT OF EPILEPSY

The treatment of epileptic seizures is an ancient practice dating back to texts of about 4,000 years through rituals, use of amulets, and prayers (given its conception of natural). Its effective treatment begins to occur from the use of medicinal plants, as described in  The Canon of Medicine by Abu Ali al-Husayn ibn Abd Allah ibn Sina (commonly known as Ibn Sina, or by his latinized name 

Avicenna) in which we can find descriptions of plants such as chives ( Allium schoenoprasum), artemisia arborescens ( Sheeba  in Arabic), dill ( Anethum graveolens), hyssop ( Hyssopus), and rue ( Ruta). The latter being one of the few plants recommended by Avicenna proven and confirmed by modern medicine as an effective anticonvulsant (Asadi-Pooya et al. 2012). 

Numerous plants used in traditional medicine for this purpose have shown remarkable anticonvulsant properties in experimental animal studies simulating different types of epileptic seizures. 

Maximal electroshock seizure and pentylenetetrazole are some of the most used to measure the anticonvulsant activity of plant extracts (Keri et al. 2022). Although there is not a complete and deep understanding of the epileptogenic mechanisms, and therefore of the antiepileptogenic mechanisms of plants, in the last two decades an enormous number of experimental studies have shown that plants contain secondary metabolites with great anticonvulsant activity. In this regard, in the middle of 2023 the Scopus database shows that, so far, there are more than 1,540 papers published in high impact scientific journals. In Figure 5.1 we can observe the main keywords with high occurrence in these studies, which shows 6 clusters: red (151 items), green (98 items), light green (74 items), yellow (45 items), purple (31 items), pink (4 items). Although the cluster with the highest occurrence was red, which groups the compounds identified as antiepileptic, the top keywords with the highest occurrence within the analyzed dataset and linking strength within the network were “nonhuman” 

and “anticonvulsive agent”. We can highlight that the main relationships are given around anticonvulsant activity, animal models, types of extracts, and secondary metabolites (larger size of circles). 

In this framework it is important to note that there are three keywords with low occurrence but of great relevance: anti-inflammatory activity (light green), antioxidant activity (purple), and antimicrobial activity (purple). Since in recent years they have been the subject of study by researchers as alternative ways, to those used by conventional drugs, to treat epilepsy (Figure 5.1).  

Using the keywords "epilepsy, plants, and anticonvulsive", we reduced from 1,540 to 601 documents. We selected only those that provided complete information on the most important aspects 

FIGURE 5.1  Main keywords with the highest appearance in studies of anticonvulsive plants. The size of the circles is proportional to the frequency of appearance of each keyword in the analyzed studies. Constructed with Scopus data only. 
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of the plants (scientific name, common name, used part, extract, dose), the active compound (name, mechanism, effect), and the animal model (specie, model). Or those lacking only one of these data, reducing the list to 84 publications whose most relevant information is shown in Table 5.1. 

A noteworthy point is that the plants analyzed show the presence of various secondary metabolites responsible for their anticonvulsant effects, such as alkaloids (Mateen et al. 2017), flavonoids 

(Govindu and Adikay 2014), terpenes (Sayyah et al. 2004), tannins (Fisseha et al. 2022), saponins (Musa and Adam 2017), sterols (Ali et al. 2009), phenolic compounds (Bhosle, 2023), lactones 

(Coelho et al. 1997), cardiac glycosides (Bhawana et al. 2016), coumarins (Sharma et al. 2023), and opioids (Bum et al. 2009), among others. According to the research analyzed, these compounds can act, given their varied chemical structures, through different mechanisms in the genesis and propagation of epileptic seizures. For example, by modulating the activity of neurotransmitters (Baradaran et al. 2019), ion channels, receptors (Nascimento et al. 2022), enzyme systems (Komali 

et al. 2020), neurotrophic factors; modifying the concentration of neurotransmitters in different brain structures (Nagakannan et al. 2011); and, to a lesser extent, through mechanisms that do not act directly on CNS neurochemistry. But through alternative mechanisms such as antioxidant (Mateen et al. 2017), anti-inflammatory (Prakash et al. 2013), and antimicrobial mechanisms that protect neurons from oxidative stress and inflammation. In ascending order, the secondary metabolites identified with the highest anticonvulsant activity are terpenes, which exert their effects by inhibiting GABA-degrading enzymes, and by interacting with GABA  and GABA  receptors; 

A

B3

flavonoids, which modulate the inhibition of enzymes synthesizing glutamate, the main excitatory neurotransmitter of the CNS, activate opioid receptors (analgesic and anticonvulsant effect), and interact with GABA  receptors; and alkaloids, which inhibit GABA-degrading enzymes, activate 

-A1

benzodiazepine receptors (which potentiate the effect of GABA), and modulate the interaction with serotonergic 5-hydroxytryptamine 2A (5-HT2A) and 5-hydroxytryptamine 2C (5-HT2C) receptors 

involved in glutamate release. 

Although it is interesting to find this variety of anticonvulsant mechanisms in secondary metabolites present in natural products, much has been discussed in this regard since they share mechanisms of action with AED on the market. Therefore, logically, they also share several of their undesirable effects. In this sense, plants with a different anticonvulsant mechanism are more attractive because they offer alternative ways to treat seizures, resulting in being more friendly to the patient's health. 

Thus, the plants in which an antioxidant mechanism has been identified are  Acalypha fruticose 

(Govindu and Adikay 2014),   Anacyclus pyrethrum  L ., (Onishi et al. 2023),   Areca catechu (Mateen 

et al. 2017) , Artocarpus heterophyllus  Lam (Prakash et al. 2013) , Bacopa monnieri (Komali et al. 

2020) , Coriandrum sativum (Pourzaki et al. 2017) , Cyperus articulates  L ., (Herrera-Calderon et 

al. 2017),   Desmodium triflorum (Bhosle, 2023) , Guettarda speciosa (Saravana and Gandhimathi 

2009) , Zingiber officinale (Hosseini and Mirazi, 2014); while the ones that showed an anti-inflammatory mechanism are  Anacyclus pyrethrum  L ., (Onishi et al. 2023),   Artocarpus heterophyllus Lam (Prakash et al. 2013) , Cochlospermum tentorium (Maiha et al. 2009) , Phyllanthus amarus (Tao et al. 2020). However, none of the investigations analyzed suggest that the anticonvulsant activity of the studied extract could be due to an antimicrobial effect. This could be because the models used to induce epileptic seizures in the studies analyzed are mostly based on the generation of seizures through chemical substances and electrical impulses (models that cause the morphological and biochemical damage most similar to those developed in the disease), but none through the inoculation of infectious agents. Which, as seen in previous sections of this chapter, curiously is one of the most frequent etiologies of epilepsy in LMIC where there is a high incidence of CNS infections and marked deficiencies in health services. Therefore, we wish to emphasize the need to give greater importance to the study of anticonvulsant agents from the perspective of CNS infections, and not only through the classical mechanisms that modulate cerebral neurobiochemistry. 

The range of doses used to study the anticonvulsant effects of plant species extracts goes from 5–4,000 mg/kg, being the most attractive those that needed a lower amount of extract to avoid or decrease seizures, latency time, intensity, and frequency. Such is the case of some compounds 
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such as monoterpenes, flavonoids, and alkaloids (Tamboli et al. 2012). While those that required a greater amount were extracts rich in acid compounds and sterols (Bum et al. 2004). Finally, there are some other data of interest in the analysis of Table 5.1, such as the most used plant structures (leaves, roots, rhizomes, seeds, flowers, fruits, barks); the most frequently used models to induce epilepsy (pentylenetetrazole, maximal electroshock seizure, strychnine, picrotoxin, isoniazid, pilocarpine, bicuculline); the most used animal species (Swiss albino mice, Wistar rat, and Sprague Dawley rats); the most recurrent plant extracts (those of polar nature, ethanolic, methanolic, and methanolic); the most used plant extracts (ethanolic, methanolic, and methanolic); and the most abundant anticonvulsant compounds identified with antiepileptic effect (flavonoids, alkaloids, saponins, phenolic compounds, terpenes, and coumarins).  

5.6   CHALLENGES AND PERSPECTIVES ON THE USE OF 

ANTICONVULSANT MEDICINAL PLANTS

Epilepsy is associated with an increased risk of depression, anxiety, and poor quality of life due to various factors such as stigmatization, physical and mental deterioration, family issues, and work-related problems. The current AED primarily inhibits electrical discharge in uncontrolled neurons and induces hypnotic states. However, these drugs have a long list of side effects, lack effectiveness, and lead to drug interactions, drug resistance, and treatment inaccuracies, making the treatment of PWE less than ideal. Therefore, there is a pressing need to intensify the search for anticonvulsant molecules that are more effective, less toxic, and have mechanisms of action different from conventional AED, thereby avoiding modifications to brain neurobiochemistry and mental health impacts. This includes exploring therapies with antioxidant, anti-inflammatory, and antimicrobial molecules. The study of medicinal plants with anticonvulsant properties has a historical foundation, with various cultures using them to treat neurological diseases, including epilepsy. These plants offer advantages such as global availability, affordability, and substantial empirical knowledge supporting their use. Research shows that their anticonvulsant effects are attributed to the presence of diverse secondary metabolites with varied mechanisms of action, involving the regulation of ion channels, neurotransmitter receptors, enzymatic systems, and neurotrophic factors. However, the study of medicinal plants for epilepsy treatment faces challenges, including identifying their active molecules, determining optimal dosages, conducting ethnobotanical studies to support their use, managing interactions with conventional AED, developing stable pharmaceutical forms, and increasing social awareness of their benefits. Additionally, there is a vital need for preclinical and clinical research to evaluate their safety, efficacy, effective doses, and potential toxic effects during acute, subacute, subchronic, and chronic use. 

Unfortunately, there is a marked trend in which interest in medicinal plant research has been significantly reduced in institutions that have the economic, human and technological resources, and facilities to develop this type of research (pharmaceutical companies), with supporting factors alleging economic reasons and low availability. In contrast, the scientific community knows that since Merck isolated and purified morphine from  Papaver somniferum in 1826 to market it as a drug (Veeresham 2012), medicinal plants have played an important role in the discovery of new and more effective drugs intended to treat all types of diseases. Therefore, ethnobotany and traditional medicine were, are, and will be, in addition to being useful strategies, an invaluable tool for the future of pharmacological research into epilepsy and other diseases. Some of the most important challenges that scientific research must face to improve the knowledge and application of medicinal plants in the treatment of epilepsy are:

•  Identify and isolate active compounds from anticonvulsant plants, understand their mechanisms of action, and assess potential side effects through advanced chemistry, pharmacol-

ogy, neuroscience, and rigorous clinical trials. 
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•  Study the therapeutic potential of anticonvulsant plants in diverse regions worldwide, 

with a focus on LMIC where knowledge of plant use, traditional medicine, and bio-

diversity is high. This involves ethnobotanical, phytochemical, and pharmacological 

research while respecting the intellectual property rights and ethical principles of local 

communities. 

•  Developing anticonvulsant drugs derived from medicinal plants that outperform current 

synthetic options in terms of reduced toxicity, resistance, increased efficacy, and treat-

ment adherence. This is a substantial scientific, technological, and economic challenge that requires substantial investment and specialized human resources. 

•  Integrating the use of anticonvulsant plants into conventional epilepsy treatment and complementary or alternative therapies such as the ketogenic diet or electrical stimulation. This necessitates educational, social, and cultural efforts to raise awareness of the value and 

benefits of anticonvulsant plants, foster collaboration between health-care professionals 

and natural resource users, and promote proper dosing and awareness of potential toxic 

effects. 

Although these are some of the challenges and perspectives that will define the future in anticonvulsant plant research, several issues should be considered (formulations, safety, interactions, pharmacokinetic and pharmacodynamic characteristics, etc.). Medicinal plants represent a valuable source of knowledge and possible solutions to improve the quality of life of people suffering from epilepsy and other neurological diseases. 

5.7   CONCLUSION

Epilepsy is an ancient, prevalent, and potentially fatal neurological condition. Only a small proportion of PWE are diagnosed and have access to AED, which do not offer adequate treatment, but generate a wide variety of toxic effects. Therefore, the search for safer, more effective, and affordable therapies for all patients should be a key area of research. Medicinal plants are a viable alternative to the use of AED because they have fewer toxic effects, are distributed worldwide especially in LMIC, and contain secondary metabolites such as alkaloids, flavonoids, terpenes, and polyphenols that have a great action on neurotransmitters and their receptors. This chapter highlights the pathophysiology of epilepsy and the significance of medicinal herbs in combating this neurodegenerative disorder. Eighty-four plants with potential for treating of epilepsy were identified, highlighting the need for new antiepileptic drugs that are highly effective, well tolerated, and with minimal interaction. Our findings underscore the importance of exploring new anticonvulsant properties of plant species (antioxidant, anti-inflammatory, and antimicrobial), and encourage researchers and academic institutions to invest in natural product studies in search of new antiepileptic agents. This chapter seeks to stimulate interest in research on anticonvulsant plants and in development of strategies to confront and overcome their current limitations. 
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6.1   INTRODUCTION

The advancement of the breakdown of the nervous system's structure and functionality characterizes a complicated class of illnesses known as neurodegenerative diseases. According to Lamptey 

 et al.  (2022), these illnesses, which include amyotrophic lateral sclerosis (ALS), Parkinson's disease (PD), Alzheimer's disease (AD), and Huntington's disease (HD), cause serious difficulties for people with these conditions as well as health-care systems across the globe. According to Ibanez et al. 

(2021), there is a pressing need for a more profound comprehension of the underlying mechanisms of neurodegenerative diseases, as their prevalence rises with ageing populations. 

An important feature of neurodegenerative diseases is aberrant protein folding, a critical component of the pathophysiology of these illnesses (Sweeney et al. 2017; Oladele et al. 2021; Ajayi 

et al. 2024). Protein misfolding contributes to neuronal dysfunction and ultimately results in cell death by causing the formation of toxic aggregates and disrupting cellular functions. According to 

Sinnige et al. (2020), the complex interactions among genetic, environmental, and lifestyle factors contribute to the complexity of the aetiology of these diseases, making it challenging to understand their multifaceted nature. 

A number of neuronal disorders have been linked to protein misfolding, whereby particu-

lar proteins take on aberrant conformations and accumulate in different segments of the brain (Brown and Horrocks, 2020). These misfolded proteins, which include alpha-synuclein in Parkinson's disease and beta-amyloid in Alzheimer's disease, are linked to the development of pathological structures like Lewy bodies and plaques (Oladele et al. 2020; Oladele et al. 2021). 

Determining the precise therapeutic approaches that target the underlying causes of neurodegeneration requires a thorough understanding of the role that protein misfolding plays in disease pathology (Chiò et al. 2020). 

This chapter aims to explore the complex molecular mechanisms that underlie misfolding of 

proteins in neurodegenerative diseases. Through investigating the correlation between misfolded proteins and the advancement of the disease, the objective is to identify putative therapeutic targets capable of regulating protein folding and averting or mitigating the severe outcomes of neurodegeneration (Tabrizi et al. 2020). In addition to being vital for expanding our basic knowledge of these illnesses, this investigation has the potential to lead to the creation of cutting-edge treatments that will enhance the lives of individuals who are impacted (Lázaro et al. 2020). 

The majority of these complex neurological diseases presently have no known complete cure, 

but treatments are meant to reduce pain, improve mobility, and manage symptoms. Research on 
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neurodegenerative diseases is ongoing with the goal of developing new treatment and prevention strategies as well as enhancing our understanding of their causes (Oladele et al. 2020; Wilson et al. 

2023). New developments in genetic research, neuroimaging, and molecular biology have opened our eyes to previously unimaginable details about the complex mechanisms underlying neurodegenerative illnesses. This research aims to increase the amount of knowledge in the field and promote a better understanding of the molecular causes of neurodegeneration by incorporating these state-of-the-art findings. We may be able to prevent neurodegenerative diseases altogether if we can successfully solve the riddles surrounding protein misfolding in these illnesses. This could lead to the development of novel therapeutic strategies that could improve diagnosis and treatment. 

6.2   PROTEIN MISFOLDING AND NEURODEGENERATIVE DISEASES

Proteins that have been misfolded and aggregated build up in the brain of people with neurodegenerative diseases, including Alzheimer's, Parkinson's, Huntington's, amyotrophic lateral sclerosis, and transmissible spongiform encephalopathies. It is thought that the fundamental cause of these illnesses is protein misfolding and aggregation. The buildup of these misfolded proteins may result in the creation of hazardous aggregates that harm cells and advance the illness (Ghosh and Ranjan 

2020; Oladele et al. 2021). 

6.2.1   common neuroDegeneraTive Diseases affecTeD by proTein misfolDing

A common factor among the various disorders known as neurodegenerative diseases is protein 

misfolding, which is a condition marked by the progressive degeneration of the nervous sys-

tem. Abnormal protein folding has a direct impact on a number of well-known neurodegenera-

tive  diseases. The misfolding and aggregation of tau and beta-amyloid proteins, for example, are linked to Alzheimer's disease, whereas alpha-synuclein misfolding is linked to Parkinson's disease (Table 6.1). The misfolding of huntingtin protein is a hallmark of Huntington's disease, while misfolded proteins like SOD1 (superoxide dismutase 1) and transactive response DNA binding protein 43 kDa (TDP-43) are implicated in amyotrophic lateral sclerosis (ALS) (Figure 6.1). The pathological cascade that results in neurodegeneration is influenced by the structural changes of important proteins, which are closely linked to the manifestation of these diseases (Parray et al. 2022). 

6.2.2   mechanisms of proTein misfolDing anD aggregaTion

Proteins that are normally buried within their protein cores become visible when their native three-dimensional structure is altered, a process known as misfolding. Genetic mutations, external circumstances, or a combination of both of them may set off this unfolding. Hemagirri et al. (2023) 

TABLE 6.1

Neurodegenerative Diseases and Associated Misfolded Proteins

Neurodegenerative Disease

Misfolded Proteins

Symptoms

Management/Cure

Alzheimer’s disease

Beta-amyloid and 

Memory loss, cognitive 

Disease treatment is to manage 

tau proteins

decline, confusion, and 

symptoms and enhance quality 

behavioral changes

of life, as there is currently no 

known cure. 

Amyotrophic lateral sclerosis 

Various proteins, 

Muscle weakness, 

No cure. Treatment is supportive 

(ALS)

including SOD1 

respiratory, swallowing, 

care, which aims to control 

and TDP-43

and speech difficulties

symptoms and enhance quality 

of life

( Continued)
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TABLE 6.1 (CONTINUED)

Neurodegenerative Diseases and Associated Misfolded Proteins

Neurodegenerative Disease

Misfolded Proteins

Symptoms

Management/Cure

Familial amyloidotic 

Transthyretin 

Peripheral neuropathy, 

Liver transplantation can slow or 

polyneuropathy (FAP)

(mutant forms)

sensory and motor 

stop the progression of the 

deficits, and autonomic 

disease. 

dysfunction. The kidneys, 

Handling symptoms and 

gastrointestinal system, 

complications is the goal of 

heart, and other organs 

treatment. This may include 

can all be impacted by 

heart medication, supportive 

amyloid deposits. 

care, and neuropathic pain 

medications. 

Friedreich Ataxia

Frataxin

Progressive loss of 

The goal of current therapies is to 

coordination, fatigue, and 

control complications and 

heart problems

symptoms. 

Huntington’s disease

Huntingtin protein 

Involuntary movements, 

It has no cure and treatment 

with expanded 

cognitive decline, and 

focuses on symptom 

polyglutamine 

psychiatric symptoms

management and support. 

repeats

Multiple tauopathies

Tau protein 

While aberrant tau protein 

A precise diagnosis and possible 

(microtubule-

accumulation is a 

future therapeutic interventions 

associated)

common characteristic of 

depend on an understanding of 

several tauopathies, the 

the particular tauopathy. To alter 

clinical presentation, 

or stop the progression of the 

brain regions affected, 

disease, targeted treatments are 

and accompanying 

being developed and the 

symptoms differ. 

mechanisms underlying 

tauopathies are being further 

investigated. 

Parkinson’s disease

Alpha-synuclein

Tremors, bradykinesia, 

Currently treated with an 

muscle rigidity, and 

emphasis on symptom 

postural instability

management, and research into 

potential disease-modifying 

therapies is ongoing. Drugs 

such as levodopa are used to 

control symptoms. In certain 

circumstances, physical therapy 

and deep brain stimulation may 

be taken into consideration. 

Prion diseases/transmissible 

Prions

Rapidly progressive 

No cure. The principal strategy is 

spongiform 

dementia, muscle 

supportive care. 

encephalopathies (TSE) e.g. 

stiffness, and twitching

Creutzfeldt-Jakob Disease 

(CJD)

have observed that proteins are more likely to aggregate after they are misfolded, resulting in the formation of insoluble structures like inclusion bodies, tangles, or plaques. 

The complex mechanisms underlying protein misfolding and aggregation have been revealed by 

recent research. The failure of chaperone proteins, which aid in correct protein folding, to efficiently refold misfolded proteins may lead to their buildup (Figure 6.2). Additionally, the accumulation of misfolded proteins within cells is largely attributed to compromised mechanisms for protein 

[image: Image 6]
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FIGURE 6.1  Misfolded proteins associated with neurogenerative diseases. 

clearance, including the ubiquitin-proteasome system and autophagy. Moreover, the dissemination of pathology throughout interconnected areas of the nervous system has been linked to prion-like propagation, a process in which misfolded proteins cause the misfolding of their normal counter-parts (Reynaud 2010; Stollar and Smith 2020). 

6.2.3   consequences of misfolDeD proTein accumulaTion

The accumulation of misfolded proteins has a variety of negative effects, many of which are caus-ally linked to neurodegeneration. The assembly of misfolded proteins, first and foremost, causes insoluble deposits to form inside and around neurons, impairing cellular communication and function. As a result, there is an increase in the overall harm to neuronal integrity due to oxidative stress, inflammatory reactions, and mitochondrial dysfunction (Parray et al. 2022). 

Moreover, synaptic dysfunction and neuronal death are caused by the sequestration of vital 

cellular components by aggregates and the disruption of regular cellular functions. One of the 

[image: Image 7]
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FIGURE 6.2  Mechanism of protein misfolding and aggregation. 

main characteristics of neurodegenerative diseases is the progressive loss of neurons in particular brain regions, which is directly related to the harmful effects of misfolded protein accumulation (Hemagirri et al. 2023). 

For the purpose of creating targeted therapeutic interventions, it is essential to comprehend the complexities of protein misfolding and its effects. Novel perspectives on the structural dynamics of misfolded proteins have been made possible by recent technological developments in areas like cryo-electron microscopy and high-resolution imaging. These discoveries have opened up new possibilities for drug discovery and the development of therapies that target the underlying causes of neurodegenerative diseases. The possibility of creative methods to prevent or reverse neurodegeneration is growing as we continue to understand the intricacies of protein misfolding (Stollar and 

Smith 2020). 

6.3   HERBAL AND PLANT PRODUCTS IN 

NEURODEGENERATIVE DISEASE MANAGEMENT

For centuries, herbal and plant-based products have been an essential part of conventional medical practices, providing a wealth of naturally occurring and bioactive compounds with a variety of medicinal applications. sometimes referred to as phytochemicals or phytoconstituents. Plants produce these chemicals for a variety of uses, such as defense against pests, diseases, and environmental stressors. Because of their possible health benefits, phytochemicals, which are present in fruits, vegetables, grains, beans, and other plant-based foods, have attracted a lot of attention (Wiseman 

2012; Behl et al. 2020). 

These naturally occurring substances, which are sourced from different plant parts, are gaining more and more attention in contemporary pharmacology because of their possible health advantages and comparatively fewer negative consequences in comparison to certain synthetic medications. Researchers and medical professionals find these botanicals to be a fascinating field of study owing to the complex mixtures of phytoconstituents that are present in them, which frequently contribute to their holistic therapeutic effects (Mihaylova and Popova 2023). 
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1. Flavonoids

A class of polyphenolic compounds called flavonoids is present in a wide range of fruits, vegetables, and herbs. Flavonoids are well known for their antioxidant capabilities, but they also have neuroprotective, anti-inflammatory, and anticancer effects. Two examples of flavonoids with significant therapeutic potential are quercetin, which is found in onions and apples, and epigallocatechin gallate (EGCG), which is found in green tea (Yao et al.   2004; Sun et al. 2022). 

2. Alkaloids

Alkaloids are substances that contain nitrogen and are present in a wide range of plant species. 

Alkaloids with known medical benefits include caffeine from coffee beans and morphine from 

opium poppies. Among other things, these substances may have analgesic, anti-inflammatory, and psychoactive properties (Debnath et al. 2018; Adamski et al. 2020). 

3. Terpenoids

Terpenoids, which include essential oils, are abundant in aromatic plants and exhibit an assort-ment of biological purposes. As an illustration, consider artemisinin, which is taken from  Artemisia annua and used to treat malaria, and menthol from mint. Terpenoids have anti-inflammatory, antimicrobial, and anticancer characteristics (Wink 2003; Divekar et al. 2021). 

4. Polyphenols

A wide range of substances called polyphenols is located in red wine, tea, fruits, and vegetables. 

While curcumin from turmeric has anti-inflammatory and antioxidant qualities, resveratrol from red grapes has drawn attention for its possible cardiovascular benefits (Manach et al. 2004; Mithul 

Aravind et al. 2021). 

5. Saponins

Saponins, found in various plant sources such as ginseng and soybeans, have immune-modulating and anti-inflammatory effects. They also exhibit cholesterol-lowering properties and have been explored for their potential in cancer prevention (Oleszek and Marston 2013; Rajak et al. 2023). 

6. Carotenoids

Many fruits and vegetables have red, orange, and yellow hues due to these pigments. Researchers have looked into the possibility that carotenoids can lower the risk of developing chronic illnesses, such as some forms of cancer and eye disorders (Wiseman 2012). 



7. Stilbenes and lignans

These substances have a reputation for having anti-inflammatory and antioxidant qualities, among other potential health benefits. For their potential to help prevent chronic diseases, they are being studied (Dias 2012). 

These examples highlight the variety of phytoconstituents and their possible medical applications. It is imperative to acknowledge that there can be variations in the effectiveness and safety of plant-based and herbal products. Therefore, conducting studies thorough scientific research is vital to substantiate their therapeutic assertions. 
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Research on phytoconstituents is still ongoing to investigate their potential therapeutic effects, despite their use in traditional medicine. With the goal of maximizing their potential for the creation of novel therapies and preventive measures, researchers are actively working in order to grasp the biological functions and health advantages of these natural compounds (Kumar et al. 2022). 

6.3.2   mechanisms by which naTural compounDs funcTion

Numerous studies have been done regarding the potential therapeutic effects of natural compounds and phytoconstituents in an array of diseases. The following are a few ways that these substances work:

1. Anti-inflammatory properties

Plant-based natural compounds have the capability to significantly reduce inflammation by influencing immune response pathways in the body. It has been demonstrated that bioactive components like flavonoids, terpenoids, and polyphenols inhibit pro-inflammatory enzymes (like lipoxygenase and cyclooxygenase) and cytokines (like TNF-α, IL-1β, IL-6, PGE2, and NO), together with malondialdehyde (a sign of oxidant stress) and myeloperoxidase (a crucial enzyme in the neutrophil respiratory burst). Additionally, they inhibit the activation of inflammatory signalling pathways like NF-κB and STAT-1 and the synthesis of inflammatory mediators. These anti-inflammatory 

qualities add to the potential therapeutic advantages of natural substances in diseases like arthritis, neurodegenerative disorders, and cardiovascular disorders that are marked by high levels of inflammation (Pandey and Rizvi 2009; Rudrapal et al. 2022). 

2. Antioxidant effects

To protect cells from oxidative stress and neutralize reactive oxygen species (ROS), natural compounds' antioxidant qualities are essential. Nutrients present in many plant sources, such as polyphenols, flavonoids, and vitamins, scavenge free radicals and block nuclear factor kappa B (NF-κB) and ATP binding sites, which take part in the synthesis of pro-inflammatory cytokines. This prevents inflammation and damage to cells. These antioxidants aid in the prevention of chronic illnesses such as cancer, neurological disorders, and cardiovascular disease by altering redox signalling pathways (Valko et al. 2006; Forman and Zhang 2021). 

3. Modulation of protein misfolding pathways

There is evidence that certain naturally occurring substances can affect the misfolding pathways of proteins that are connected to neurodegenerative illnesses. One such protein that interacts with misfolded proteins to prevent their aggregation and aid in the removal of harmful aggregates is curcumin, which is present in turmeric. By targeting particular proteins, such as alpha-synuclein in Parkinson's disease and beta-amyloid in Alzheimer's disease, these substances may disrupt the pathological cascade linked to protein misfolding (Aggarwal and Harikumar 2008; Ghosh et al. 

2015). It has been demonstrated that flavonoids, including genistein, kaempferol, quercetin, and daidzein, inhibit the activations of STAT-1 and NF-κB (Figure 6.3), which are engaged in the process of producing pro-inflammatory cytokines (Araujo et al. 2012). 

4. Promotion of protein clearance mechanisms

The potential of a few naturally occurring substances to improve cellular protein clearance processes like autophagy and the ubiquitin-proteasome system has been studied. Through their capacity to eliminate misfolded or aggregated proteins, these mechanisms are essential for preserving cellular homeostasis. Certain compounds, such as EGCG and resveratrol, have been demonstrated 

[image: Image 8]

104  Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management to increase autophagy and proteasomal activity, which helps to effectively clear protein aggregates and lessens the load on cells (Morselli et al. 2009; Pallauf and Rimbach 2013). 

Gaining knowledge of these mechanisms of action can help you better understand how natural 

compounds can be used as medicines. It's crucial to remember that these substances' efficacy can change depending on a few variables, including dosage, bioavailability, and the particular illness setting. The complex interactions between natural substances and cellular pathways are still being uncovered by ongoing research, which may pave the way for the creation of focused therapeutic interventions. 

6.3.3   preclinical eviDence anD experimenTal sTuDies

In human cells, recent research has shown the potential health benefits of phytochemicals, such as flavonoids and polyphenols (Yoo et al. 2018; Kumar et al. 2022). Because of their various biological activities and possible therapeutic benefits, these phytoconstituents have attracted a lot of interest. 

A. Research on neuroprotective phytoconstituents

The potential of phytoconstituents to improve human health and address different disease pathways is highlighted by research on them. These results underline the necessity for more research into the mechanisms of action and clinical applications of natural compounds, adding to the increasing body of evidence in favor of their use as therapeutic agents. 

The potential health benefits of polyphenols, like quercetin and resveratrol, has prompted a great deal of research into them. These substances have been linked to anti-inflammatory, anticancer, and antioxidant qualities (Yoo et al. 2018). Their function in modifying cellular pathways and enhancing general health has also been brought to light by research. 



i. Resveratrol

Red wine and grapes contain a polyphenol called resveratrol, which has attracted a lot of interest due to possible health advantages. Resveratrol may have neuroprotective and cardioprotective effects in addition to its antioxidant and anti-inflammatory characteristics, according to research. Research on the consequences of this supplement on ageing, cardiovascular illnesses, and neurodegenerative disorders has shown encouraging results (Baur and Sinclair 2006; Islam et al. 2022). 

FIGURE 6.3  Synopsis of the neuroprotective properties of plant secondary metabolites (Lankatillake et al. 

2020). 
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ii. Quercetin

Owing to its anti-inflammatory and antioxidant qualities, quercetin is a common ingredient in fruits and vegetables. Research on its possible therapeutic benefits in ailments like cancer, inflammatory disorders, and cardiovascular diseases has recently been conducted. The potential of quercetin to alter cellular pathways linked to inflammation and oxidative stress makes it a promising candidate for both therapeutic and preventive applications (Boots et al. 2011; Ou et al. 2020). 

iii. Epigallocatechin Gallate (EGCG)

The antioxidant, anti-inflammatory, and possibly anticancer effects of EGCG, a flavonoid found in large amounts in green tea, have been the subject of much research (Pezzani et al. 2019). The recent focus of research has been to clarify the molecular mechanisms that underlie its effects, such as how it affects cellular signalling pathways and modifies important cellular processes (Zhang et   al.  2020).  

Investigations into the function of EGCG in neuroprotection and its potential for the treatment of metabolic disorders are ongoing (Payne et al. 2022). 

iv. Curcumin

Turmeric's polyphenol, curcumin, has drawn interest due to its wide range of pharmacological characteristics. It has been shown in studies to have the capability to reduce protein misfolding and aggregation, especially in neurodegenerative conditions. Curcumin has been shown to interact with misfolded proteins, prevent aggregation, and alter cellular pathways that take part in protein clearance (Zhang et al. 2006; Salehi et al. 2020). 

B. 

 In vitro and  In vivo models for neuroprotective research

The potential use of plant natural products and extracts, especially those with antioxidant qualities, for the prevention and treatment of neurodegenerative diseases, has been the subject of recent research. To assess the impacts of these natural compounds, this research has included  i n  vitro, in vivo, and clinical trials (Pohl 2018). 



i. Findings from cell culture experiments

Understanding the molecular and cellular processes underlying the power of herbal and plant products depends heavily on cell culture experiments. By using these models, scientists can look into the direct relationships that certain cell types have with phytoconstituents. For example, research on curcumin's anti-inflammatory properties frequently uses primary cultures or cell lines of immune cells, showing that it can inhibit inflammatory enzymes, modify the production of cytokines, and affect cellular signalling pathways (Hewlings and Kalman 2017). 

ii. Animal studies demonstrating the impacts of herbal/plant products

A connection between the outcomes of  in vitro research and possible clinical uses is created by animal studies. In these experiments, animals are given herbal and plant products to see how they affect their bodies and behaviors. Animal models have proven useful in the context of neuroprotection for evaluating the impacts of substances such as resveratrol on neuroinflammation and cognitive function. Plant natural products have been studied for their effects on neuroprotection and disease modulation using  in vivo models, such as  Drosophila melanogaster and  C. elegans. These investigations on animals have yielded important information about the possible medicinal benefits of phytoconstituents in living things, illuminating their influence on the progression of disease and general health. A basis for translational research is supported in studies that use rodent models to 
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2019; Calderaro et al. 2021; Wong et al. 2021). 

Animal studies have provided insights into the neuroprotection and disease modulation potentials of herbal products. Understanding the neuroprotective effects of different plant compounds has been made possible through the utilization of both  in vitro and  in vivo models. These studies have demonstrated the potential benefits of phytoconstituents, especially in the context of neurodegenerative diseases, to enhance cellular function, combat oxidative stress, and modify disease pathways. 

For instance, animal research on flavonoids like epigallocatechin gallate (EGCG) has shown promise in lowering neuroinflammation, mitigating oxidative fatigue, and enhancing cognitive performance (Mandel et al. 2008; Khalatbary and Khademi 2020; Afzal et al. 2022).    These results point to a potential neuroprotective function of compounds derived from plants, which motivates more research in the field of neurodegenerative illnesses. Although studies conducted  in vivo and  in vitro have produced encouraging results, transferring these findings to clinical trials has proven difficult, with some studies demonstrating less favorable results (Wills et al.    2000; Pohl 2018). 

Important information about the possible ability of herbal and plant products to modify disease is also provided by animal models. Research has examined the impacts of curcumin on tau pathology, beta-amyloid aggregation, and cognitive decline, for example, using mice models of Alzheimer's disease (Thapa et al. 2016; Tang and Taghibiglou 2017; Sarker and Franks 2018). The basis for thinking of these substances as possible therapeutic agents in the treatment of neurodegenerative diseases is provided by these findings. The comprehension of the health advantages of phytochemicals has been enhanced by the combined examination of chemical characteristics, molecular networks, and ethnopharmacological data, highlighting the capacity of these organic substances to improve human well-being and tackle diverse disease processes (Venkataramanan et al. 2006). 

6.4   TRADITIONAL HERBAL REMEDIES AND ETHNOPHARMACOLOGY

6.4.1   herbal remeDies in DifferenT culTures

Neurodegenerative diseases have long been treated with traditional herbal remedies in many different cultures. Here are some illustrations and perspectives on the cultural and historical uses of herbal remedies:

1. Ayurvedic medicine (India)

Ayurvedic medicine, which has been practiced for thousands of years in India, places a strong emphasis on the use of herbs, diet, and lifestyle modifications to preserve health and ward off illness. In Ayurvedic formulations aimed at neurological health, herbs such as ashwagandha, brahmi ( Bacopa monnieri), and turmeric ( Curcuma longa) are essential (Sharma et al. 2019; Mehla et al. 2020). 

Ashwagandha: Ashwagandha, a herb used in Ayurvedic medicine and also known as  Withania somnifera, is thought to have adaptogenic qualities. Its potential neuroprotective effects and ability to modulate stress responses have both been investigated, making it of interest in the subject of neurodegenerative diseases (Pandey et al. 2018; Das et al. 2021). 

2. Traditional Chinese medicine (TCM) (China)

Together with acupuncture and other therapeutic techniques, TCM incorporates herbal remedies. A comprehensive approach to preserving equilibrium and treating neurological conditions is reflected in the use of herbs like  Ginkgo biloba, gotu kola ( Centella asiatica), and ginseng ( Panax ginseng) (Wang et al.    2020; Fogaça et al. 2021)

 Ginkgo biloba: This tree is indigenous to China, where it has long been used in traditional Chinese medicine. Ginkgo leaf extracts contain terpenoids and flavonoids that have anti-oxidant qualities. 

According to some research, there may be advantages in improving cognitive performance and reducing symptoms of illnesses like Alzheimer's disease (Birks and Evans 2009; Yuan et al. 2017). 
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Huperzine A: According to traditional Chinese medicine, huperzine A, which is extracted from Chinese club moss ( Huperzia serrata), is believed to improve memory. It may enhance cognitive function by acting as an acetylcholinesterase inhibitor. According to some research (Rafii et al. 

2011, Gul et al. 2019; Friedli and Inestrosa 2021), it can be used to treat Alzheimer's disease. 

3. Native American herbalism (North America)

Local plants are used for a variety of medicinal purposes in Native American herbal traditions. 

Although specific treatments differ among tribes, plants such as sweetgrass ( Hierochloe odorata) and sage ( Salvia officinalis) can be used ceremonially and for possible medicinal purposes (Moerman 1998; Cohen 1998; Russo and Dougherty 2013). 

An appreciation of the various approaches to health and healing can be facilitated by knowing the historical and cultural background of herbal remedies. There is ongoing research into the potential therapeutic benefits of these deeply ingrained cultural practices. To stay up to date on current research in this field, always consult the most recent literature. 

6.4.2   eThnopharmacological insighTs

Researching the pharmacological underpinnings and anthropological justifications of the medicinal applications of plants, animals, fungi, microorganisms, and minerals by human societies is the focus of the multidisciplinary field of ethnopharmacology (Leonti 2013). The prospective medicinal benefits of conventional herbal remedies and their bioactive constituents have been better understood thanks to research in this area. An overview of ethnopharmacological research is provided below. 

1. Exploration of bioactive compounds in traditional remedies

Research on ethnopharmacology has investigated the bioactive substances found in conventional herbal remedies as well as their possible medicinal benefits. To assess the effectiveness and safety of traditional remedies, this study has employed a range of methodologies, such as phytochemical analysis,  in vitro and  in vivo studies, and ethnobotanical surveys (Taïbi et al. 2020; Tresca et al. 

2020). Especially in the context of neurodegenerative diseases, these studies have yielded important information about the possible therapeutic effects of natural compounds and their influence on disease pathways (Leonti 2013). 

2. Potential advantages of leveraging cultural knowledge

Holistic approach: A holistic approach to health is frequently embraced by traditional treatments, which take into account not only the physical symptoms but also the mental, emotional, and spiritual facets of well-being. A more thorough understanding of health and illness is made possible by utilizing cultural knowledge, which also directs the creation of interventions that are consistent with the holistic nature of conventional healing methods (WHO 2021; Lee et al. 2022). 

Community engagement: Collaboration and community engagement are promoted when cul-

tural knowledge is incorporated into pharmaceutical research. Engaging local communities in the research process helps to develop therapeutic interventions in a sustainable way while also ensuring that traditional knowledge is respected and preserved. The researchers' relationship with the communities they work with is strengthened by this participatory approach (Indígena and Kothari 1997; 

Berlin and Berlin 2004). 

Biodiversity conservation: A variety of plant species are used in many traditional remedies. 

Researchers aid in biodiversity conservation by comprehending and recording traditional knowledge. This acknowledgement emphasizes how crucial it is to maintain ecosystems and sustainable practices in order to support the cultivation of medicinal plants (Maffi 2005; Rozzi 2013). 
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6.5   CHALLENGES AND FUTURE DIRECTIONS

6.5.1   challenges in herbal/planT-baseD Therapies

While there are potential health benefits to herbal and plant-based therapies, there are also a number of issues that need to be resolved. The following are some of the main obstacles that herbal and plant-based therapies must overcome:

A. 

Lack of standardization in natural product formulations: One of the biggest obstacles to guaranteeing the uniformity and calibre of herbal remedies is the absence of standardization in natural product formulations. This may result in

i. 

Variability in active constituents: Herbal remedies frequently comprise a complex 

mixture of bioactive compounds, and the concentrations of active ingredients can vary 

due to differences in plant sources, growing environments, and extraction techniques. 

It is difficult to guarantee the consistency and dependability of therapeutic effects due 

to this lack of standardization (Jansen et al. 2021). 

ii. 

Standardization methods: It is essential to establish standardized procedures for 

the detection and measurement of active compounds. The lack of globally recognized 

benchmarks impedes the ability to compare various herbal products and makes evalu-

ating their effectiveness and safety more difficult (Jha et al. 2022). 

B. 

Safety and potential adverse effects: When using herbal and plant-based therapies, safety concerns and possible side effects must be taken into account. 

i. 

Toxicity and herb-drug interactions: Although many people believe herbal remedies to be natural and safe, some plants can contain harmful substances. Furthermore, there 

may be risks associated with herb-drug interactions, particularly for those who also take 

pharmaceutical medications. The necessity of thorough safety evaluations is highlighted 

by the possibility of negative consequences and toxicity (Lippert and Renner 2021). 

ii. 

Contamination and quality issues: One major concern is the possibility of pesticides, heavy metals, or other contaminants contaminating herbal products. The safety of 

herbal remedies may be jeopardized by quality control problems, such as incorrect 

processing and misidentification of plant species (Wang et al. 2018). 

C. 

Regulatory and quality control issues: Concerns about quality assurance and regulations pose serious obstacles for the herbal medicine sector. 

i. 

Lack of regulatory oversight: Often sold as dietary supplements, herbal products are exempt from some of the strict regulations that apply to pharmaceuticals. Concerns 

involving possible adulteration, the accuracy of product labelling, and the general qual-

ity of herbal supplements are brought up by this oversight gap (Choudhury et al. 2023). 

ii. 

Need for standardized guidelines: Standardized guidelines must be created and 

implemented for the manufacturing, labelling, and promotion of herbal products. The 

lack of consistent laws across the board makes it more difficult to ensure consumer 

safety and leads to variations in product quality (Steinhoff 2019). 

D. 

Challenges in clinical trials of herbal drugs: Achieving the same color, smell, and taste in the active and control groups, which is crucial for blinding and guaranteeing the validity of trial results, presents particular challenges when conducting clinical trials for herbal medications (Parveen et al. 2015). It is imperative that these obstacles be overcome in order to produce solid clinical evidence for the safety and effectiveness of herbal remedies. 
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E. 

Preservation of traditional knowledge and biodiversity: The preservation of traditional knowledge and biodiversity is challenged by the industrialization, overexploitation, and 

unscientific use of medicinal plants. To preserve medicinal plants, the cultural legacy connected to traditional herbal remedies, and ethical considerations, sustainable practices are crucial (Tresca et al. 2020). 

Researchers, authorities in charge of regulations, and the herbal industry must work together to overcome these obstacles. Realising the full potential of plant-based medicines requires standardizing production processes, putting strict quality control measures in place, and encouraging open communication about the efficacy and safety of herbal therapies. To stay up to date on regulatory frameworks and developments in tackling these issues, it is always advisable to consult the most recent literature. 

6.5.2  fuTure research anD clinical Trials in herbal/planT-baseD Therapies

To determine their safety, effectiveness, and mechanisms of action, rigorous research and clinical trials will be necessary in the future for herbal and plant-based therapies. Here are some crucial areas to investigate in the future:

A. 

Need for rigorous clinical trials: Thorough clinical trials are necessary to assess the efficacy and safety of plant-based and herbal remedies. 

i. 

Evidence-based practice: Thorough clinical trials are essential to determining the 

safety and effectiveness of herbal/plant-based remedies. To guarantee that herbal rem-

edies are incorporated into evidence-based practice and to provide strong evidence 

to support clinical decision-making, well-designed, double-blind, placebo-controlled 

studies are necessary (Thompson et al. 2020). 

ii. 

Standardized protocols: The implementation of standardized protocols in clinical 

trials involving herbal remedies is imperative in order to improve the comparability of 

study outcomes. Building a strong body of evidence requires consistency in methodol-

ogy, which includes the use of standardized herbal preparations, dosages, and outcome 

measures (Dai et al. 2019). 

B. 

Identification of specific mechanisms underlying herbal/plant product effects: Future studies need to pinpoint the precise mechanisms that underlie the effects of plant-based 

and herbal products. Among them are

i. 

Elucidating molecular pathways: The goal of future studies should be to identify the precise molecular pathways that underlie the effects of plant-based and herbal products. Our comprehension of the therapeutic potential of bioactive compounds will be 

improved by determining how they affect physiological processes, interact with cel-

lular pathways, and modify gene expression (Eng et al. 2019). 

ii. 

Omics technologies: A thorough understanding of the biological effects of herbal 

remedies can be obtained through the integration of omics technologies, including 

transcriptomics, metabolomics, and genomics. Therapeutic interventions that are 

specifically targeted can be made possible by the systems biology approach, which 

can reveal complex interactions between herbal compounds and cellular components 

(Yang et al. 2023). 

C. 

Potential for personalized medicine approaches: Future research must examine the 

potential of personalised medicine approaches in the context of plant- and herbal-based 

therapies. 

i. 

Individualized treatment plans: Future studies may examine personalized medicine 

strategies in light of the variation in patient reactions to herbal or plant-based treat-

ments. Finding biomarkers that indicate a person's likelihood to respond to treatment 
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potential side effect minimization (Jamal 2023). 

ii. 

Integration of traditional knowledge: It is essential to incorporate traditional knowledge into approaches to personalized medicine. Personalized herbal formulations that fit each 

person's specific health profile can be created by combining knowledge from traditional 

medical systems with contemporary scientific techniques (Atanasov et al. 2015). 

D. 

Addressing regulatory and quality control issues: Making regulatory and quality control issues a priority is essential to guaranteeing the efficacy, safety, and uniformity of plant-based and herbal therapies. To protect the public's health, this entails standardizing herbal formulations, putting quality control measures in place, and adhering to legal requirements (Ekor 2013). The rising popularity of herbal remedies emphasizes how critical it is to address side effects and difficulties with safety monitoring. To guarantee the security of 

completed herbal medicinal products, this calls for the creation of strong pharmacovigi-

lance systems and the application of quality control procedures. 

Taking advantage of these opportunities can help us better understand the therapeutic potential of herbal and plant-based therapies and open the door to evidence-based, individualized health care. 

Research in these areas is currently progressing. To tackle these research priorities and facilitate the incorporation of herbal remedies into conventional health-care practices, researchers, clinicians, and practitioners of traditional medicine ought to cooperate. 

6.6   CONCLUSION AND IMPLICATIONS

The potential therapeutic effects of herbal and plant products, specifically in addressing protein misfolding, have been highlighted by studies conducted on neurodegenerative diseases. It has been demonstrated that plant and herbal remedies have promise in treating neurodegenerative diseases and misfolded proteins. These results offer insightful information about the potential applications of natural substances as medicines and about their multipurpose function in supporting cognitive function and mitigating neurodegenerative issues. The details of these impacts are still being uncovered, and new directions for the creation of innovative interventions are being investigated. 

6.6.1   implicaTions for The fuTure

Studies on plant-based and herbal products have a big impact on how patients are treated in the future and how their conditions are managed, especially when it comes to misfolded proteins and neurodegenerative illnesses. Based on the research findings, the following are the main implications: 1. The research emphasizes how herbal and plant-based therapies can be used to manage diseases, providing a supplementary and alternative treatment option to traditional medicine. 

Modern scientific methods are being utilized to look into the therapeutic potential of these natural products, which have been traditionally employed to treat various types of illnesses. 

2. The results of the study point to the possibility that plant- and herbal-based therapies, especially when it comes to neurodegenerative diseases, could enhance patient outcomes 

and satisfaction. The potential benefits of using these natural compounds to promote brain 

health and mitigate neurodegenerative processes include improved patient well-being and 

quality of life due to their neuroprotective, anti-inflammatory, and antioxidative qualities. 



3.  The creation of customized herbal formulations based on the unique profiles of each patient may become more widespread as research findings support this theory. Treatment plans 

should be tailored to each patient because of the wide range of responses from them and 

the possibility of herb-drug interaction. 
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4. The overall quality of life may be improved by incorporating plant-based or herbal therapies into patient care. Providing a comprehensive approach to patient well-being, these 

therapies go beyond symptom control and may also address aspects like mood, cognition, 

and daily functioning. 

5. When given appropriately, herbal and plant-based therapies may have fewer side effects 

than conventional treatments. Increased patient adherence to treatment regimens and 

improved long-term results may result from increased tolerability. 

The field of herbal and plant-based therapies has a bright future ahead of it, as these therapies may provide complementary methods and new therapeutic agents to treat various groups of illnesses. 

The creation of herbal medicines with evidence backing them up could result from the fusion of traditional knowledge and contemporary scientific techniques, improving patient outcomes and progressing health-care procedures. 
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7.1  INTRODUCTION

The study of plant-derived therapeutic proteins is a growing area of medical research, as plants have long been a source of bioactive chemicals with various therapeutic properties, providing prospective pathways for improving brain health and treating various neurological disorders (Pohl et al. 2018; 

Oladele et al. 2020; Hassan et al. 2022). Recent advances in biotechnology have allowed for the identification and characterization of these proteins, while these breakthroughs have facilitated the synthesis of therapeutic proteins with favorable effects on the central nervous system (CNS) as well as also exhibit a wide variety of roles (Khan et al. 2021). They not only have antioxidant and anti-inflammatory properties, but they also modulate neuronal signaling pathways that are important for cognitive function and neuroprotective activity (Talebi et al. 2021; Gomes et al. 2024; Alza et al. 

2024). 

Plant-derived proteins have recently attracted attention in neurology due to their potential to address unmet medical needs such as Alzheimer's disease, Parkinson's disease, and other neurodegenerative disorders (Aijaz et al. 2024; Ajayi et al. 2024). These proteins, often with fewer adverse effects and increased accessibility, usually serve as a natural alternative or supplemental treatment to conventional medications (Nagori et al. 2023; Aijaz et al. 2024). Therefore, understanding their mechanism of action, bioavailability, and therapeutic potential in many brain-related disorders is critical for maximizing their clinical effectiveness (Talebi et al. 2021; Melgarejo da Rosa et al. 

2022). 

The primary goal of this chapter is to critically evaluate current research and breakthroughs in plant-based therapeutic proteins with a special emphasis on brain health and neurological disorders. It also elucidated the mechanisms of action, efficacy profiles, and therapeutic potentials of plant-derived proteins in treating neurological conditions such as Alzheimer's disease, Parkinson's disease, stroke, and other relevant disorders by reviewing existing literature and emerging trends. 

The diversity of plant-derived proteins with bioactive characteristics relevant to brain function and health maintenance are also discussed. These proteins have been observed to show neuroprotective effects and regulation of inflammatory pathways in the central nervous system (CNS) as well as improve synaptic plasticity and cognitive processes. The chapter focuses on how these proteins interact with neural targets and influence cellular signaling cascades, thereby potentially attenuating the pathogenic mechanisms that underpin neurological disorders. 

Furthermore, this chapter highlights the challenges associated with the research and clinical translation of plant-based therapeutic proteins, which usually includes considerations for protein 
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Efficacy of Therapeutic Proteins of Plant Origin in Brain Health and Disease 118  Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management stability, bioavailability, pharmacokinetics, and immunogenicity. Also, it assesses the viability of incorporating plant-derived proteins into therapy regimens for neurological conditions, while highlighting their potential as supplemental or alternative treatments to traditional medications. 

Overall, this chapter provides a comprehensive overview of plant-based therapeutic proteins in the context of brain health and neurological disorders as well as addressing objectives such as studying their biological activities, examining therapeutic mechanisms, and analyzing practical implications for clinical application. This effort aims to contribute to the rapidly developing field of plant biotechnology with a significant impact on neurological healthcare. 

7.1.1  overview of brain healTh anD neurological Diseases

Brain health refers to the preservation of optimal cognitive, emotional, and behavioral functions of organisms, including humans (Nath and Smith 2021; Kolappa et al. 2022). This is based on the complex interplay of neurons and neurotransmitters, while the glial cells and sophisticated signaling networks control a variety of physiological activities (Vellingiri 2024). These mechanisms include learning memory and mood management, while the sensory perception is similarly subjected to this regulation mechanism (Bliss et al. 2014; Vellingiri 2024). Genetics and lifestyle choices are just two of the many factors influencing brain health, as environmental exposures also play a role in promoting resilience or increasing vulnerability to neurological disorders (Sherwin et al. 2017; Oladele et 

al. 2020; Naureen et al. 2022). 

Neurological diseases comprise a wide range of disorders involving the brain, spinal cord, and peripheral nerves, which are frequently distinguished by malfunction or degeneration of neural processes (Hersi et al. 2017; Alshial et al. 2023). The causes of these disorders are extremely diverse, while the clinical signs include progressive neurodegenerative conditions such as 

Alzheimer's and Parkinson's diseases (Oladele et al. 2020; Hyun and Ka 2024). Acute conditions such as stroke, severe brain damage, and infections such as meningitis are also covered, while the symptoms may include cognitive impairment., movement abnormalities, sensory deficiencies, convulsions, and impaired speech or coordination (Kantawala et al. 2023). These challenges usually have a significant impact on the individual quality of life, thereby presenting considerable challenges to patients, caregivers, and the health-care systems (Uwishema et al.   2022; Hyun and 

Ka, 2024). 

Therefore, understanding the complexity of brain health and neurological disorders is critical for establishing effective treatment techniques (Hussain et al. 2019; Kantawala et al. 2023; Ajayi 

et   al. 2024). Moreover, the field of plant-derived medicinal proteins has shown promise stemming from their ability to control important neuroprotective and neuroinflammation pathways, modulate synaptic plasticity, as well as regulate neuronal survival by providing a fresh method targeting these systems (Bliss et al. 2014; Sorboni et al. 2022). They usually aid in slowing down the disease progression, improving recuperation, as well as potentially recovering cognitive function in neurological conditions (Nay et al. 2021; Vellingiri 2024). Thus, there is a need for further investigation into their efficacy and safety profile, as well as clinical uses, while personalized treatments and better outcomes for people suffering from these difficult illnesses remain top priorities (Uwishema et al. 

2022; Alkahtani et al. 2023). 

7.1.2  inTroDucTion To planT-baseD TherapeuTic proTeins

Plant-based therapeutic proteins represent a promising avenue in biopharmaceutical research, as they utilize the inherent diversity of plant species to create bioactive compounds with therapeutic applications (Xu et al. 2018; Bahera et al. 2021; Adewole et al. 2024). Plants have traditionally been an important source of rich reservoirs of therapeutic proteins that can be modified and used for medicinal purposes, and these proteins have demonstrated a variety of biological functions, including enzymatic functions, biological receptor-binding, immunomodulation, as well as structural 
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support, thereby rendering them adaptable as candidates for addressing a variety of health conditions (Carter III and Langridge 2010; Eidenberger et al. 2023). 

The appeal of plant-based therapeutic proteins stems from their ability to provide effective, sustainable, and frequently cost-effective alternatives in contrast to traditional medications (Fischer et al. 2004; Karki et al. 2021). They are generally thought to be relatively safer than synthetic chemicals, biocompatible, and biodegradable, as well as provide the benefit of scalability and ease of production (Kumar et al. 2022; Medina-Vera et al.   2024). This is accomplished by using modern biotechnological approaches, such as genetic engineering, plant cell culture, as well as systems for expressing recombinant proteins (Dirisala et al. 2017; Nikbakht Nasrabadi et al.   2021). Therefore, there is a growing scientific interest, in recent years, in plant-based proteins that have grown beyond their traditional use in nutrition and dietary supplementation, which currently covers therapeutic uses, with the potential in a wide range of medical applications, including oncology, immunology, neurology, and metabolic diseases (Gharelo et al. 2016; Burnett and Burnett 2020), as their capacity to target specific biological pathways, alter immunological responses, and exert bioactive effects on tissues makes them promising for generating innovative treatments with potentially fewer side effects than traditional medications (Fahad et al. 2015; Medina-Vera et al. 2024). 

7.1.3  imporTance of TherapeuTic proTeins in TreaTing brain Diseases

Therapeutic proteins have an important role in the treatment of brain disorders, as their capacity to target the complex physiology of neurological diseases is critical (Jin et al. 2020). These disorders include Alzheimer's disease, Parkinson's disease, stroke, and other neurological illnesses (Bayer 

2015; Lim et al. 2020; Oladele et al. 2021). They effectively influence neuronal function, synaptic transmission, and general brain health through their selectivity and potency, while modulating these processes, thereby being able to inhibit the progression of various debilitating neurological conditions, reduce symptoms, as well as enhance patient outcomes (Halliwell 2001; Jin et al. 2020). 

One major advantage of therapeutic proteins in treating brain disorders is their capacity to interact with specific molecular targets involved in the disease pathogenesis, as these proteins are designed to prevent abnormal protein aggregation, such as beta-amyloid in Alzheimer's disease and alpha-synuclein in Parkinson's disease, thereby helping to prevent the formation of toxic aggregates and promoting the neuronal malfunction and cell death (Kanwar et al. 2012; Terstappen et al. 2021).  

This tailored technique differs from standard small-molecule medications that usually lack specificity though influences a variety of biological pathways and results in off-target effects and systemic toxicity (Zaghmi et al. 2021). 

Furthermore, therapeutic proteins can be engineered to improve neuroprotection and stimulate neural healing pathways, while the proteins with neurotrophic characteristics, such as nerve growth factors and brain-derived neurotrophic factor (BDNF), have shown promise (van der Putten and 

Lotz 2013; Lin et al. 2024). These have been shown in preclinical and clinical investigations to increase neuronal survival, synaptic plasticity, as well as induce neurogenesis in the adult brain, while their effects are usually crucial in disorders where neuronal loss and synaptic disruption cause cognitive impairment as well as motor impairments (Lim et al. 2020; Lin et al. 2024). 

Plant-derived proteins provide benefits beyond their direct therapeutic actions (Bayer 2015; 

Furtado et al. 2018). They also provide biocompatibility, reduced immunogenicity, and the possibility to minimize production costs, thereby having an advantage over proteins originating from animals or synthetic substances (Zaghmi et al. 2021), while biotechnology and protein engineering advancements have made it possible to create innovative delivery systems (Pardridge 2020). For example, nanoparticle-based formulations and gene therapy techniques improve the bioavailability and target delivery of therapeutic proteins to the brain (Yi et al. 2014; Lin et al. 2024). 

Overall, therapeutic proteins constitute a viable route for improving neurodegenerative conditions through their specificity and potency (Liu et al. 2022b). Additionally, the biological activity of proteins produced from natural sources has the potential to revolutionize the landscape of 
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al. 2021). 

7.2  THERAPEUTIC PROTEINS OF PLANT ORIGIN

Plant-derived therapeutic proteins are a broad and promising class of biopharmaceuticals that have received increased interest due to their potential therapeutic applications (Gomord and Faye 2004; 

Dimitrov 2012). They are derived from numerous parts of plants, including the leaves, seeds, and roots, and they have a wide range of biological functions, thereby rendering them as good candidates for the treatment of several human disorders (Boehm 2007; Lagassé et al. 2017). 

Plant-derived therapeutic proteins have a significant structural and functional resemblance to human proteins, which boosts their compatibility as well as minimizes the risk of their immunogenicity when compared to proteins derived from other sources (Desai et al. 2010; Enciso-Martínez et al.   2024). Thus, advances in biotechnology, particularly genetic engineering and plant bioreactor technology, have made it possible to produce vast quantities of these proteins with great purity and consistency, while scalability is critical for addressing clinical trial demand and, eventually, commercialization (Joshi and Lopez 2005; Szerszunowicz and Kłobukowski 2020). 

Plant-derived therapeutic proteins have a broad range of actions, including enzymatic functions, receptor-binding ability, and immunomodulatory properties (Yuan   et al.   2022). For example, several plant proteins usually inhibit inflammatory enzymes, modulate immunological responses in autoimmune disorders and cancer, as well as exhibit antioxidant effects for the reduction of oxidative stress-related damage in neurodegenerative or cardiovascular diseases (Coelho et al. 2017; 

Jakubczyk et al. 2020). 

Plant-based proteins have therapeutic potential that exceeds standard drug development mod-

els and their opportunities to be developed as novel treatments are sustainable, eco-friendly, and financially viable (Schillberg et al. 2013; Nirmal et al. 2024). Furthermore, the cultivation and synthesis of therapeutic proteins from plants usually benefit agricultural economies as well as promote biodiversity conservation (Görgüç et al. 2020). Despite these advantages, optimizing manufacturing processes remains a difficulty. Also there is the capacity to ensure bioavailability as well as overcoming regulatory difficulties in clinical translation (Fischer et al. 2003; Najmi et al. 2022).  

However, current research and technological improvements continue to broaden the range of plant-derived proteins as well as enhance their efficacy and safety profile (Najmi et al. 2022; Puljić et al. 

2025). As such, investigating therapeutic proteins derived from plants represents a promising area in biomedicine as it can provide new answers to unmet medical needs, while also improving global health outcomes (Kianfar 2021; Enciso-Martínez et al. 2024). 

7.2.1  Types anD sources of planT-baseD TherapeuTic proTeins

Plant-based therapeutic proteins are a broad group of molecules, with distinct medicinal potential, obtained from various parts of plants (Bahera et al. 2021; Kumar et al. 2022). Plant-derived enzymes, for example, are widely used in medicinal applications due to their catalytic properties (Abaee et al. 2017; Acquah et al. 2020). These include proteolytic enzymes such as papain from papaya, bromelain from pineapple, and ficin from figs that are renowned for their capacity to degrade proteins and promote wound healing, reduce inflammation, as well as aid digestion, thereby being traditionally employed in a variety of medical settings (Aiking 2011; Adams et al. 2020). 

Plant-based therapeutic proteins can also be structural or storage proteins offering structural support or acting as nutrient reserves in plants (Aiking 2011; Almeida et al. 2020). For example, lectins are carbohydrate-binding proteins present in many plants, including beans and legumes, that have demonstrated potential efficacy in cancer treatment by selectively targeting carbohydrate structures on cancer cells, as well as modulates immune responses (Alves et al. 2017; Xu et al. 2018).  
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Additionally, seed storage proteins such as albumin and globulin from legumes are being studied for their immunomodulatory potentials, which makes them promising candidates for immunotherapy 

and vaccine development (Zaky   et al.   2022; Medina-Vera et al. 2024). 

Furthermore, plants produce a diverse range of defense-related proteins, including antimicrobial peptides and protease inhibitors which have important functions in guarding against infections and herbivores (Boehm 2007; Yuan et al. 2022). They are commonly found in seeds, leaves, and roots, and they are being studied for potential therapeutic applications, while their uses include fighting microbial infections and inflammatory disorders (Dimitrov 2012; Enciso-Martínez et al.    2024).  

Examples include defensins and thionins, which are antibacterial peptides present in a variety of plant species. These peptides have broad-spectrum antibacterial properties and are being investigated as alternatives to traditional antibiotics (Desai et al. 2010; Lagassé et al. 2017). 

Additionally, plant-based therapeutic proteins are derived from a variety of sources, including not only traditional medicinal plants, but also crops, fruits, and algae, as biotechnology advancements have made it possible to produce therapeutic proteins using genetically engineered plants, while plant cell cultures are also an option (Joshi and Lopez 2005; Szerszunowicz and Kłobukowski 

2020). These methods of protein manufacturing are both scalable and sustainable, and the advances have broadened the spectrum of plant-based therapies, producing potential therapeutic candidates, while this concept has helped to develop unique medicines that use the natural bioactivity of plants and medicinal potential to address a wide variety of health conditions (Jakubczyk et   al. 2020; Yuan 

et al. 2022). 

7.2.1.1   Common Plants Used for Therapeutic Proteins

Several common plants have been known to produce medically viable proteins based on their 

intrinsic biochemical variety (Zhang et al. 2016; Bahera et al. 2021).   Nicotiana benthamiana, for example, is a popular candidate because of its capacity to efficiently express recombinant proteins (Zhang et al.   2016; Bahera et al. 2021). It is therefore widely used, due to its quick growth, ease of cultivation, and compatibility with genetic engineering techniques, in the development of vaccina-tions, antibodies, and other medicinal proteins (Lico et al. 2012; Gharelo et al. 2016). 

 Arabidopsis thaliana, a model organism for plant biology studies, also plays an important role due to its small size, short life cycle, and well-documented genome which has made it possible to investigate its protein expression and function (Akash et al. 2015; Peng et al. 2022). Thus, scientists usually employ  Arabidopsis to study the medicinal potential of proteins involved in immune response, metabolic processes, and stress tolerance, thereby laying the framework for turning these discoveries into practical applications (Coelho et al. 2017; Karki et al. 2021). 

 Oryza sativa (rice), a basic food grain, also serves dual purposes in agriculture and medicine, as engineered rice types are capable of producing therapeutic proteins such as enzymes for metabolic diseases and antibodies for immunotherapy, while the high yield and scalability of rice and well-established agricultural practices make it a suitable platform for low-cost protein production, particularly in rice-growing regions (Zhang et al. 2016; Schillberg et al. 2019). 

 Chlamydomonas reinhardtii (green algae) provides distinct benefits in protein expression. Its ability to grow rapidly in a variety of settings and its genetic tractability makes it ideal for creating complex proteins, including enzymes and biologics (Schillberg and Finnern 2021). Therefore, algal biotechnology is currently looking into  Chlamydomonas as a long-term supply of therapeutic proteins by utilizing its photosynthetic properties and efficient protein production machinery (Akash et 

al. 2015; Schillberg and Finnern 2021). These plants have also shown the potential for several techniques to use botanical resources for therapeutic protein production, with each species providing various advantages in terms of scalability, protein yield, and biotechnology feasibility, thereby making way for revolutionary advances in biomedicine (Görgüç et al. 2020; Bahera et al. 2021). Thus, these natural sources hold tremendous promise to create cost-effective, sustainable, and accessible therapies for a wide spectrum of human health conditions, as scientific research advances the capabilities of plant-based biotechnology (Najmi et al. 2022; Peng et al. 2022). 
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Methods for extracting and purifying therapeutic proteins from plants are critical for producing bioactive molecules in adequate quantities and purity for use in medicine (Fischer et al. 2003; Petranka et al. 2016). Aqueous extraction is one of the most used approaches, which entails crushing plant tissues and solubilizing the proteins using water or buffer solutions (Kianfar 2021; Nirmal et al. 

2024). This approach is appropriate for extracting proteins that are water-soluble or loosely bound inside cellular compartments (Nirmal et al. 2024). It is generally simple and inexpensive; however, it may produce crude extracts containing additional plant components, thereby necessitating further purifying procedures (Taipa et al. 2019). 

Another approach for extracting proteins from plants is organic solvent extraction, which is especially useful for hydrophobic or membrane-bound proteins (Mahmoudi Gomari et al. 2020).  

Organic solvents, such as ethanol, methanol, and chloroform, are employed to break cell membranes and solubilize proteins (An et al. 2020). This approach is useful for extracting lipid-bound proteins or those that are connected with membranes which need to be carefully handled to avoid denaturation or protein function loss (Liu et al.   2020). 

Plant-derived proteins, once extracted, are routinely purified in numerous processes to separate the target protein from other biological components and impurities (Wingfield 2015; Taipa et al. 

2019). This includes chromatography techniques that are commonly used for purification because they may separate proteins based on size, charge, hydrophobicity, or particular binding interactions (Yuan et al. 2022). 

Ion exchange chromatography is used to separate proteins based on their charge, while affinity chromatography uses particular ligands or antibodies to capture and purify proteins with great precision. Size exclusion chromatography, however, separates proteins based on their molecular size, which enables the removal of larger aggregates or pollutants (Mahmoudi Gomari et al. 2020),  

while proteins are concentrated using a variety of processes, including chromatography, ultrafiltration, and precipitation (Liu et al. 2020). These procedures usually remove tiny compounds or ions from crude extracts (Tang et al. 2024). For example, ultrafiltration uses membranes with preset pore diameters to separate proteins depending on molecular weight, while precipitation techniques employ organic solvents or salts to selectively precipitate proteins from the solution (Hadidi et al.   

2020; Najmi et al. 2022). However, every approach to extracting and purifying therapeutic proteins from plants has both its merits and its demerits, depending on the characteristics of the target protein as well as the required purity and yield (Mahmoudi Gomari et al. 2020). Thus, the optimization of these procedures is crucial for ensuring the efficacy and safety of plant-derived therapeutic proteins in clinical and biological settings, thereby offering prospective benefits and enhanced bioavailability when compared to traditional medicines, with less immunogenicity and a lower cost of synthesis (Liu et al.    2020; Tang et al. 2024). 

7.2.2   mechanisms of acTion in brain healTh

Plant-based therapeutic proteins have effects on brain function through a variety of mechanisms, as they offer promises for the treatment of neurological conditions through neuroprotection, neuroplasticity, and the control of neuroinflammatory responses (Duskey et al. 2017). 

7.2.2.1 Neuroprotection

Plant-derived proteins possess antioxidant properties, which scavenge free radicals and reduce oxidative stress, thereby mitigating both of these characteristics that have been associated with neurodegenerative disorders such as Alzheimer's and Parkinson's (Kurnellas et al. 2014; Choudhari 

et al. 2021). These reduce the generated reactive oxygen species (ROS) as well as strengthen the cellular antioxidant defenses, thereby helping to prevent neuronal loss by preserving their integrity and function as well as generally promoting neural health (Ramalingam and Kim 2014; Moertel 

et al. 2022). 
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7.2.2.2  Neuroplasticity and Synaptic Function

Certain plant-based proteins promote neuroplasticity, which refers to the ability of the brain to alter and rearrange in response to experiences or injuries (Carter 2011; Moertel et al. 2022). Neurotrophic substances generated from plants, such as nerve growth factor (NGF) analogs or brain-derived neurotrophic factor (BDNF) mimics, are known to enhance neuronal survival and axon growth, thereby promoting synaptic plasticity as well as the creation of new brain connections while strengthening old ones (Liu et al. 2022b). These connections are critical to learning and also necessary for memory consolidation and cognitive function (Fernández-Tomé   et al. 2019). 

7.2.2.3  Modulation of Neuroinflammation

Chronic neuroinflammation, which is characteristic of many neurological conditions, may exacerbate neuronal damage, while plant-derived proteins, including cytokines and anti-inflammatory medications, are known to possess strong anti-inflammatory effects (Lammi et al. 2019). 

7.2.2.4  Regulation of Neurotransmission

Some plant proteins regulate neurotransmitter systems that are essential for brain function. Plant-derived peptides operate as either agonists or antagonists (Zhu et al. 2020). These bind to certain neurotransmitter receptors, influence synaptic transmission and neuronal excitability, as well as regulate neurotransmitter release (Zhang et al. 2020). They also modify receptor sensitivity as well as modulate the enzymatic breakdown of neurotransmitters, thereby affecting mood, behavior, and cognitive functions (Chen et al. 2022). 

 7.2.2.4.1   Enhancement of Blood–Brain Barrier Integrity

The blood–brain barrier (BBB) regulates the movement of chemicals between the bloodstream and the brain, thereby protecting the brain tissue against toxic substances (Udenigwe et al. 2009; Zhang 

et al. 2020). Plant-derived proteins, such as lectins and growth factors, however, improve the BBB 

integrity, help the endothelial cells to produce tight junctions, and lower the permeability to poisons while decreasing inflammatory chemicals (Duskey et al. 2017; Choudhari et al. 2021). This function is essential for the preservation of brain homeostasis as well as protection against neurovascular diseases (Moertel et al. 2022). 

7.2.3  cogniTive enhancemenT in brain healTh

Plant proteins have emerged as attractive options for improving cognitive function and brain health due to their wide range of biological activities and potential neuroprotective effects (Husain and 

Mehta 2011; Duffuler et al. 2022). Recent studies have suggested that certain plant-derived proteins have antioxidant, anti-inflammatory, and neurotrophic properties that may benefit neuronal health and cognitive performance (Farah et al. 2013; Nirmal et al. 2024). 

Furthermore, plant proteins can affect neurotransmitter systems and neuronal signaling pathways involved in learning, memory, and control of emotions (Ding et al. 2022). Soy-derived proteins and peptides, for example, have been shown to have neurotransmitter-modulating properties (Krishnapriya et al. 2022). For instance, dopamine and serotonin are important neurotransmitters influencing cognitive function and emotion, while plant proteins targeting these pathways may improve synaptic transmission, boost neurogenesis, as well as increase cognitive resilience in age-related neural decline or neurological diseases (Lin et al. 2023). 

The study of plant proteins in cognitive enhancement includes their potential as dietary supplements or functional foods (Farah et al. 2013; Ahmed 2020). That is, incorporating protein-rich plant sources into your diet, such as legumes, nuts, and seeds, which constitutes a sustainable way to boost brain function (Ding et al. 2022), while advances in biotechnology have enabled the creation of plant-based protein isolates and extracts, thereby concentrating bioactive substances for therapeutic purposes (Katayama et al. 2021). These innovations also led to design of targeted 
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7.2.4  neuroproTecTive properTies of planT proTeins

The neuroprotective properties of plant proteins are increasingly being recognized for their ability to reduce brain injury as well as improve brain health (Duskey et al. 2017; Duffuler et al. 2022).  

These demonstrate a variety of neuroprotective actions, thereby rendering them attractive as candidates for therapeutic intervention in neurological conditions (Kurnellas et al. 2014; Katayama 

et   al. 2021). For instance, plant proteins frequently contain antioxidants that are critical for mitigating oxidative damage characteristic of neurodegenerative conditions, such as Alzheimer's and Parkinson's (Choudhari et al. 2021; Ding et al. 2022), as plant-derived antioxidant enzymes and peptides, such as SOD and flavonoids, scavenge free radicals (Liu et al. 2022a). Therefore, they limit oxidative damage to brain cells, contribute to cellular integrity by neutralizing reactive oxygen species (ROS), as well as mitigate neuronal apoptosis, thereby preserving the cognitive function integrity (Lin et al. 2023). 

Second, plant proteins possess anti-inflammatory effects which are critical to reducing neuroinflammation, as neuroinflammation plays a crucial role in neuronal damage in disorders such as multiple sclerosis and stroke (Ahmed 2020). This is being regulated by plant-derived compounds, such as polyphenols and flavonoids that suppress pro-inflammatory cytokines and enzymes such as COX-2 and iNOS, thereby inhibiting the glial activation, cytokine secretion, as well as neurotoxicity (Zhang et al.    2020). 

Furthermore, plant proteins often interact with neurotransmitter systems to modulate synaptic transmission and neural signaling (Zhu et al. 2020). For example, plant-derived lectins and peptides can influence neurotransmitter release, control receptor activity, and ion channel functions, as well as improve synaptic plasticity and neural communication (Chen et al. 2022). Such regulation is necessary to sustain cognitive function, memory consolidation, and neurogenesis, which are critical for brain health and resilience to neurodegeneration (Krishnapriya et al. 2022). 

Plant proteins can also promote neuroprotection via pathways that improve neuron survival and repair (Fernández-Tomé   et al.    2019). Growth and neurotrophic factors derived from plants, such as nerve growth factor (NGF) analogs and mimics of brain-derived neurotrophic factor (BDNF), also enhance neuronal growth, differentiation, and survival by inducing neurogenesis (Choudhari et al. 

2021), protecting against neuronal apoptosis (Liu et al. 2022a) as well as aid synaptic remodeling (Kobeissy et al. 2022; Chen et al. 2022), thereby fostering resilience to neurodegenerative insults (Lin et al. 2023). 

Overall, the neuroprotective capabilities of plant proteins offer a viable option for medicinal development in neurology, as their antioxidant, anti-inflammatory, neurotransmitter-modulating, and neurotrophic properties contribute to brain health, and counteract the pathogenic mechanisms that underpin neurological diseases (Udenigwe et al. 2009; Klose et al. 2022). However, there is a need for additional studies on their mechanisms of action, as well as pharmacokinetic and clinical effectiveness, which is critical for realizing the full therapeutic potential of plant-derived proteins in the improvement of brain function and the effective treatment of neurodegenerative disorders (Liu 

et al. 2022a; Lin et al. 2023). 

7.3  EFFICACY OF PLANT PROTEINS IN BRAIN DISEASES

The efficacy of plant proteins in brain disorders is a promising area of scientific research involving the critical exploration of various biochemical features of plants to treat neurological diseases 

(Siew and Chern, 2018; Ding et al. 2022). Plants produce a diverse range of proteins with medicinal effects, which include antioxidants, anti-inflammatory properties, as well as neuroprotective and 

Efficacy of Therapeutic Proteins of Plant Origin in Brain Health and Disease 125

neuroregenerative effects (Hemelikova et al. 2019). These proteins have the potential to alter neuronal function and survival, while modulation of oxidative stress, inflammatory pathways, and neural signaling are among the mechanisms involved (Pacheco et al. 2022). 

Lectins, the carbohydrate-binding proteins found in many plant species, are another type of plant protein being studied for their potential therapeutic implications in neurology by modulation of immunological responses (Bălaşa et al. 2020), stimulation of neuron development (Li et al. 2023), as well as improvement of synapse function (Siew and Chern 2018; Pacheco et al. 2022). For example, wheat germ agglutinin (WGA) has been investigated for its ability to induce neuronal development (Kobeissy et al. 2022), promote healing of damaged neuronal circuits in experimental brain injury models (Katayama et al. 2021; Chen et al. 2022), as well as showingd promise for neurodegeneration treatment (Hemelikova et al. 2019; Liu et al. 2022). 

Furthermore, plant-derived enzymes, including proteases and protease inhibitors, have attracted attention for their functions in protein turnover (Ahmed 2020; Lin et al. 2023). These enzymes maintain the cellular homeostasis in the brain (Liu et al. 2022a). Proteases such as papain and bromelain have anti-inflammatory effects, thereby aiding the reduction of neuroinflammation, including in multiple sclerosis and deleterious brain injuries (Farah et al.    2013; Kobeissy et al. 2022),  

while plant-derived protease inhibitors can reduce excessive proteolytic activity being associated with neuronal damage in neurodegenerative disorders (Husain and Mehta, 2011; Lin et al. 2023).  

There are, however, continuous challenges in the conversion of the medicinal value of plant proteins from preclinical to clinical settings, despite their therapeutic potentials (Zhu et al. 2020; Pacheco 

et al. 2022), which also include the need to address their bioavailability and pharmacokinetics (Hemelikova et al. 2019; Li et al.   2023). More so, potential allergenicity requires careful consideration for the optimization of therapeutic outcomes as well as patient safety (Lin et al. 2023). 

7.3.1  alzheimer's Disease

The efficacy of plant proteins in Alzheimer's disease (AD) is a promising field of research, as it aims to address the complex biology of this neurodegenerative condition (Scheltens et al. 2021).  

Alzheimer's disease is defined by the formation of beta-amyloid plaques and neurofibrillary tangles in the brain, which causes progressive cognitive deterioration and memory loss as well as its conse-quential functional disability (Masters et al. 2015; Lopez et al. 2019). Therefore, plant-derived proteins have gained increased interest in recent years for their potential to modulate critical pathways involved in AD development (DeTure and Dickson 2019; Adebayo et al. 2024). 

Moreover, certain plant proteins have shown promise concerning neuroprotection and neural 

plasticity (Forner et al. 2017; Lane et al. 2018). For example, plant-derived neurotrophic factors, such as nerve growth factor (NGF)-like proteins present in seeds and nuts, have been shown to enhance neuron survival and proliferation by inhibiting neurodegenerative processes associated with Alzheimer's disease (Finder 2010; Ono 2018). This is carried out by optimizing the repair of injured neurons and improving synaptic connections (Lopez et al. 2019; Scheltens et al. 2021). 

Plant proteins, in addition to their direct neuroprotective effects, may offer indirect advantages by modulating the composition of gut bacteria (Forner et al. 2017; Klose et al. 2022), as emerging studies have shown that the gut-brain axis plays an important role in neurodegenerative conditions such as Alzheimer's disease (Masters et al. 2015; Wang et al. 2022). These metabolites also have the potential to aid the reduction of neuroinflammation, control neurotransmitter levels, as well as improve neural resilience to AD pathology (Lane et al. 2018; Lin et al. 2023). 

7.3.1.1  Studies on Plant Proteins Targeting Alzheimer's Disease

The study of plant proteins that target   Alzheimer's disease (AD) has tremendously advanced, with emphasis on their potential treatment benefits and mechanisms of action against critical junctions of the disorder (Sharman et al. 2019; Lin et al. 2023). Plant-derived neurotrophic factors, for example, have generated interest due to their ability to increase neuronal survival and plasticity in Alzheimer's 

126  Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management disease (Rosales-Mendoza et al. 2014; Huang et al. 2023), while preclinical investigations have shown that nerve growth factor (NGF)-like proteins present in seeds and nuts have neuroprotective properties (Sharman et al. 2019; Lee et al. 2021). These proteins help neurons grow and survive and may inhibit neurodegenerative processes by promoting the regeneration of injured neurons (Lopez et al.    2019; Scheltens et al. 2021). They also increase synaptic connections and thereby possess the potential to delay disease development while improving cognitive results (Hemelikova et al. 2019; 

Krishnapriya et al. 2022). 

Furthermore, the effect of plant-based diets on gut microbiota composition and its relationship to Alzheimer's disease has been explored, as plant-based diets are generally known to be high in fiber and phytochemicals (Rosales-Mendoza et al. 2014; Chen et al. 2022), which promotes the growth of vital gut bacteria that create compounds with neuroprotective effects (Lee et al. 2021; Liu et al. 

2022b). These metabolites can control neuroinflammation and neurotransmitter levels, as well as increase cognitive function in Alzheimer's disease models (Finder 2010; Moertel et al. 2022). Such findings also emphasize the potential of dietary treatments and plant-derived substances for the treatment of Alzheimer's disease through modulation of brain health and gut-brain axis communication (Lammi et al. 2019; Huang et al. 2023). 

7.3.1.2  Mechanisms and Clinical Outcomes

Plant proteins that target   Alzheimer's disease (AD) act through various mechanisms with possibilities for diverse novel approaches for the treatment of this neurodegenerative condition (Husain and 

Mehta 2011; Ahmed 2020). A major mechanism is the modulating of Aβ aggregation and clearance is a major mechanism (Katayama et al. 2021; Duffuler et al. 2022), while another significant mechanism involves the antioxidant and anti-inflammatory capabilities of several plant proteins (Zhu et al. 2020; Klose et al. 2022). 

Oxidative stress and neuroinflammation are major causes of neuronal damage in Alzheimer's 

disease, while plant-derived proteins can chelate free radicals (Lee et al. 2021; Lin et al. 2023),  

thereby reducing brain inflammation (Wang et al.    2022). These proteins also possess the potential to aid the preservation of neuronal integrity and function by minimizing oxidative damage and inflammatory pathways (Kobeissy et al. 2022). 

Plant proteins can also promote neuroprotection and resilience by activating cell signaling pathways that control synaptic plasticity and neuronal survival (Pacheco et al. 2022). For example, plant-derived bioactive peptides have been found to resemble neurotrophic factors, which increase neuronal development and connection, as well as strengthen neural defenses against AD-related insults (Sharman et al. 2019; Li et al. 2023), thereby potentially leading to improved cognitive outcomes and delayed disease progression (Scheltens et al. 2021; Lin et al. 2023). 

Preclinical studies and early-stage human research on the use of plant proteins in Alzheimer's disease treatment have also yielded promising results, including enhanced cognitive function (Lee et al. 2021; Ding et al. 2022), mitigation of memory impairments, and reduced biomarkers of Alzheimer's disease pathogenesis (Udenigwe et al. 2009; Lee et al. 2021). For example, plant-protein-rich diets have been shown to improve cognitive performance (Ono 2018; Wang et al. 2022),  

while there are ongoing clinical trials on the efficacy of certain plant-derived proteins as adjunct therapies to traditional treatments (Lane et al.   2018; Huang et al. 2023). 

7.3.2  parKinson's Disease

Parkinson's disease (PD) is a progressive neurodegenerative condition affecting the central nervous system (Tolosa et al. 2021; Oladele et al. 2021). It is characterized by the loss of dopamine-producing neurons in the substantia nigra region of the brain, with a rapid effect on the motor system (Ball 

et al. 2019; Rose and Strombom 2021). This causes the depletion of dopamine, a neurotransmitter necessary for coordinating smooth and balanced muscular actions (Fanning et al. 2020). Thus, individuals with Parkinson's disease exhibit a variety of motor symptoms following the decline of 
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dopamine levels, and the symptoms include tremors, rigidity, bradykinesia (slow movement), as well as postural instability (Williams-Gray and Worth 2016; Aijaz et al. 2024). 

Parkinson's disease, more than just motor symptoms, can also cause non-verbal symptoms, with non-motor symptoms exerting a significant impact on the quality of human life (Sengupta et al. 

2016; Bravo-Vázquez et al. 2023). This includes cognitive impairment, mood disorders (such as depression), anxiety, sleep disruptions, and autonomic dysfunction that can disrupt blood pressure regulation (Fu et al. 2015; Xu et al. 2024; Oladele et al. 2022). The digestive function is also compromised, with the progressive deterioration of more neurons over time (Xu et al. 2024). 

The fundamental cause of Parkinson's disease is still complex and multifaceted (Tysnes and 

Storstein 2017). It is known to be caused by a mix of genetic predisposition, environmental influences, and biological mechanisms associated with protein misfolding and aggregation (Radhakrishnan et 

al. 2018; Jankovic and Tan 2020; Oladele et al. 2024), while the pathological aggregation of alpha-synuclein protein into Lewy bodies within neurons is a common feature of Parkinson's pathophysiology, thereby adding to neuronal malfunction and death (Ball et al. 2019; Xu et al. 2024). 

Parkinson's disease is currently incurable (Tolosa et al. 2021; Oladele et al., 2022). Therefore, its current treatments are generally aimed at treating symptoms and enhancing the quality of life of the patient (Ball et al. 2019; Aijaz et al. 2024). Dopamine replacement medicines are among the standard therapy (Radhakrishnan et al. 2018), while levodopa reduces motor symptoms by elevating the brain dopamine levels (Fanning et al. 2020). Other viable options include dopamine agonists, MAO-B drugs, as well as deep brain stimulation surgery (Javed et al. 2018; Jankovic and Tan, 

2020). Therefore, novel therapeutic strategies are being investigated through research (Fu et al. 

2015; Fanning et al. 2020). This includes neuroprotective compounds, gene therapy, as well as stem cell-based treatments that are designed to reduce the disease development as well as potentially reverse neurodegeneration in this condition (Tysnes and Storstein 2017; Xu et al. 2024). 

7.3.2.1  Efficacy of Plant-Derived Proteins in the Treatment of Parkinson's Disease

The efficacy of plant proteins in Parkinson's disease (PD) offers an exciting area of study, due to growing scientific interest in exploring the therapeutic potential of natural chemicals to address the complicated neurological processes underpinning this disease (Fu et al. 2015; Xu et al. 2024). Parkinson's disease is defined by the gradual degeneration of dopaminergic neurons in the substantia nigra of the brain and tremors, rigidity bradykinesia, and postural instability are major motor symptoms of the condition (Sengupta et al. 2016; Rose and Strombom 2021), while the non-motor symptoms include cognitive impairment and depression (Williams-Gray and Worth 2016; Jankovic and Tan 2020). 

Plant proteins offer a novel approach to Parkinson's disease therapy due to their various bioactive properties with the potential to mitigate oxidative stress and neuroinflammation as the hallmarks of Parkinson's disease pathogenesis (Fu et al. 2015; Xu et al. 2024). 

Furthermore, certain plant-derived proteins possess neuroprotective properties, which prevent neuronal injury as well as enhance brain cell survival (Javed et al. 2018; Aijaz et al. 2024). For example, lectins, glycoproteins found in numerous plants, have been studied for their capacity to interact with neuronal cell membranes, as well as influence immunological responses and control neuronal development factors (Bravo-Vázquez et al. 2023). These proteins are also showing promise as medicinal agents by modulating signaling pathways crucial in cell survival (Bravo-Vázquez et al. 2023; Aijaz et al. 2024), as well as possess the potential to slow the progression of Parkinson's disease and improve the quality of life of patients (Javed et al.   2018; Tolosa et al. 2021). 

The major limitation, despite its potential, currently involves the conversion of the efficacy of plant proteins from preclinical findings to clinical applications in Parkinson's disease therapy (Ball 

et al. 2019; Xu et al. 2024), as there is a need for further studies on how to optimize its bioavailability, dosage (Radhakrishnan et al. 2018; Bravo-Vázquez et al. 2023), as well as potential interactions with existing drugs (Tysnes and Storstein 2017; Rose and Strombom 2021). These studies may validate the efficacy, safety profiles, and long-term effects of plant proteins in human populations with Parkinson’s disease condition (Xu et al. 2024; Aijaz et al. 2024). 
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Recent studies have explored the potential of plant-based proteins to improve mitochondrial function as well as enhance cellular resilience in Parkinson's disease, as mitochondrial dysfunction and poor energy metabolism are major causes of neurodegeneration in Parkinson's disease (Tolosa 

et al. 2021; Bravo-Vázquez et al. 2023). Furthermore, plant-based therapeutic proteins have been shown to exhibit a positive safety profile and the potential to synergistically interact with existing Parkinson's drugs (Sengupta et al. 2016; Jankovic and Tan 2020), as their natural origin lowers the likelihood of side effects linked with manufactured chemicals (Javed et al. 2018; Aijaz et al. 

2024), thereby rendering them as ideal candidates for supplementary or complementary medicines in Parkinson's disease management (Tolosa et al. 2021; Xu et al. 2024). 

More so, additional clinical trials are required to evaluate the efficacy and safety of plant-based therapeutic proteins in PD patients (Rose and Strombom 2021), as preclinical findings have offered compelling evidence of their neuroprotective, anti-inflammatory, and mitochondrial-enhancing effects (Xu et al. 2024). Exploring the therapeutic potential of these proteins, therefore, could result in innovative approaches toward the slowing of Parkinson’s disease progression, relief of symptoms, as well as improvement of the quality of life of patients (Aijaz et al. 2024). 

7.3.3  sTroKe anD TraumaTic brain injury

Stroke and traumatic brain injury (TBI) are significant neurological conditions posing significant 

global health and well-being problems (Feigin et al. 2010; Turner et al. 2021). Stroke usually occur due to interruption of blood flow to the brain (Prakash and Carmichael 2015). This can be either a blockage (ischemic stroke) or bleeding (haemorrhagic stroke) (Li and Chopp, 2009; Castor and 

El Massioui 2018). This disruption depletes the brain cells of oxygen and nutrients, thereby causing progressive cell death and potentially irreparable damage (Turner et al. 2021). The majority of strokes are ischemic, caused by blood clots, and usually require medical aid to reestablish blood flow and reduce brain tissue loss (Vanderbekena and Kerckhofs 2017). Common symptoms include 

poor movement, speech issues, cognitive deficiencies, and emotional disturbances, which depend on the location and severity of the brain injury (Nunnari et al. 2014; Thomas et al. 2021). Stroke survivors frequently require significant rehabilitation to restore lost functions, while mitigating long-term impairments is also critical (Sunnerhagen et al. 2019; Turner et al. 2021). 

Traumatic brain injury (TBI) is caused by a sudden forceful impact to the head or body, which thereby impairs brain function (Feigin et al. 2010; Prakash and Carmichael 2015). It can range in intensity from mild concussions to severe ones (Turner et al. 2021), while severe injuries result in extended unconsciousness or irreversible neurological damage (Li and Chopp, 2009;  Gautam et   al. 2022). The primary injury occurs at the point of impact, causing rapid destruction to brain tissues (Castor and El Massioui, 2018; Thomas et al. 2021), while the secondary injury processes can take hours or even days (Gautam et al. 2022). These processes involve inflammatory reactions, oxidative stress, and neurochemical imbalances, which increase tissue damage (Sunnerhagen et  

al. 2019; Gautam et al. 2022). Headaches, dizziness, confusion, and memory issues are among the symptoms of TBI (Wang et al.   2023), while mood swings are also prevalent (Thomas et al. 2021).  

Traumatic brain injury thus requires immediate medical stabilization, while it is critical to monitor for problems such as brain enlargement and haemorrhage (Li and Chopp 2009; Sorby-Adams et al. 2018). 

Both stroke and TBI are critical areas of research and clinical care (Sorby-Adams et al. 2018),  

with ongoing efforts to improve acute treatment options (Gautam et al. 2022), improve rehabilitation results (Turner et al. 2021), as well as the designing of neuroprotective therapies (Nunnari et al. 2014; Sunnerhagen et al. 2019), while advances in the understanding of the pathophysiology of stroke and TBI can facilitate novel methods involving, for example, plant-based therapeutic proteins (Turner et al. 2021). 
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7.3.3.1   Mechanisms and Therapeutic Potential of Plant Proteins 

on Stroke Recovery and Brain Injury

Certain plant proteins have been shown to possess anti-inflammatory properties, which modulate immune responses and inhibit the neuroinflammatory cascade for slowing down brain injury progression (Harris et al. 2024), while plant proteins have been shown to have an impact on cellular signaling pathways that are critical for repair and important for neuroprotection in addition to their antioxidant and anti-inflammatory properties (Zhu et al.    2022; Wang et al. 2023). 

Plant-derived neurotrophic factors, such as nerve growth factor (NGF) analogs, enhance neuronal survival, as well as promote axonal development (Logan et al. 2006; Almutairi et al. 2022; Li 

et al. 2022). Additionally, synaptic plasticity promotes the regeneration of damaged brain networks as well as improves neurovascular reorganization (Keshavarzi et al. 2019; Harris et al. 2024). These proteins also promote the integrity of the blood–brain barrier, thereby allowing for improved cerebral perfusion and nutrient supply to wounded brain areas (Jarrahi et al. 2020; Shaheryar et al. 

2021). 

Plant-based proteins have also demonstrated the potential to improve functional outcomes in clinical and preclinical studies (Rahman et al. 2021), thereby promoting neuro-recovery following a stroke by targeting acute damage pathways, while simultaneously advancing long-term recovery (Luo et al. 2018; Wang et al. 2023). They also increase neural resilience and foster adaptive neuroplasticity (Nabavi et al. 2019; Harris et al. 2024). 

7.3.4  oTher neurological DisorDers

Other neurological disorders, such as epilepsy and multiple sclerosis, pose significant challenges in clinical neurology, as each has diverse processes and clinical symptoms (Dobson and Giovannoni 

2019). Epilepsy is a chronic neurological illness characterized by recurring seizures caused by aberrant electrical activity in the brain, which can vary greatly in strength and duration (Rudick et al. 1997; McGinley et al. 2021), while these factors influence consciousness, behavior, and motor control (Jackson et al. 2023). The underlying causes of epilepsy usually vary, but generally include genetics, brain traumas, infections, and developmental anomalies (Welcome 2020). Therefore, despite the availability of antiepileptic medicines (AEDs) for the treatment of seizures, a significant minority of individuals do not have good seizure control or are significantly affected by the side effects of antiepileptic drugs (Guo et al. 2021), thereby sparking interest in alternative remedies, including plant-based treatments (Mecha et al. 2020), as the alternative seizure remedies could offer a new mode of action or additional benefits in lowering seizure frequency and/or improving the quality of life (Thell et al. 2016; Tyler and Tyler 2023). 

Multiple sclerosis (MS) is an autoimmune disease that causes inflammation and demyelination, characterized by degeneration of the central nervous system (CNS) (Del Gatto et al. 2021; Moertel et   al.  2022), which also presents with a variety of symptoms, including motor dysfunction, sensory abnormalities, cognitive impairment, and fatigue which frequently progresses unpredictably over time (Liu et al. 2022b). 

Whereas current MS treatments rely on immunomodulation to minimize inflammatory reactions 

as well as use neuroprotective techniques to preserve neuronal tissue (Zhang et al. 2023); disease-modifying medications are effective in treating relapses and postponing disability development (Zha et al. 2022), but they are not curative, as many patients are known to suffer disease recurrence or poor treatment response (Xu et al. 2023). Therefore, plant-derived therapeutic proteins hold enormous potential for MS treatment by being able to target immunological dysregulation, improve neuroprotection, as well as control inflammation, thereby complementing the current therapeutic methods (Thell et al. 2016; Tyler and Tyler 2023). 

Both epilepsy and MS highlight the complexity of neurological illnesses and the need for novel therapeutic approaches (Zhang et al. 2023), while plant-based therapeutic proteins present an 
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thereby increasing the efficacy of therapy as well as mitigate the side effects associated with conventional medicines. 

7.3.5  summary of relevanT sTuDies

Plant-derived therapeutic proteins have demonstrated promising results in both brain health and sickness (Fu et al. 2015; Aijaz et al. 2024). These proteins mitigate neuroinflammation, oxidative stress, and neuronal damage, particularly in neurodegenerative diseases such as Alzheimer's disease and Parkinson's disease (Javed et al. 2018; Gautam et al. 2022), whereas studies have shown that flavonoids, polyphenols, and peptides protect neurons by not only inhibiting oxidative processes (Dobson and Giovannoni, 2019; Bravo-Vázquez et al. 2023), but also enhancing cellular antioxidant defenses and promoting neuronal survival and function (Jackson et al. 2023). 

Plant-derived proteins can also modulate neuroinflammatory responses, reducing neurodegen-

eration and preserving neuronal integrity (Zhang et al. 2023; Harris et al. 2024). This is especially important in diseases like multiple sclerosis and amyotrophic lateral sclerosis, where excessive inflammation causes tissue damage and functional impairments (Guo et al. 2021; Zha et al. 2022). 

Plant proteins have also been shown in studies to possess neurotrophic properties which promote neuronal growth, synaptic plasticity, and neurogenesis (McGinley et al. 2021; Wang et al. 2023),  

thereby potentially improving brain repair, cognitive function, and recovery from stroke and trauma (Rahman et al. 2021; Gautam et al. 2022). 

Plant-based therapeutic proteins have thus demonstrated encouraging results in treating neurological diseases (Williams-Gray and Worth 2016; Xu et al. 2024), thus opening up new possibilities for neuroprotection, disease modification, and functional recovery (Nunnari et al. 2014; Aijaz et al. 

2024). However, more study is still needed to improve the administration systems as well as determine clinical efficacy (Sorby-Adams et al. 2018; Harris et al. 2024). 

7.4  IMPLICATIONS FOR FUTURE RESEARCH

Future research on plant-based therapeutic proteins, therefore, holds the potential to boost both basic science and clinical applications, as exploration of numerous plant species can lead to the discovery of novel therapeutic proteins for neurological diseases, aided by genomic and proteomic methods. Thus, understanding the mechanisms of action of plant-derived therapeutic proteins is critical for optimizing protein engineering methodologies, increasing bioavailability, as well as improving therapeutic efficacy. There is also a need for comprehensive studies into interactions of plant-derived proteins with cellular receptors and signaling pathways, which could result in the development of new therapeutic formulations with fewer adverse effects and the potential to revolutionize medicine by providing sustainable, effective medicines. 

7.4.1  poTenTial for clinical applicaTions

Plant-derived proteins have demonstrated neuroprotective potential by reducing oxidative stress and neuroinflammation for the maintenance of cognitive function integrity, which also regulates inflammatory responses in the brain (Arevalo-Villalobos et al.    2017; May et al. 2023). They have the potential to promote neuro-regeneration and synaptic plasticity, thereby aiding neuronal survival as well as amend damaged brain networks (Santana and Macedo 2019;  Choudhary   et al.   2022). They also induce axonal development or synaptic remodeling, as well as improve functional outcomes in people suffering from brain traumas or neurodegenerative diseases (Choudhary et al. 2022), as regenerative abilities are essential for recovering cognitive function and quality of life in those suffering from neurological conditions (Chen et al. 2024). 
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Furthermore, the development of plant-based medicinal proteins has benefits such as scalability, cost-effectiveness, as well as reduced environmental impact, which compares favorably to standard medications (Santana and Macedo 2019; Jackson et al. 2023). 

Therefore, the study of plant-derived therapeutic proteins in brain health and disease represents a promising frontier in biomedical research, which necessitates continued research into the efficacy, safety, and mechanism of action to realize their effective clinical potential for the improvement of tailored therapy for neurological conditions (Wang et al. 2023; Medina-Vera et al. 2024). 

7.4.2  conclusion

Plant-derived therapeutic proteins offer promising solutions for brain health and neurological disorders by targeting neuroprotection, inflammation, and neuro-regeneration, as preclinical studies have shown the benefits of these proteins, but there is still a need for clinical trials on bioavailability, immunogenicity, and collaboration among academia, industry, and regulatory agencies. 
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8.1   INTRODUCTION

Naringenin is one of the naturally identified therapeutic bioactive plant-derived compounds that are significant. This phytochemical exists richly in citrus fruit like oranges, cherries, and grapefruit and, to some appreciable amount, in walnuts, coffee, and cocoa fruit, as well as different varieties of vegetables and herbs. Its consumption has been reported to be safer for humans [1]. As a plant-derived bioactive compound, it belongs to a class of phytonutrients called flavonoids, which are used extensively as a constituent of dietary supplements, cosmetic pharmaceuticals, and nutraceutical products Flavonoids in nutritional supplements are believed to boost health and prevent disease. 

Specifically, Naringenin is a polyphenolic flavanone compound that is known to be generally active in mitigating the destructive effects of free radicals and reactive oxygen species and also helps in the suppression of the inflammatory process [2]. Mounting evidence from studies affirmed their ability to traverse through the blood–brain barrier [1] and interact with various signaling molecules and pathways, most especially protein kinase C, signaling pathways in exerting the neuroprotective against different models of neurological disorders [3]. 

Naringenin has been cited as a promising therapeutic compound for human health and for com-

bating different disease pathogenesis due to its ability to modulate the activity of the immune system, plaque dissolution, cardiac protection, suppression of fatty acids and lipid peroxidation, and carbonylation of blood proteins via oxidative [4]. Thus making it exhibit generally hepatoprotective; tumor and cancer-suppressing; neuroprotective antiatherogenic, and anti-inflammatory effects as their pharmacological effects [5]. Many of these reported therapeutic roles will be elucidated in this chapter. Likewise, the limiting factor in the context of its bioavailability and efficacy as well as possible suggestions to be taken in future research in enhancing improved efficacy and bioavailability will be discussed here. 

8.2   STRUCTURE AND CHEMISTRY OF NARINGENIN

Before looking into the neuroprotective effects of naringenin, it is very expedient to look into the structure and chemistry of naringenin, as it serves as a foundational basis for understanding the mechanism utilized in achieving its neuronal protection and neurorescue effects. As stated earlier, naringenin is a flavonoid, which is structurally known to have three rings labeled as rings A, B, and C as the skeletal backbone; the ring C is pyran while rings A and B are benzene rings to which other moiety are attached. As shown in the figure below, naringenin is a hydroxylated flavonoid  named  2,3-d ihydr o-5,7 -dihy droxy -2-(4 -hydr oxyph enyl)  4H-1-benzopyran-4-one  with molecular formula and mass of C H O and 272.26 g

15

12

5 

·mol-1, respectively [6]. Its structure is shown 

in Figure 8.1(a) below. However, it can be conjugated with sugar at C-7 forming glycosides, i.e., 
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FIGURE 8.1  (a) Naringenin; (b) naringenin-7-O-glucoside. 

naringenin-7-O-glucoside, which is the second natural form of naringenin popularly called naringin. Its structure is depicted in Figure 8.1(b). 

Naringenin is biosynthesized through a reaction phenyl propanoid derived from shikimic acid pathway with three molecules of acetylCOA derived from acylpolymalonate pathway [7, 8]. The pharmacological action of naringenin has been attributed to its important structural component namely, the hydroxyl groups present, which are better electron donors in scavenging reactive species; metal chelating properties of its 4-oxo and 5-OH components; and structure stabilization upon scavenging action by its 5, 7- m-dihydroxy in ring-A [6]. 

8.3   DOCUMENTED REPORT ON NEUROPROTECTIVE 

EFFECTS AND MECHANISM OF NARINGENIN

Naringenin exhibits multiple target pharmacological mechanisms exerting its neurorescue effect on neurodegeneration, neurotoxicity, memory, and cognitive deficits. This makes it a promising alternative neuroprotective agent of interest to many researchers. Naturally derived naringenin of plant origin, such as citrus, has been used in many  Invivo  and  Invitro studies of models of neurotoxicity and neurodegenerative diseases. Some of these reported neuroprotective effects are discussed below; 

8.3.1   suppression of neuroinflammaTion

Neuronal inflammation is an inclusive pathological process which enhances neurodegeneration in lipopolysaccharide and interferon gamma-induced neuroinflammation in BV2 microglia cells. 

Treatment with naringenin has been reported to decrease neuronal inflammation via many routes, including decreasing in expression of inducible nitric oxide synthase (iNOS) and cyclooxygenase (COX-2) [9, 10]; decrease in the level of pro-inflammatory markers tumor necrosis factor-α, interleukin -1β & -6 [10, 11]; signaling pathways modulation by down-regulation of nuclear factor-κB (NF-κB), c-Jun N terminal kinase(JNK), extracellular-signal-regulated kinase (ERK), and 

p38-mitogen-activated protein kinase (MAPK) signaling pathways, since their up-regulation levels have been implicated to enhance the inflammatory process [10, 11]. 

8.3.2   miTigaTion of neuronal oxiDaTive sTress

Free radical and ROS scavenging and modulation cellular antioxidant system is one of the principal neuro-pharmacological effects of naringenin against the pathogenesis of neurodegenerative diseases (NDDs), ischemic stroke, cognitive function deficit, and neurotoxicity. In lipopolysaccharide-induced cognitive deficit [12]; iron-induced neurotoxicity [13]; permanent middle cerebral artery occlusion (pMAO) induced-cerebral ischemic [14], MPTP, and rotenone-induced Parkinson's disease (PD) [15] in mice and Wistar models a decrease is noticed in the activity of antioxidant enzymes (Catalase-CAT, superoxide dismutase-SOD) and in the level of antioxidant molecule 
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reduced glutathione (GSH) with an increase in the level ROS, lipid peroxide and its products malondialdehyde (MDA) were reported as cellular oxidative stress pathological mechanisms, which have been implicated to contribute to the pathogenesis of these diseases. However, treatment with naringenin was reported to significantly mitigate oxidative stress by modulating the change level and activity of this antioxidant system and decreasing the level of MDA, lipid peroxides, and ROS. 

8.3.3   aTTenuaTes neuro-apopToTic process

Cells die naturally via many processes, among which include apoptosis and natural and programmed cell death. The process is significant in eliminating non-viable and diseased cells, but, when unregulated, it leads to or contributes to the pathogenesis and progression of Alzheimer's dsease, polyglutamine (polyQ), cognitive deficit, and Parkinson's disease, as reported [16 –18]. However administration of naringenin both  in vivo and  in vitro has been reported to modulate unregulated apoptotic process by down-expression of cleaved caspase-3 protein and calpain1 [6]; apoptotic-related proteins Bax and Bcl-2 and apoptosis-related genes such as NQO1 (NAD(P)H quinone dehydrogenase), HO-1 

(hemoxygenase-1), and Kelch-like ECH-associated protein-1 [19], as well as negatively modulating the GSK-3β signaling pathways [20] and activation of PI3K/AKT [20, 21]. 

8.3.4   amelioraTion of neuronal miTochonDrial 

DysfuncTion anD impaireD bioenergeTics

The decline in mitochondrial function or its dysfunction and energy depletion are also principal pathological mechanisms associated with the pathogenesis of neurodegeneration, cognitive deficits, and neurotoxicity [21 –23]. A ROS/free radical attack on mitochondrial structural membrane molecules results in a decrease in the activity of the enzymes present in the mitochondrial complex I–V, and membrane potential and imbalance in cellular ADP, AMP, and ATP levels were all hallmarks of this impaired bioenergetics and mitochondrial dysfunction. However, In both iron-induced neurotoxicity in rats and in carbaryl-induced neurotoxicity in mouse neuroblastoma cells, treatment with naringenin was reported to protect against neurotoxicity by reversing the decreased activities of the mitochondrial complex I–V enzymes, improve membrane potential, and modulate the level of extracellular adenosine (AMP, ADP, ATP) within the synaptic cleft. These, coupled with the endogenous and exogenous antioxidant capacities enhancement capacity of Naringenin, were reported as the neuropharmacological mechanism used in attenuating debuts in mitochondrial function and impaired bioenergetics [23 –25]. 

8.3.5   improve memory Decline anD cogniTive DeficiT

Decline in cognitive function is a pathological feature common to most neurological diseases such as PD, AD, ischemic stroke, neuropathy, multiple sclerosis, etc. [6]. This features a decrease in spatial and recognition memory, memory retention and recall capability, and many more cognitive skills. However, this pathological hallmark arises due to the contributive effect of energy depletion, neuronal signaling disturbance, neuroinflammation, and oxidative stress [6, 22]. Even the progression of the pathological hallmark and neurological diseases finally results in complete brain function implicated in dementia. Mounting evidence from various  in vivo and  in vitro studies has affirmed the neuroprotective effect of naringenin on spatial memory decline and cognitive deficit [26]. For example, in aged, isoflurane, and intracerebroventricular-streptozotocin (ICV-STZ) induced-cognitive deficit in rats, treatment with naringenin was reported to improve memory and learning performance, memory recall and retention abilities, and the spatial memory recognition and discrimination ratio [22, 27]. A similar result was also obtained in Aβ25-35-induced AD along with its ability to suppress the formation of amyloid plaques and phosphorylation of Tau-protein which have been linked pathogenesis of AD [28]. 
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Compromised neuronal transmission is among the pathological hallmarks of neurodegenerative 

diseases such as PD, AD, dementia, and multiple sclerosis, as well as brain injury and cognitive deficit [6]. Constant and unimpaired inflow of stimulus and nerve impulse from the central nervous system to the other body parts is very crucial for normal well-being. The neurotransmitter system is the key player which helps in achieving these. These include cholinergic, glutamatergic, GABAergic, dopaminergic, serotonergic, and histaminergic receptors and their neurotransmitters, which include serotonin, dopamine, acetylcholine, and glutamate. The decline in the level of these neurotransmitters and the destruction of their receptors or cells producing them have been linked with neurodegeneration and neurotoxicity. In PD, which is associated with a decline in dopamine level, treatment with naringenin has been reported to increase the level of dopamine and activity of the principal enzyme in its biosynthesis, named tyrosine hydroxylase as well as an increase in expression of dopamine transporter and survival of the dopaminergic neurons were reported in 6-OHDA and MPTP-induced PD rats [29–30]. Similar results were also observed in age-induced cognitive deficit in rats coupled with an increase in serotonin level [31]. Also in both scopolamine-, LPS- and methyl mercury induced-cognitive deficit in Wistar rats; scopolamine induced-amnesia in mice, and iron-induced neurotoxicity in Wistar rats [22, 32 –34], administration of naringenin in all these  in vivo studies was reported to decrease acetylcholine-esterase activity by exerting an inhibitory effect on it, thus enabling the accumulation of acetylcholine with the synapse to further enhance signal transmission. 

8.3.7   anTi-misfolDing anD anTi-fibrillaTion acTion

Proteinopathy arising from the misfolding of protein and aggregation of misfolded proteins to amyloid-plaque is another common pathological hallmark of neurotoxicity and neurodegenerative diseases like PD, AD, Huntington’s disease, and Creutzfeldt-Jakob disease [6]. For example, the formation of amyloid plaques and Tau protein hyper-phosphorylation is associated with AD pathogenesis, while oligomerization and fibrillation of the α-synuclein to protein inclusion bodies called Lewis bodies is associated with PD pathogenesis. Studies have shown that naringenin exhibits a neuroprotective role against protein misfolding and fibrillation in different animal models of PD 

and AD. In MPTP and rotenone-induced PD rats and C57BL/6J mice, naringenin treatment has 

been reported to decrease α-synuclein and ubiquitin levels as well as cytoplasmic vacuolation and the nuclear pigmentation process. Also in both ICV-STZ- induced AD in Sprague–Dawley rats 

and Aβ25-35 and Aβ1-42-induced AD model in 5XFAD mice, administration of naringenin was 

reported to decrease Tau hyper-phosphorylation and amyloid plaque levels. 

 8.4  CONCLUSION AND FUTURE PROSPECTS

Naringenin, a bioactive flavonoid abundantly found in citrus fruits and various plant sources, has emerged as a promising neuroprotective agent due to its wide-ranging pharmacological properties. 

This chapter has explored its structural chemistry and molecular mechanisms underlying its therapeutic effects on neurological health. Through multiple experimental studies, both  in vitro and  in vivo, naringenin has demonstrated remarkable efficacy in mitigating neurodegenerative pathologies by modulating oxidative stress, neuroinflammation, mitochondrial dysfunction, and apoptotic pathways. A significant focus of this chapter has been the suppression of neuroinflammation, a key contributor to neurodegenerative disorders such as Alzheimer’s and Parkinson’s diseases. Naringenin exerts anti-inflammatory effects by downregulating inflammatory mediators such as inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and pro-inflammatory cytokines, thereby preventing sustained neuronal damage. Additionally, its antioxidant capacity plays a pivotal role in neutralizing reactive oxygen species (ROS) and enhancing cellular antioxidant defense mechanisms, 

Neuroprotective Actions of Naringenin 

145

making it an effective agent against oxidative stress-induced neurotoxicity. Beyond its anti-inflammatory and antioxidative properties, naringenin has been shown to modulate apoptotic pathways, preventing excessive neuronal cell death. The flavonoid effectively regulates apoptosis-related proteins such as Bax, Bcl-2, and caspase-3 while activating survival pathways like the PI3K/Akt signaling cascade. Furthermore, its ability to restore mitochondrial function and bioenergetics highlights its potential to mitigate metabolic dysfunctions associated with neurodegeneration. Another critical aspect of naringenin’s neuroprotective role is its impact on cognitive function and memory retention. Studies reviewed in this chapter provide compelling evidence that naringenin improves learning, spatial recognition, and cognitive recall in animal models of neurodegeneration and cognitive impairment. Additionally, its ability to ameliorate neurotransmission dysfunction, particularly in dopaminergic, cholinergic, and glutamatergic systems, underscores its potential in treating disorders such as Alzheimer’s and Parkinson’s diseases. Moreover, the chapter has highlighted naringenin’s anti-protein misfolding and anti-fibrillation actions, which are crucial in preventing the accumulation of neurotoxic aggregates such as amyloid plaques and tau fibrils. This property suggests its potential utility in modifying disease progression in neurodegenerative conditions where proteinopathy plays a central role. While naringenin shows immense potential as a neuroprotective agent, several challenges must be addressed to enhance its clinical applicability. One major limitation is its bioavailability, as poor absorption and rapid metabolism hinder its therapeutic efficacy. Future research should explore novel drug delivery systems, such as nanoformulations, lipid-based carriers, and prodrug strategies, to improve its pharmacokinetics and targeted delivery to the brain. Furthermore, clinical trials remain scarce, and most evidence supporting naringenin’s efficacy stems from preclinical models. Well-designed, large-scale human trials are essential to validate its neuroprotective benefits and establish standardized dosages for therapeutic applications. Additionally, understanding synergistic interactions between naringenin and other bioactive compounds may enhance its neuroprotective efficacy. Research should explore combination therapies that integrate naringenin with conventional neurotherapeutics or other polyphenols to achieve a more comprehensive neuroprotective strategy. 

In conclusion, naringenin holds great promise as a natural therapeutic agent for neurodegenerative diseases, offering multi-targeted neuroprotection through its antioxidant, anti-inflammatory, antiapoptotic, and neurotransmission-enhancing properties. Future research efforts should focus on optimizing its bioavailability, conducting rigorous clinical studies, and exploring synergistic therapeutic approaches to fully harness its potential for improving neurological health. 
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9.1   INTRODUCTION

Historically, humans have used plants to treat injuries and diseases. Through diverse methods of extraction, preparation, and application, plants have been and will continue to be one of the main pillars of traditional medicine (Farzaei et al. 2018). Scientific research takes up traditional knowledge, studying, exhaustively, natural molecules with therapeutic potential, since plants are incredible biochemical machines that synthesize substances, we could possibly never imagine in the laboratory, called phytochemicals (Zhu, Du, and Xu 2018). Among the phytochemicals β-caryophyllene stands out as a bicyclic sesquiterpene, present in angiosperm plants. Its unique and complex structure gives it an affinity for several human receptors, especially the type 2 cannabinoid receptor (Gertsch et al. 

2008). 

Since β-caryophyllene is a ligand for the type 2 cannabinoid receptor, it is recognized as a phytocannabinoid. The type 2 cannabinoid receptor is coupled to an inhibitory G protein that exerts a broad gamut of beneficial functions, like anti-inflammation (Howlett and Abood 2017). Thus, the combination of β-caryophyllene and its receptor is brilliant, since it its neuroprotective effects have been proved in various motor and cognitive neurodegenerative diseases (Cassano et al. 2017). 

In this chapter we explore the multifaceted landscape of β-caryophyllene and its application in the treatment of neurodegenerative diseases. We survey the molecular basis of β-caryophyllene’s therapeutic potential, its interaction with critical pathways involved in neuroinflammation and oxidative stress, and the results from preclinical and clinical studies. In other words, this chapter aims to explore the therapeutic potential of β-caryophyllene as a novel, effective, and safe approach to the treatment of these debilitating and deadly diseases. 

9.2   HISTORICAL CONTEXT OF Β-CARYOPHYLLENE

β-caryophyllene (BCP) is an organic molecule with no specific discovery of its date or attributed researcher; its knowledge and use date back to ancient times, as BCP is a prevalent and aromatic compound in spices such as cloves or pepper. The origin of the term "caryophyllene" derives from the Greek word "  karyophyllon," which means "nut-leaf," in allusion to the subtle and spicy scent of these blossoms, reminiscent of clove (Wedgwood 1855). 

The first formal and scientific description of BCP as an organic compound was made in 1834 by Carl Jacob Ettling (McKillop 1963). The elucidation of the BCP structure was a long process due 148
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to the lack of pure BCP samples, which resulted in much of the initial research being ambiguous. 

Additionally, no plant products were known to have a medium-sized carbon ring with nine or eleven carbon atoms because the properties of the compounds that had been prepared and examined in the early twentieth century seemed to support the idea that a ring system of that size did not exist in nature (Whitesides, Goe, and Cope 1967). 

In general, BCP structure elucidation took nearly 70 years, until Derek Harold Richard Barton proposed the correct carbon skeleton structure. From this point, experimental approaches were undertaken, such as the total synthesis of BCP in the laboratory by Elias James Corey in 1963, as well as the isolation and prediction of tricyclic derivatives by Barton's team. In the 1970s and 1980s, research aimed to extract and quantify the BCP in various plant-derived oils, as well as the use of gas chromatography and toxicological research (McKillop 1963). 

In 1990, Shimizu's research team published one of the first original articles about BCP as a constituent molecule of essential oils with anti-inflammatory properties (Shimizu et al. 1990). Then, in 1996, Tambe and colleagues ventured into the use of chemically pure BCP, evaluating its cytoprotective activity in an alcohol-induced gastritis model (Tambe 2007). Bear in mind that during that time, BCP was considered a non-steroidal anti-inflammatory, but this perspective would change in 2008 with the work of Jürg Gertsch. 

First, Gertsch and his team (Gertsch et al. 2008) demonstrated  in silico that BCP is able to bind to the type 2 cannabinoid receptor (CB2), and, therefore, that BCP is a phytocannabinoid. Then they studied the ligand-receptor interaction experimentally in both cellular and animal models.  In vitro, they observed that BCP at millimolar (mM) concentrations reduced the humoral inflammatory 

response in monocytes stimulated with lipopolysaccharide (LPS). Moreover,  in vivo, a dose of 5 

mg per kg reduced the local carrageenan-induced inflammation in mice. At this point, the evidence showed that BCP has a potent immunomodulatory activity through CB2 and, therefore, is worth noting as a pharmacological candidate. 

The research on BCP as a neuroprotective phytocannabinoid began approximately ten years ago. 

In 2014, the research team led by Cheng Yujie investigated the pharmacological effect of BCP in transgenic mice with Alzheimer's-like cognitive impairment for the first time. They found that the phytocannabinoid reduced numerous proinflammatory cytokines in the cortex and hippocampus of the animals. Additionally, BCP activates intracellular receptors like PPAR-γ, resulting in a significant reduction of the cognitive impairment (Cheng, Dong, and Liu 2014). 

On the other hand, in 2016, Ojha Shreesh and colleagues demonstrated for the first time that BCP 

reduces dopaminergic neuronal death and polarization, both microglial and astroglial, in the basal ganglia of rats exposed to rotenone. This phenomenon was reflected in an improvement in the motor performance of the animals (Ojha et al. 2016). 

To date, BCP represents a fertile field in pharmacological research for neurodegenerative diseases, with nearly 3,000 studies conducted (Figure 9.1). 

FIGURE 9.1  Timeline of the historical context of β-caryophyllene. Notable events in the framework of the research on neurodegenerative diseases. 
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FIGURE 9.2  Skeletal formula of β-caryophyllene and its isomers. 

9.3   CHEMICAL  IDENTITY

BCP is also known as trans-caryophyllene, (-)-caryophyllene, E-caryophyllene, L-caryophyllene, or simply caryophyllene. It is a carbon-rich compound from the terpene family (Figure  9. 2). 

Specifically, it is a bicyclic sesquiterpene (a 15-carbon terpene arranged in two rings). Its molecular formula is C H , it has a molecular weight of 204.45 g/mol, and it has two stereoisomers, tra-15

24

ditionally described as α-caryophyllene and γ-caryophyllene (National Center for Biotechnology Information 2023). This classic nomenclature for caryophyllene is still frequently used in scientific literature and can be confusing, so the terms “α-humulene” and “iso-caryophyllene” are now preferred, respectively. The difference between BCP and the other two stereoisomers is the stereogenic center next to the methylidene group, since it has an S configuration (left-handed twist), while the other stereogenic centers have an R configuration (right-handed twist). Consequently, the IUPAC 

name  specifies  these  spatial  conditions  as  (1R,  4E,  9S)-4 ,11,1 1-Tri methy l-8-m ethyl idene bicyc lo[7. 

2.0]u ndec- 4-ene  (National Center for Biotechnology Information 2023). 

Bear in mind that BCP has two configurations at the carbon 4 double bond, one cis (Z) and one trans (E). The E configuration is more reactive and abundant due to its lower steric hindrance on heavy atom substituents in the bicyclic structure (Api et al. 2018). However, BCP is non-polar, has 15 heavy atoms, a formal charge of zero, a complexity degree of 293, lacks hydrogen donors or acceptors, and forms dipole-dipole or Van der Waals interactions (National Center for Biotechnology 

Information 2023). 

On a macroscopic level, BCP is a volatile, crystalline pale-yellow oil with a strong aroma of cloves and turpentine. It has a melting point below 25°C and a boiling point of approximately 256°C. It is insoluble in polar protic solvents such as water but soluble in polar aprotic and nonpolar solvents like ethanol and dimethyl sulfoxide. BCP is also a flammable chemical. At a temperature of 25°C, BCP’s density is approximately 0.907 g per mL, and its refractive index is approximately 

∼1.5 (National Center for Biotechnology Information 2023). Qualitatively, BCP has characteristic spectra in nuclear magnetic resonance, mass spectrometry, and infrared spectroscopy. In terms of safety, BCP is classified as an irritant chemical, and the use of gloves is recommended when handling it (El-Saber Batiha et al. 2020). 

Regarding the stability of BCP, unsaturated aliphatic hydrocarbons are generally more reactive than alkanes, so strong oxidants like ambient oxygen can react with BCP, degrading it into caryophyllene oxide. Conversely, reducing agents can react exothermically to release gaseous hydrogen and form unsaturations. Strong oxidizing or reducing agents are not the only ones that can react with BCP; ultraviolet light can also remove unsaturations from BCP, making this phytocannabinoid photosensitive (Bueno et al. 2020).  

9.4   BIOSYNTHESIS

BCP is a secondary metabolite present in nearly 50% of angiosperm species (Knudsen et al. 2006).  

The biosynthesis process is compartmentalized, primarily occurring in plastids and cytosol (Maffei 
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2018). Despite advances in biotechnology and organic synthesis, plants continue to be the primary production centers of BCP (Tetali 2019). 

In the biosynthetic context, terpenes are created through enzymes called terpene synthases (TPS) (Maffei 2018). These enzymes use common substrates such as the diphosphates of isopentenyl (IPP), geranyl (GPP), and farnesyl (FPP) to create a variety of chemical structures. To understand terpenes, it is important to define them as carbon and hydrogen-rich (hydrocarbon), unsaturated isoprene-based compounds. Terpenes are generally classified as mono-, sesqui-, and diterpenes and its biosynthesis normally starts with the cytosolic mevalonic acid, which is derived from acetyl coenzyme A. (S.-M. He et al. 2018; Huang et al. 2012). 

The mevalonic acid pathway leads to FPP formation, with the assistance of the enzyme farnesyl diphosphate synthase (FPPS). Once FPP is formed, it undergoes ionization to form trans-farnesyl, which then undergoes isomerizations, cyclizations, and rearrangements depending on the target terpene synthase, in the case of BCP, it's β-caryophyllene synthase (He et al. 2018). 

There are two β-caryophyllene synthases; one for the E or (-) isomer and another for the Z 

or (+) isomer, named after their product, as (-)-β-caryophyllene synthase and (+)-β-caryophyllene synthase, respectively. It is worth noting that (-)-β-caryophyllene synthase is an abundant and widely distributed enzyme in the angiosperm family, serving as the most important enzyme for BCP synthesis. On the other hand, (+)-β-caryophyllene synthase produces both (+)-β-caryophyllene and (+)-caryolan-1-ol. Extensive knowledge exists about the genetics, structure, and function of (-)-β-caryophyllene synthase, since its product is scientifically relevant (Machado et al. 2018)

The gene of the (-)-β-caryophyllene synthase is characterized by the consensus sequence 

GVYXEP, which is common among sesquiterpene synthases. Additionally, part of the gene translates for a conserved region rich in aspartate, crucial for substrate binding, and for a RR(X)8W motif needed to metallic cofactors binding. RR(X)8W motif likely ionize FPP, while RxR motifs stabilize trans-farnesyl during the BCP synthesis (Starks et al. 1997). The reason plants produce secondary metabolites like BCP is because they serve as defense and attraction. Flowers are vulnerable to fungal and bacterial attacks due to their nutrients, so they need defense against pathogens like Pseudomonas syringae  or  Erwinia mallotivora.  Plant-based  in vitro experiments with BCP suggest that its volatility and unusual structure make it a pollinator attractant and microbe inhibitor (Frank 

et al. 2021). In fact, attraction is a pivotal role of BCP since terpenes act as a reward to pollinators. 

In other words, pollinators rely on terpenes like BCP as a marker to pinpoint their host plant. For example, noctuid moths are attracted by aldehydes ( Silene latifolia's   main scent component) to find their food source while the plant has the opportunity to spread its genetic information through pollination (Dötterl et al. 2006). Therefore, there are evolutionary reasons why terpenes exist in plants. 

9.5   EXTRACTION AND PRODUCTION METHODS

Plants are the primary source of BCP (Table 9. 1) since the parts that are most used are the flowering buds and leaves for its extraction. BCP has been described in various specimens such as  Piper nigrum,   Lavandula angustifolia,   Origanum vulgare,   Cinnamomum species,   Cannabis sativa, and Rosmarinus officinalis (Jha et al. 2021). Extraction techniques can be categorized into traditional and innovative techniques. (Haro-González et al. 2021). 

Traditional techniques rely on the use of solvents capable of dissolving or carrying the target molecule. In the case of BCP, chemically pure solvents like n-hexane, acetonitrile, methanol, and ethanol are widely used because they can extract volatile or non-polar molecules. In 2020, Mohamed Al-Fatim extracted BCP from  Dracaena cinnabari resin using n-hexane for five days at low temperatures (Al-Fatimi 2020). The advantages of solvent extraction include low thermal stress and a low-oxygen environment, reducing chemical degradation. However, the main disadvantage is that the solvent itself acts as a carrier and cannot be completely removed, potentially extracting dozens of molecules with similar physicochemical properties, thus reducing BCP purity (Haro-González et al. 2021). 
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TABLE 9.1

β-Caryophyllene Percentage in Widely Used Vegetal Sources

Source

β-Caryophyllene Percentage

Reference

 Cannabis sativa

3.8 – 37.5%

(Gertsch et al. 2008)

 Lavandula angustifolia

4.62 – 7.55%

(Umezu et al. 2006)

 Syzygium aromaticum

1.7 – 19.5%

(Ghelardini et al. 2001)

 Cinnamomum zeylanicum

6.9 – 11.1%

(Kaul et al. 2003)

 Cinnamomum tamala

25.3%

(Ahmed et al. 2000)

 Humulus lupulus

5.1 – 14.5%

Wang  et al. (2008)

 Lippia graveolens

4.9 – 15.7%

(Calvo-Irabien et al. 2009)

 Ocimum micranthum

4.0 – 19.8%

(Zheljazkov et al. 2008)

 Piper nigrum

7.3%

(Jirovetz et al. 2002)

Another traditional extraction method is steam distillation. In this technique, steam is passed through a sample from the container's base to its upper part. The steam carries the essential oil with it, and the oil is later condensed in a cooled column for recovery (Haro-González et al. 2021). The condensed extract has two phases, aqueous (corresponding to water) and oily, which can be separated by decantation. An example of using this method for BCP extraction is from Jeliazkova E. and collaborators in 2018. Jeliazkova extracted various terpenes based on differential elution time, using Humulus lupulus as a plant source. Advantages include the absence of solvent or carrier impurities in the extract and the ability to extract different molecules based on elution time. However, the main drawback is low yield, as substantial amounts of the sample are generally required to achieve a decantable quantity of the extract (Jeliazkova et al. 2018). 

Innovative techniques include supercritical and subcritical fluid extraction, which utilize gases like CO  in combination with water or methanol as co-solvent for selective compound 

2

extraction. Another innovative technique is microwave and ultrasound-assisted extractions 

(MAE and UAE, respectively) (Haro-González et al. 2021). These techniques aim to improve extraction yield and to reduce extraction time, using waves in the range of 20 to 100 kHz that can create acoustic cavitation in liquid media, since the dynamic movement of bubbles enhance the selective extraction of target molecules (Golmakani, Zare, and Razzaghi 2017). In 2015, Kennouche and collaborators extracted BCP from the seeds of  Eugenia caryophyllata by MAE. 

Interestingly, the extracts retained their antioxidant properties due to the low thermal stress on the sample (Kennouche et al. 2015). 

To isolate molecules, the extracts undergo purification processes through separation. The most used purification method is chromatography, specifically high-speed countercurrent chromatography (HSCCC) (Yao et al. 2007). HSCCC is a technique that does not require a solid support, as it relies on the chemical principle of liquid-liquid partitioning (Ito 2005). Since HSCCC eliminates irreversible sample adsorption on the stationary phase, it offers several advantages, such as high purity and good recovery (Ito 2005). Therefore, HSCCC is commonly employed for the separation of bioactive compounds from medicinal plants, including BCP. In 2008 Jianchun Xie and his team obtained BCP with 98% purity using HSCCC on a large scale. They used two phases: first, an n-hexane-chloroform-acetonitrile phase and, second, an n-hexane-dichloromethane-acetonitrile phase. Subsequently, the BCP fraction was analyzed by gas chromatography coupled to mass spectrometry and the main impurity found was α-humulene (Xie et al. 2008). 

Extraction and purification from plant sources are not the only methods to obtain chemically pure BCP. With a deep understanding of the BCP biosynthetic pathway, bacteria and yeast have been genetically engineered to express the necessary biochemical machinery for synthesis. In 2016, Jianming Yang obtained a robust strain of  E. coli that used acetate as a carbon source to synthesize 
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BCP from acetic acid. They co-expressed the enzymes acetyl-CoA synthase, geranyl diphosphate synthase and β-caryophyllene synthase in the bacteria. The genetically modified strain, named YJM67, was able to produce 12.60 g/L of BCP over 72 hours (J. Yang and Nie 2016). 

In 2023, Surui Lu and colleagues took the β-caryophyllene synthase from  Artemisia annua  and mutated it, then expressed it in  S. cerevisiae. The mutant enzyme, called E353D, showed a 35.5% 

improvement over the original β-caryophyllene synthase. Additionally,  S. cerevisiae was genetically modified to overexpress genes related to the mevalonic acid pathway to increase the yield of β-caryophyllene precursor synthesis. The combination of these modifications in  S. cerevisiae resulted in a yield of 70.45 mg per L of β-caryophyllene over 48 hours (Lu et al. 2023).  

9.6   TOXICOLOGY

BCP is catalogued by the U.S. Food and Drug Administration (FDA) as a GRAS compound 

(generally regarded as safe); therefore, its use in food as an additive is allowed (Food and Drug 

Administration 1997). Similarly, according to the European Food Safety Authority (EFSA), the BCP is no mutagenic and its human use is allowed (Schmitt, Levy, and Carroll 2016)

Female mice of the Swiss strain displayed no signs of toxicity in acute toxicity studies at doses of 2,000 mg per kg, while the lethal dose, 50% (LD50) was calculated to be higher than 5,000 mg/

kg (Schmitt, Levy, and Carroll 2016). Similarly to acute toxicity evidence, in a subchronic toxicity study, Wistar rats exposed to 700 mg per kg per day of BCP for 90 consecutive days displayed no adverse effect (G. L. da S. Oliveira et al. 2018). Additionally, evidence indicates that oral administration of BCP is safe since the administration of a single or a sustained dose of BCP did not produce apparent biological changes in female mice of the Swiss strain (Bahi et al. 2014). Molina-Jasso and his team reported that BCP is not mutagenic for bone marrow cells, neither at the gene level nor at the cellular level. Likewise, there is no evidence of potential neurotoxic effects at the generally used doses on preclinical studies (ranging 10 to 500 mg/kg) (Molina-Jasso, Álvarez-González, and Madrigal-Bujaidar 2009). 

Nevertheless, even though BCP is mostly safe, this molecule may present drug interactions since it was found  in vitro  that BCP inhibits hepatic cytochromes of the P450 superfamily involved in the metabolism of various drugs. These cytochromes are 3A4, 2E1, and 1A2, and its inhibition could lead to pharmacokinetic interactions and alterations in metabolism (Nguyen et al. 2017). 

9.7   PHARMACOKINETICS

Pharmacokinetics is the discipline that studies the dynamic processing of drugs in interaction with an organism. There are four fundamental pharmacokinetic steps: absorption, distribution, metabolism, and elimination. These four steps encompass the ADME axis (Budzynska et al. 2019). 

The chemical identity of BCP significantly determines the ADME axis, both in animals and in humans. The most used routes of administration for BCP are inhalation (Takemoto et al. 2021),  

transdermal (Koyama et al. 2019), and oral (Paula-Freire et al. 2014) since BCP is non-polar, volatile, and oily. The absorption of BCP has been assessed  in silico and  in vivo and through all routes of administration with absorption rates close to 100%. 

The inhalation route is the least studied of all the administration routes; however, it is a passive way to deliver a drug in the long term. It has been documented that inhaled compounds exhibit greater bioavailability and absorption rates compared to those administered orally (J. He et al. 2018).  

In 2021, Takemoto Yuki and collaborators experimented with this administration route, using male ddY strain mice. They exposed the mice to BCP in a sealed chamber for 60 minutes. To achieve this, they soaked cotton with BCP and introduced it into the chamber for ten minutes, saturating the environment with the volatile sesquiterpene. The results were surprising, as BCP was completely absorbed through inhalation and distributed even in tertiary compartments, such as adipose tissue or the brain (Takemoto et al. 2021). 

154  Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management There is also evidence of its absorption via inhalation in humans; Yamada Kazuya and his team tested a prototype of a cigarette that contains a BCP-containing capsule in the acetate filter. The hypothesis behind the prototype is the consumer inhaling BCP while smoking, thereby mitigating adverse health effects, such as vascular stiffness. The results revealed significant improvement in the pulse rate when measured at the forearm and at the ankle, highlighting BCP as a compound that positively contributes to the vascular health of those who are unable to kick the habit of smoking (Yamada et al. 2023). 

Terpenes are commonly used for the formulation of cosmetics or dermal pharmaceutical forms 

due to their excellent skin absorption, and BCP is completely absorbed transdermally (Tang et al. 

2023). For instance, in 2021 Chen Jun and colleagues used BCP as a promoter or functionalizer for the absorption of other active ingredients in cosmetic or pharmaceutical applications with such success that they obtained a patent for its use on humans (CN113304272A) (J. Chen 2021). Another cosmetic and dermatologic application of BCP is to treat acne vulgaris as a bioactive component of essential oils, such as lavender or oregano (Cavanagh and Wilkinson 2002). Since acne is a local inflammatory process caused by obstructive bacterial growth in the sebaceous glands, the use of BCP has been studied. Sienkiewicz in 2014 tested the anti-acne action of lavage, cinnamon, and geranium essential oils on  Acinetobacter Baumannii and observed a clear reduction in bacterial growth without deleterious effects on human cell cultures (Sienkiewicz et al. 2014). 

In a different study, Abdelhamed used  Thymus vulgaris essential oil to treat acne vulgaris in BALB/c mice. Acne was induced by bacterial dermal infection and the appearance of microcomedones was considered as indicator. Mice were treated epicutaneously with a nanoemulsion of the essential oil. Abdelhamed observed a drastic decrease in the bacterial load, microcomedones, and inflammatory markers (Abdelhamed et al. 2022).Therefore, the use of transdermal BCP to aim for a local effect due to its transdermal absorption is noteworthy. 

Direct application to exposed dermal wounds has been evaluated  in vivo. In this scenario, Sachiko Koyama in 2019 injured the dorsal skin of C57BL/6J mice. It was observed that the direct administration of BCP to the dorsal injuries accelerated and improved epithelial repopulation, increased dermal thickness, and prevented infection in the area (Koyama et al. 2019). The transdermal absorption of BCP has been tested in clinical trials too. In 2017, the Canadian company Panag Pharma Inc. initiated a clinical trial (NCT03152578) to assess the topical effect of BCP alone or mixed with capsaicin on perceived knee pain in patients with osteoarthritis; nevertheless, the clinical trial was concluded without the publication of the results perhaps due its industrial property or patenting (Panag Pharma Inc. 2021). 

By oral administration, BCP exhibits excellent absorption. James Jainey and colleagues in 2023 

computationally evaluated the human oral absorption of BCP and found that the sesquiterpene is completely absorbed. Since it lacks hydrogen donors or acceptors, pH does not affect its absorption, and it can cross passively the neurovascular unit known as the blood–brain barrier. James also evaluated other physicochemical parameters that determine mucosal absorption, such as polar surface area, surface area accessible to solvents, hydrophobic composition, and hydrophilic composition, showing in all cases that BCP can passively cross human epithelial barriers (James 2023). 

 In vivo,  absorption aligns with the  in silico predictions, as BCP is completely absorbed orally despite the single violation of Lipinski's Rule of 5. Upon closer examination, this violation is due to the complex structure of its rings and stereochemistry, conferring to BCP a log P value greater than 5. In 2021, Ming-Zhu Hou and his team employed male Sprague-Dawley rats to assess the pharmacokinetics of  Artemisia argyi  essential oil, which includes 18 phytochemicals, among them BCP. 

Ming-Zhu observed that the average data of the area under the curve (AUC) and the peak concentration (Cmax) of BCP were directly related to the original dose (correlation coefficients ranging from 0.938 to 0.992 for Cmax and 0.974 to 1.000 for AUC0-∞), indicating a close relationship between the compound's plasma concentration and the amount administered. One intriguing observation in this study was the fluctuation of the sesquiterpene absorption rate depending on the total volume 
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administered, even if this variation was not significant. Additionally, the time required to reach Cmax did not vary regardless of the dose (Tmax of 1.5 hours) (Hou et al. 2021). 

In humans, oral BCP absorption has also been studied, with similar results to computational predictions and animal models. In 2022, Mödinger and colleagues, during their research with self-emulsifying systems in healthy volunteers, observed that the administration of chemically pure BCP was absorbed in approximately three hours, indicating that it is a bioavailable compound that can be used directly or in formulations (Mödinger et al. 2022). 

Following the absorption phase, the distribution phase ensues, which typically involves transportation through the bloodstream to reach various tissues. BCP exhibits a high distribution in peripheral tissues of the first and second order. In this context, the central distribution compartment is the blood circulation through large vessels; the primary peripheral compartment includes highly vascularized organs such as the liver, spleen, or lungs, and the secondary peripheral compartment consists of lipid-rich organs with less blood flow, such as adipose tissue, skin, or the brain (Fan and 

de Lannoy 2014). 

In the central compartment, BCP binds to plasma proteins, mainly albumin, with an estimated binding constant of 0.98 (logKhsa). For reference, most drugs have a logKhsa value of -1.5 to 1.5, indicating that BCP binds strongly enough to be transported but not sequestered. While albumin is one of the most abundant plasma proteins, it is not the sole carrier for BCP, as it has been reported that heat shock protein 90β,  α-L-integrin, calmodulin, and cholinesterase can interact with this phytochemical (James 2023). 

Inhalation and oral administration of BCP lead to complete distribution, reaching secondary compartments. Currently, there is experimental data available regarding the tissue distribution of BCP after inhalation in mice, as Takemoto Yuki demonstrated, who observed that 60 minutes of exposure to the phytochemical is sufficient for its distribution in the lungs, heart, brain, and brown adipose tissue, reaching its maximum concentration one hour after inhalation. Additionally, 24 hours after BCP exposure, it was still detectable in the brown adipose tissue, liver, and brain (Takemoto et al. 2021). On the other hand, evidence regarding the distribution of BCP after oral administration aligns with the inhalation model's findings. BCP is widely distributed in the liver, heart, lungs, spleen, muscles, and brain within a timeframe of no more than two hours. This pharmacokinetic behavior indicates that BCP is a phytochemical capable of reaching medically significant tissues and organs, such as the brain by oral consumption (Hou et al. 2021). 

In humans, the distribution of BCP has been described only in the central compartment for 

methodological reasons, as quantifying this sesquiterpene in a tissue-specific manner would require having a fresh and timed sample of the organ. Thus, the evidence in humans indicates that after oral administration, the maximum concentration of BCP in plasma is reached in approximately three hours, and additionally, the sesquiterpene is detectable for up to 12 hours (Mödinger et al. 2022). 

We can understand that absorption and distribution are two processes that increase the plasmatic and tissular drug concentration, while the following two phases, metabolism and elimination, aim to reduce the amount of the drug in the body. The metabolism of a drug or phytochemical, such as BCP, generally involves chemical changes to the drug structure like an increase in hydrophilicity, the polar surface area, the solvent-accessible surface area, and the overall polarity to facilitate its elimination. Metabolism generally consists of first-phase biochemical reactions, such as oxidation and hydroxylation, as well as second-phase biochemical reactions involving the conjugation to polar metabolites (Fan and de Lannoy 2014). 

The metabolism of BCP is poorly described; however, its hepatic biotransformation has been 

studied in rabbits. BCP undergoes oxidation and hydroxylation reactions. First, BCP is oxidized to (-)-caryophyllene-5,6-oxide, which, in turn, transforms into 10S-14-hydroxycaryophyllene-5,6-oxide, or to the hydroxylated metabolite caryophyllene-oxidediol (Fidyt et al. 2016). Compared to the metabolic pathway in rabbits, it can be suspected that BCP would suffer biotransformation in the human organism; nevertheless, clinical data are lacking to confirm this hypothesis.  In silico 
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Given the lack of specific evidence on BCP metabolism, it is useful to visualize how sesquiterpenes are generally metabolized. Sesquiterpenes like cedrol undergo hydroxylation and dehydration in the first phase of metabolism, followed by conjugation with glucuronic acid and subsequent elimination. In this context, it is possible that BCP also undergoes glucuronic acid conjugation for its elimination (Ishida 2005). 

Besides the biochemical reactions that BCP undergoes, it is known that its metabolism is hepatic, and, after oral administration, there is a first-pass effect, a phenomenon that reduces BCP bioavailability by 50%. Nguyen and colleagues, through  in vitro experimentation with human hepatocytes, discovered that BCP interacts and non-competitively inhibits enzymes from the cytochrome P450 

superfamily, such as CYP3A4, as well as carbonyl reductases, aldo-keto reductases, and glucuronic acid and sulfuric acid transferases. This suggests that BCP could potentially cause significant pharmacokinetic interactions, as approximately 50% of drugs are partially metabolized by the cytochrome CYP3A4 (Nguyen et al. 2017). 

The elimination phase corresponds to the drug excretion. The major elimination routes are urine and feces. It is known that the necessary time for an organism to eliminate half of the drug (half-life of a drug) is 4 hours in humans, 2.25 hours in mice, and 4 hours in rats (Hou et al. 2021; Mödinger 

et al. 2022; Xu et al. 2015). 

The BCP elimination process in humans is scarce, and metabolites have not been quantified in urine or feces primarily because there is no information about human metabolites. Again, if we refer to the general information about the sesquiterpene family, there is evidence of how phytochemicals like alantolactone are eliminated in rats. Renjie Xu in 2015 found that various lactones like alantolactone, when administered orally to rats, are eliminated mainly through feces and, to a lesser extent, through urine. Therefore, feces may be the primary route of BCP elimination in humans (Xu et al. 2015). 

Another finding supporting this hypothesis is the observation of the behavior of giant pandas. 

Giant pandas tend to roll their bodies over fresh horse manure. Because equine manure is rich in BCP, it could help increase the pandas' cold tolerance by inhibiting the TRPM8 receptor (Zhou et 

al. 2020). 

While the metabolism and elimination processes reduce the relative bioavailability of BCP, 

pharmacotechnological strategies have also been explored to increase distribution and reduce metabolism, such as the formation of complexes with cyclodextrin or the creation of emulsions and microemulsions (P. Santos et al. 2018). This means that if a larger amount of BCP is available, it will lead to more interactions with its molecular targets. 

9.8   PHARMACODYNAMICS

Pharmacodynamics refers to the interaction between a drug and its receptor or receptors. Since 2008, BCP has been described as a phytocannabinoid (Gertsch et al. 2008) and therefore its main pharmacological interaction is reserved to the endogenous cannabinoid targets, specifically the type 2 cannabinoid receptor. Also, BCP has non-canonical or unconventional molecular targets; therefore, a specific list of its targets would be (Machado et al. 2018):

A. Receptors with direct interaction

•  Cannabinoid receptor type 2 (CB2)

•  Transient receptor potential cation channel subfamily M (melastatin) type 8 (TRPM8)

•  Peroxisome proliferator-activated receptor alpha (PPAR-α)

B. Receptors with indirect interaction

•  Peroxisome proliferator-activated receptor gamma (PPAR-γ)

•  Toll-like receptor type 4 (TLR4)
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•  Transient receptor potential vanilloid type-1 (TRPV1)

•  Nucleotide oligomerization domain-like receptors of the family pyrin domain contain-

ing 3 (NLRP3)

Type 2 cannabinoid receptor, or CB2, along with type 1 receptor or CB1, are the classic targets of the endocannabinoid system. CB2 is transmembrane protein coupled to an inhibitory G protein (type Gi/o). This receptor is mainly expressed on the surface of both myeloid and lymphoid cells; nevertheless, neurons and glia also express it (Hashiesh et al. 2021). CB2 is expressed at low levels under normal biological conditions and can exhibit an inducible increase after injury or during illness. The most studied paradigms are central nervous system lesions, mood disorders, cardio-metabolic diseases, and neurodegeneration. (Iorio, Celenza, and Petricca 2022). Pharmacological activation of CB2 has gained pharmacological relevance due to its biological activity associated with antioxidation, anti-inflammation, immunomodulation, and cytoprotection (Jha et al. 2021). 

Pharmacologically, BCP possesses an uncommon structure that allows it to interact with CB2. 

In fact, the binding site of BCP is the same as that of tetrahydrocannabinol or THC (site CP55,940), which is a hydrophobic site in the orthosteric pocket. BCP binds to valine (113), phenylalanine (117), isoleucine (198), tryptophan (258), and methionine(265) (Francomano et al. 2019). 

When BCP binds to the receptor, it dissociates the α subunit (i/o) from the βγ subunits, leading to a different conformation of the receptor, which can activate numerous signaling pathways as follows (Hashiesh et al. 2021):

A. Triggering the phosphatidylinositol-3-kinase (PI3K) pathway and the activation of Protein kinase B (Akt). The pathway leads to the activation of CREB, Nrf2, neuronal survival, and 

growth as well. 

B. Recruitment of β-arrestin type 2 and receptor dismantling, possibly stimulating arrestin signaling. 

C. Inhibition of the cyclase of adenylate, resulting in less cyclic AMP and decreased activation of PKA pathway (reduction of mast cells degranulation). 

In addition to BCP as a CB2 agonist, Maheswari and colleagues found  in vitro  that BCP acts as an allosteric modulator (pKi of 2.37 μM in contrast to its agonist role with a pKi of 155 nM). This enriches, at least  in vitro,  the CB2-dependent activity of BCP (Maheswari 2011). 

BCP has direct interaction with other receptors such as the peroxisome proliferator-activated receptors or PPARs. These receptors are nuclear transcription factors that control cellular energy through glucose and lipid regulation, cellular survival, and differentiation. Mechanistically, PPARs can form heterodimers and thus pinpoint other target genes (Mansour 2014). 

Peroxisome proliferator-activated receptor alpha (PPAR-α) is expressed in the brain, heart, muscle, and liver. Its endogenous ligands are eicosanoids and fatty acids that bind to the ligand-binding domain. Structurally, the receptor has 13 helices and 4 sheets, with a hydrophobic pocket that is typically compatible with ligands with a molecular weight between 350 and 500 g/mol (Wu et al. 

2014). PPAR-α ligands often interact with helix number 12 of the binding domain, while BCP interacts with the hydrophobic residues of the binding site, such as leucine-321, valine-324, tyrosine-334, and methionine-320 through Van der Waals forces (Wu et al. 2014). 

BCP binds to PPAR-α with a pKi of 1.93 μM, and its biological effects include controlling lipid metabolism (Wu et al. 2014). This lipid control is particularly useful under oxidative conditions since lipids are among the first substrates that oxidize (Raina and Sen 2018). In 2018, Poddighe Laura and colleagues used a murine ischemia model to test the pharmacological properties of BCP 

as a PPAR-α agonist. Ischemia was shown to trigger a series of metabolic changes leading to oxidative stress and neuroinflammation, while BCP reduced ischemia-induced lipoperoxides and the amount of cyclooxygenase type 2 (COX-2), contributing to the reduction of the proinflammatory environment (Poddighe et al. 2018). 
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Subfamily M (Melastatin) Type 8 (TRPM8). TRPM8 is a classical cold receptor, expressed in noci-ceptive neurons with C and A-delta fiber types (Sisignano et al. 2014). It is also a non-selective ion channel that generates excitatory signals in response to a drop in temperature. Structurally, the receptor is a tetramer, with each subunit having 6 transmembrane domains and a pore domain, so its assembly transiently creates an ion channel (Sisignano et al. 2014). In 2020, Zhou Wenliang reported that BCP directly blocked the electrical activity of the channel, regardless of whether the receptor's activation was chemical or physical, in an  in vitro model with HEK293 cells expressing the human TRPM8. This means that BCP can increase tolerance to painful or unpleasant sensations such as cold (Zhou et al. 2020). 

Beyond direct targets, there is a wide range of receptors that BCP regulates, such as Peroxisome proliferator-activated receptor gamma (PPAR-γ). Although PPAR-γ and PPAR-α belong to the same family of nuclear receptors, BCP does not directly bind to PPAR-γ as it does with PPAR-α. Instead, BCP regulates PPAR-γ activity through the CB2 receptor, triggering an anti-inflammatory response by inhibiting the nuclear translocation of the NF-κB (nuclear factor-κB) and consequently reducing the humoral inflammatory response (Irrera et al. 2019). 

BCP activates PPAR-γ through CB2. CB2 activates downstream the Silent Information Regulator 1 (SIRT1) and the peroxisome proliferator-activated receptor gamma coactivator 1α (PGC-1α) 

(Youssef, El-Fayoumi, and Mahmoud 2019). Additionally, CB2 eventually activates PI3K, Raf, and ERK1/2 (Hashiesh et al. 2021). Supporting evidence for the phosphorylation of PPAR-γ via CB2 comes from Cheng Yujie and colleagues in 2014. Cheng used a mutant murine paradigm of 

Alzheimer's-type cognitive impairment (APP/PS1 mice) and observed that BCP improved inflam-

matory markers alongside an increase in PPAR-γ expression. To confirm whether this phenom-

enon was dependent on CB2 activation, Cheng administered AM630 as a CB2 inverse agonist. The results showed that AM630 nullified the effect exerted by BCP, confirming that the activation of PPAR-γ is mediated by CB2 (Cheng, Dong, and Liu 2014). 

The anti-inflammatory effect of BCP also involves molecular targets, such as the NLR family pyrin domain-containing 3 protein (NLRP3). NLRP3 is an element of the NLRP3 inflammasome, 

which is an essential supramolecular complex for the processing of proinflammatory cytokines like IL-1β (Gao et al. 2017). NLRP3 directly plays a part in the pathophysiology of proinflammatory and degenerative diseases throughout pyroptosis (Gao et al. 2017). The BCP capacity to fight inflammation through the inhibition of the NLRP3 inflammasome signaling pathway has been studied, with promising results. Wan-Yang Li in 2021 used an experimental model of arthritis and gout with Sprague-Dawley rats. The rats were treated with BCP and the expression of the NLRP3 signaling pathway was tracked down, showing negative regulation of caspase-1, Toll-like receptor type 4 

(TLR4), and the myeloid differentiation primary response 88 (Myd88) (Li et al. 2021). 

BCP also indirectly interacts with TLR4. TLR4 is a scavenger receptor and its activation leads to the production of proinflammatory cytokines via NF-κB pathway (Z. Chen et al. 2012). The TLR4/NF-κB axis has been extensively described as an inflammatory pathway in diseases such as Alzheimer' s (Gambuzza et al. 2014). In 2017, Hu Yawei and his coworkers used an  in vitro model of neuroinflammation. They cultured BV-2 microglia cells and stimulated them with amyloid β1-42 

(Aβ ) oligomers, which activated the TLR4/NF-

1-42

κB axis and led to the production of various pro-

inflammatory cytokines. Then, they tested BCP's anti-inflammatory capacity and found a negative regulation of the TLR4/NF-κB axis, possibly throughout an NF-κB inhibition by CB2/PPAR-γ. 

This negative regulation of NF-κB also reduced TLR4 expression. These cellular changes led to the reduction of proinflammatory cytokines and the no recognition of Aβ  due to the reduction of 1-42

TLR4 expression (Y. Hu et al. 2017). 

The transient receptor potential vanilloid type-1 (TRPV1) is a temperature-sensitive receptor similar to TRPM8 and has multimodal effects depending on the stimulus (temperature, pH, or 

chemical stimuli like capsaicin). TRPV1 also plays a role in pain perception and the production of neurogenic inflammatory peptides such as substance P or neurokinin A (Ji et al. 2002).  
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FIGURE 9.3  Summary of the major pharmacologic mechanisms of β-caryophyllene. 

The expression of TRPV1 is modulated by proinflammatory cytokines in neurons and glial cells (Yamamoto, Ohsawa, and Ono 2013). In 2022, Pina-Serra María and her team explored this possibility in murine ischemia/reperfusion paradigm. The administration of a single 40 mg dose of BCP modulated the expression of the TRPV1 receptor and the output of the neurotrophin brain-derived neurotrophic factor (BDNF) in the cerebral cortex after ischemia. The evidence suggests that BCP may regulate early events of brain inflammation dependent on TRPV1 (Serra et al. 2022) (Figure 9.3). 

As we notice, BCP has mainly been studied as a monotherapy; however, some studies explore the interactions between BCP and other phytochemicals. In 2022, Blanton and colleagues investigated the pharmacological interaction between BCP and another phytocannabinoid, cannabidiol (CBD), to determine if their combination has therapeutic value. They used a model of inflammatory pain in mice induced by formalin injection and assessed the analgesic effects of phytocannabinoids. The results showed that BCP and CBD have synergy, and the effect achieved was superior to either BCP 

or CBD individual effect (Blanton et al. 2022). 

Another study that combines BCP and CBD is Eeswara’s in 2023. Eeswara evaluated the analge-

sic effect of these two phytocannabinoids in a chronic pain model due to spinal cord injury in rats and found that coadministration was dose-dependent. The bioactivity appears to be independent of CB2 since the use of a CB2 antagonist did not sensitize pain, while the CB1 antagonist AM251 

did. This suggests that the combination of both phytocannabinoids may act either via CB1 or CB1 

heterodimer (Eeswara et al. 2023). 

The study of the pharmacological interaction of BCP is not limited to CBD. In 2016, Yamaguchi Masayoshi and Levy Robert evaluated the triple combination of BCP, baicalin, and catechin  in vitro. They cultured murine macrophages RAW267.4 and exposed them to increasing concentrations of the three phytochemicals. When assessing viability, the authors found that this combination is cytotoxic, leading to macrophage death, possibly through a process of anergy and apoptosis (Yamaguchi and Levy 2016). In this case, the interaction was not synergistic or anti-inflammatory, but it might have applications in the field of cancer. 

Besides studies like Yamaguchi's, where there are deleterious effects, the interaction of BCP with other molecules or foods is poorly described. Evidence suggests that BCP may lack interactions 
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BCP holds significant importance as a phytocannabinoid due to its potential applications. 

Nevertheless, what is it about disabling and irreversible diseases such as neurodegenerative diseases? Its multifaceted pharmacological properties, including anti-inflammatory, cytoprotective, and antioxidant bioactivities, make it a promising candidate for alleviating neuroinflammation, oxidative stress, and phenomena associated with neurodegenerative diseases. 

9.9   PATHOPHYSIOLOGY OF NEURODEGENERATIVE DISEASES

Neurodegenerative diseases are a cluster of biological anomalies that lead to the irreversible, selective, and progressive loss of neurons, with clinical manifestations that can be classified into pyramidal and extrapyramidal motor disorders, as well as cognitive-behavioral disorders (Dugger and Dickson 2017). These conditions pose an increasing clinical, scientific, and societal challenge due to their debilitating, devastating, and incapacitating nature, with a fatal outcome (Hansson 2021). Each of these neurodegenerative conditions exhibits a diversity of clinical manifestations and underlying physiological characteristics, although there is often an overlap in their clinical presentations (Armstrong, Lantos, and Cairns 2005). While neurodegenerative disorders are traditionally identified by the accumulation of specific proteins and their susceptibility in particular brain regions, they all share common underlying mechanisms contributing to the progressive deterioration and disappearance of neurons. These mechanisms encompass 

proteotoxic stress, accompanied by abnormalities in the ubiquitin-proteasome and autophagic/

lysosomal systems, oxidative stress, programmed cell death, and the immune response (Dugger 

and Dickson 2017). 

Neurodegenerative diseases can be classified into four groups: amyloidosis, α-synucleinopathies, tauopathies, and proteinopathies related to transactivation response DNA-binding protein 43 (TDP-43) (Dugger and Dickson 2017). The major neurodegenerative diseases include dementias such as Alzheimer's disease (amylidosis) and the frontotemporal dementia (TDP-43 proteinopathy), and its variant with Pick bodies, called Pick's disease (tauopathies), while the most prominent motor impairment diseases are Parkinson's disease (α-synucleinopathies) and amyotrophic lateral sclerosis (TDP-43 proteinopathy) (Soto and Pritzkow 2018). However, it is important to note that there are other clinically relevant diseases, such as Huntington's disease, Lewy body dementia, or Progressive Supranuclear Palsy (Dugger and Dickson 2017). 

Alzheimer's disease is distinguished by a cognitive and executive decline (dementia) that progresses with time. It was first documented by Alois Alzheimer in 1906 and is the most common neuropathy in the world (Knopman et al. 2021). The pathophysiology underlying the disease is diverse; however, evidence suggests that the main determinant is the extracellular accumulation of β-amyloid peptide due to anormal biochemical activity. The amyloid precursor protein (APP), a transmembrane protein produced by neurons, plays a regulatory role during synapse formation, neuronal plasticity, antimicrobial activity, and iron export (Zheng and Koo 2006). Normally, APP 

undergoes degradation by a series of enzymes known as secretases via two pathways: a non-amyloidogenic and an amyloidogenic pathway. The non-amyloidogenic route is primarily mediated 

by α-secretase, while the amyloidogenic route is mediated by β-secretase. The products of these pathways include the secreted product sAPPβ and a fragment of 99 amino acids tethered to the plasma membrane, known as C99. Subsequently, C99 is biotransformed by a γ-secretase forming the β-amyloid peptide (Hampel et al. 2021). 

Although the regulation of the non-amyloidogenic and amyloidogenic pathways is not fully 

understood, it is believed that overproduction, coupled with poor β-amyloid peptide elimination, facilitates its precipitation, thus the accumulation of insoluble oligomers that create amyloid plaques in the extracellular space. The length of the β-amyloid peptide varies, ranging from 37 to 42 amino acids, with the latter being more prone to fibril formation (Knopman et al. 2021). 
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The neurodegeneration observed in Alzheimer's disease is due to proteotoxic stress caused by β-amyloid peptide accumulation, oxidative stress, and chronic neuroinflammation (Ruz et al. 2020).  

Controlling the progression or onset of these cellular processes through a phytocannabinoid like BCP could be a valuable therapeutic approach. 

Parkinson's disease is distinguished by the progressive loss of motor functions and the loss of control over voluntary movement. It was first documented by James Parkinson in 1817 and is the second most prevalent neurodegenerative condition worldwide (de Lau and Breteler 2006). The essence of Parkinson's disease is the prominent death of dopamine-producing neurons in the basal ganglia, specifically in the substantia nigra  pars compacta, resulting in motor impairment (Guido 

Alves et al. 2005). One of the most interesting aspects of Parkinson's disease is that it is a slow-developing problem that starts years before clinical signs, such as tremors or bradykinesia, become evident. Parkinson's disease also involves non-motor signs such as dementia and psychosis. (Guido 

Alves et al. 2005). 

Another distinctive feature of Parkinson's disease is the existence of Lewy bodies, composed of intracellular aggregates of α-synuclein. α-synuclein regulates the release of excitatory neurotransmitters, and its overexpression in nerve terminals inhibits this process. It is hypothesized that Lewy pathology progresses throughout Parkinson's disease and that, like Alzheimer's disease, neurodegeneration is driven by proteotoxic stress and chronic neuroinflammation (Wakabayashi et al. 2013). 

Amyotrophic lateral sclerosis is a lethal neurodegenerative condition whose phenotype is heterogeneous, distinguished by a cognitive dysfunction and motor changes. It was first described by Jean-Martin Charcot in 1869 and is commonly presented as the loss of upper and lower motor neurons (UMN and LMN, respectively). This loss eventually compromise all the segments of the spinal cord and the consequences are the irreversible dysfunction of the muscles necessary for breathing or eating (Feldman et al. 2022). 

It has been observed that the intracellular accumulation of the protein TDP-43 leads to an extensive change in RNA transcription and processing, disrupting proteostasis and autophagy. This condition impede the removal of anormal proteins, resulting in the intracellular accumulation of these defective proteins (Dugger and Dickson 2017). The progression of the disease is due to TDP-43 

aggregates spreading in a prion-like manner, explaining why the disease extends throughout the spinal cord, with a fatal outcome. The main mechanism why TDP-43 accumulation and transmission is neurodegenerative is due to the depletion of normal and functional nuclear TDP-43, leading to the accumulation of double-strand DNA breaks, compromising genomic stability, and causing cell death (Feldman et al. 2022). 

Frontotemporal dementia (TDP-43 and tauopathies) was first described by the Czech neurolo-

gist Arnold Pick in 1892. The frontotemporal dementia is a cluster of closely related conditions distinguished by a marked language deterioration, loss of emotional control, impulse disinhibition, apathy, and the emergence of stereotyped behaviors (Olney, Spina, and Miller 2017). The affected brain regions are the paralimbic areas, including the orbitofrontal cortex, anterior cingulate cortex, and frontoinsular cortex, which are rich in von Economo neurons (VEN). VEN neurons represent the epicenter of the disease, as they are selectively vulnerable to the cytoplasmic accumulation of tau protein (Ruz et al. 2020). 

Tau protein was first discovered in 1975 as an essential protein in microtubule assembly, intracellular transport, and cellular structure stabilization. Its aggregation through misfolding or non-functional isoforms forms hyperphosphorylated neurofibrillary tangles (Falcon et al. 2018). Depending on the isoform, frontotemporal dementia is characterized, and one of the most studied forms of the disease is Pick's disease. The deposition of 3R tau aggregates primarily characterizes Pick's disease, while 4R tauopathies include conditions such as globular glial tauopathy and progressive supranuclear palsy (Dugger and Dickson 2017). 

The pathophysiological mechanisms leading to cell degeneration are similar to those of other diseases, including proteotoxic stress, failure of degradation systems, and chronic neuroinflammation. Given that the major neurodegenerative diseases share common cellular and molecular 
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2018). The use of experimental models allows for the preclinical evaluation of the therapeutic potential of molecules, such as phytocompounds, including BCP. 

9.10   NEUROPROTECTIVE EFFECTS OF B-CARYOPHYLLENE: 

EXPERIMENTAL EVIDENCE

Basic and clinical research on BCP has grown significantly over the last ten years and is part of a body of knowledge aimed at finding a cure for neurodegenerative diseases. Undoubtedly, phytochemicals like BCP face the pharmacological challenge of producing significant and profound changes in abnormal cellular functioning. However, due to the slow progression and long duration of neurodegenerative diseases, their direct investigation is challenging. Clinical symptoms become evident only after substantial cellular damage has occurred in nervous tissues, and, as a result, the target population is typically elderly, presenting significant challenges. 

In particular, BCP is a promising phytochemical for future clinical exploration due to its pharmacodynamics. We will now review the body of experimental evidence regarding the neuroprotective effect exerted by BCP, both in  in vitro (Table 9.2) and  in vivo  models (Table 9.3), as well as in humans (Table 9.4). 

Indeed, as we can appreciate, to date, there is a substantial body of scientific literature about the pharmacological use of BCP in neurodegenerative paradigms, reflecting the complexity of its function and the nature of the diseases to be treated. However, there are still issues and questions to address, which will shape the future of research in this field. 

9.11   CONCLUSION AND PERSPECTIVES

There is still much to explore regarding BCP, but trends are evident. These trends include the development of formulations aimed at increasing bioavailability and the study of pharmacokinetics in humans. These two areas lay the groundwork for clinical research since maximizing the effect and determining dosing regimens are essential prerequisites for human research. There is also a need to explore and describe interactions with other elements of the endocannabinoid system, as well as to elucidate unconventional molecular targets. 

From a pharmacokinetic perspective, the most common way to administer BCP in preclinical 

studies is by dissolving it in vegetable oil. However, this method opens up the possibility of extensive metabolism before reaching the bloodstream (P. Santos et al. 2018). In the past three years, liposomal transport systems have been investigated. An example of this is Amalraj’s and colleagues work in 2020. They utilized liquid/suspension biphasic liposomal formulations of BCP. The study aimed to formulate BCP liposomes as a nanofiber tissue technology powder and subsequently evaluate them in patients with delayed-onset muscle pain syndrome. The results indicated that the BCP formulation improved isometric strength and joint flexibility, with no adverse effects (Amalraj et al. 2020). 

The use of molecular complexes, such as cyclodextrin, has proven to be a valuable strategy. In 2023, Mendes and colleagues tested β-cyclodextrin complexes enriched with BCP and observed a drastic reduction in volatility and degradation of the phytochemical (Mendes et al. 2023). Similarly, in 2017, Lou explored the formulation of BCP with Hydroxypropyl-β-Cyclodextrin and observed that its intraperitoneal administration produced a neuroprotective effect in an experimental model of vascular dementia (Lou et al. 2017). 

Another question to address is what kind of interaction there is between BCP and the elements of the endocannabinoid system since the limited evidence, such as the BCP interactions with the endocannabinoid-synthesizing or degrading enzymes, as well as its interaction with endocannabinoids 
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TABLE 9.4

Clinical evidence of the Neuroprotective Effects of β-Caryophyllene
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 per se. To date, some clues indicate the cross-talk between the BCP and the endocannabinoids. 

Poddighe in 2018 found that the administration of BCP in intact mice increased the production of anandamide (arachidonoylethanolamide) and its congeners such as palmitoylethanolamide (PEA) and oleoylethanolamide (OEA). Experimental observations like this one open the opportunity to study possible direct interactions between BCP and synthesizing enzymes, as well as investigate potential signaling pathways that enhance the production of these endocannabinoids (Poddighe et 

al. 2018). 

Even though CB2 is the main receptor of BCP, the search for new targets continues. The use of computational tools such as molecular docking and molecular dynamics aims for future interac-tomic studies. In 2022, Zhang et al. explored the molecular interactions of BCP with various signaling proteins through computational models. It was found that BCP binds  in silico to Janus Kinase 2 (JAK2), signal transducer and activator of transcription 3 (STAT3) and β-Secretase 1 (BACE1) as a possible neuroprotective mechanism of the observed results in their Alzheimer's  in vitro model (Zhang et al. 2022)

Undoubtedly, BCP and its application in neurodegenerative diseases are a fertile field of research that should move toward clinical trials involving paradigms beyond pain. Current evidence points to BCP as a safe, potent compound capable of establishing favorable cellular conditions for the therapeutics of various neurodegenerative conditions. 

After all, BCP, a terpene present in a variety of natural sources, has emerged as a molecule of great interest in various disciplines, from medicine to chemistry and biology. Its ability to interact with endocannabinoid system receptors makes it a promising candidate for addressing health issues related to the nervous system. As we continue to unveil its secrets, it becomes evident that BCP 

β-Caryophyllene
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has a promising future in scientific research and the development of natural and pharmacological therapies. Its versatility and applications in biology and chemistry highlight its importance within the scientific community. 
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10.1   INTRODUCTION

AL is a heterogeneous neurodegenerative disorder that causes chlorogenic neuron damage in the brain. This disease provokes different conditions such as modification of personality, impaired cognition, language problems, disorientation, and loss of memory. It constitutes more than 70% of dementia cases worldwide (Sahebkar et al. 2021; Oladele et al. 2021). It is estimated that 45 million people worldwide are afflicted with AL, with a dramatic increase projected to reach more than 150 

million cases in 2050 (Oyeleke and Owoyele 2022). 

AL is a multifactorial disease with a genetic etiology; most current treatments act on the 

symptoms produced by the extracellular accumulation of amyloid β peptide (Aβ) and tau, which interferes with neuronal synapses and reduces the concentration of neurotransmitters such as acetylcholine (Sahebkar et al. 2021). The accumulation of Aβ is due to the consecutive enzymatic action of β-secretase and γ-secretase on APP. In conjunction with the other neurotransmitter systems that are compromised in AL, the destruction of cholinergic neurons and cortical and hippocampal targets is favored. Unfortunately, there is still no proven therapy that reverses, cures, or stops the progression of the disease (Louis and Alfred 2023). 

The action of acetylcholinesterase (AChE) in healthy people represents the last act of the neuronal synapse mediated by acetylcholine, degrading it to choline (Roy 2018; Oladele et al. 2020).  

In people with AL, the action of the enzyme contributes to further reducing the bioavailability of acetylcholine due to the interference of the synapse by the presence of the aggregation of Aβ and tau; in addition, it favors the aggregation of Aβ. Therefore, one of the main objectives of current AL 

drugs is to inhibit AChE (Louis and Alfred 2023). 

In recent years, the study of novel strategies to treat or prevent AL has been intensified due to the demand for more efficacy of treatments. In this way, natural products have been used through the years to treat different illnesses with interesting results, showing a significant effect in studies against AL (Orhan et al. 2008; Chen et al. 2023; Ajayi et al. 2024). The observed effect is related to the chemical compounds present in natural products, such as phenolic compounds, terpenes, alkaloids, saponins, and lignans, which present the capacity to produce a neuroprotective effect and inhibit several processes related to AL by  in silico,  in vitro, and  in vivo studies (Iuvone et al. 2004; 

Dembitsky et al. 2020; Akter et al. 2021; Khan et al. 2022). 

In this chapter, we will delve into the current state of research and explore the potential of phenolic compounds, terpenes, alkaloids, saponins, and lignans in the context of AL treatment, referenc-ing important literature to provide a well-rounded understanding of this emerging field. 
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AL is a disease that is related to different factors, among them we find the presence of amyloid plaques and tangled fibers, resulting in the onset of neurodegeneration that is focused on a main deterioration in the functions of amnesia and cognitive (Anand et al. 2014; Sahebkar et al. 2021; 

Ajayi et al. 2024). AL is a disorder that occurs at a higher incidence in elderly people and is considered a neurodegenerative condition, whose treatment is currently very limited or with inefficient activity. Knowing the pathophysiology of AL will help us in early diagnosis to minimize the progressive deterioration of this disease. Among the characteristics that can be detected in a patient we find apraxia, aphasia, amnesia, and agnosia (Sahebkar et al. 2021). 

To date, medicine has adduced a hypothesis of the characteristic causes of AL; on the one hand, it is related to the production of neurofibrillary tangles (NFTs) and Aβ plaques in patients. Also, it has been seen that AL has an affinity for the phosphorylation and grouping of neurofibrillary tau proteins, causing destabilization of microtubules, as well as problems in axon transport (Atlante et 

al. 2020; Majeed et al. 2021). 

Likewise, it is believed that cognitive and neurodegenerative aggravation or deterioration are primary functions of NFTs (Dey et al. 2017). This is why aberrant tau proteins are related to problems in the capture of information in the memory of patients with AL. Also, there are studies in which it is presumed that the accumulation of Aβ peptides causes alterations in the behavior of tau proteins; these mechanisms work together in such a way that they double the consequences caused by intellectual loss associated with patients with AL (Mir and Albaradie 2015; Mir et al. 2018). The Aβ 

peptide accumulates in the hippocampus and the basal section, resulting in amyloid plaques, as well as the uptake of Aβ aggregates, which cause damage to the mitochondria that, in turn, will decrease ATP production.  (Mir et al. 2021). The pathogenesis of AL is presented in Figure 10.1. 

Many investigations relate the damage processes of the Aβ peptide with mechanisms that induce toxicity by affecting neuronal processes (Yadav et al. 2021). It has also known that Aβ causes activation of the tau protein kinase that induces phosphorylation of tau proteins (Shao and Xiao 

2013). Due to the complexity of functioning in AL patients that causes neurodegeneration, possible hypotheses of AL disease are raised (Table 10.1). 

FIGURE 10.1  Synthesized diagram of the pathology of Al disease. 
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TABLE 10.1

Main Pathophysiological Hypotheses of Neurological Malfunction in AL Disease

Pathophysiological 

Hypothesis

Affectation

Reference

 Tau

Aberrant tau phosphorylation in nerves of patients is 

Vergara et al. (2019)

indicated to present a calcium imbalance. 

The tau protein presents phosphorylated interfaces with 

Hampel et al. (2018a)

tubulins that reinforce the axon to affect intracellular 

exchange. 

Endosomes that incorporate amyloid precursor protein are 

Ferreira et al. (2015)

functionalized by more phosphorylated tau, which 

produces Aβ oligomers. 

The hyperphosphorylated tau protein modifies the 

Hampel et al. (2018b)

microtubules in such a way that it induces their dormancy 

to cause the death of nerve cells. 

 Oxidative Stress

It causes a disorder in the functioning of the mitochondria 

Villaflores et al. (2012)

that increases the level of metal ions, αβ proteins, and 

inflammatory molecules. 

Hyperphosphorylation of tau proteins accumulates rapidly, 

Lin et al. (2011)

which induces a decrease in connections in neuronal cells. 

 Neuroinflammation

The overexpression of astrocytes and microglial cells 

Barage and Sonawane (2015); 

induces neuroinflammation for a period of time that 

Gallardo and Holtzman (2019)

releases proinflammatory cytokines such as TNF-α, 

γ-interferon and interleukins. 

 Amyloid

A production of aggregates of b-amyloid monomers causes 

Arnsten et al. (2021); Barthélemy 

fibrillar groups and amyloid plaques that cause neuronal 

et al. (2019); Jiang et al. (2017)

deterioration. 

The treatment of AL that is regulated by the U.S. FDA (Food and Drug Administration) is the administration of NMDA (N-methyl-D-aspartate receptor antagonist), AChE (Anand et al. 2014),  

estrogen therapy (Auld et al. 2002), NSAIDs (non-steroidal anti-inflammatory treatment) and sele-giline (Abeysinghe et al. 2020). Aducanumab is the first specialized drug to prevent Aβ plaque deposition approved in 2021 by the FDA. However, clinical studies showed that 30% to 40% of patients treated with adduhelm had cerebral microbleeds and edema (Torre and Gonzalez-Lima, 

2021). The damage caused to brain cells and the physiological disorders involved in AL are irreversible, so efforts are underway to opt for the development of new treatments that produce excellent results without having adverse effects. Recent research opts to make use of natural compounds for treatment and thus derive their therapeutic potentials (Garriga et al. 2015). The bioactivity of these natural components can be taken as dietary supplements to positively improve biological functions (Yuan et al. 2016). Currently these compounds make up the basis of nutraceuticals and are considered functional foods for the brain that will help in the treatment of AL (Bhat et al. 2022; Mir and 

Albaradie 2015). 

10.3   PHENOLIC COMPOUNDS AS SUPPORTING 

ALTERNATIVE IN ALZHEIMER’S TREATMENT

The relentless pursuit of effective treatments and therapies for AL remains a formidable challenge in the realm of neuroscience and medical research. A promising avenue of exploration that has garnered increasing attention is the potential utilization of phenolic compounds as a novel alternative 

180  Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management for the treatment of AL (Piccialli et al. 2022). In this context, polyphenol compounds can be sys-tematically categorized based on their chemical composition into several distinct groups, which include flavanols, flavonols, flavanones, isoflavones, anthocyanidins, and chalcones (Akter et al. 

2021). These compounds, which are abundantly found in various natural sources such as fruits, vegetables, and herbs, have become a focal point due to their multifaceted biological activities, including antiviral, anti-allergic, antiplatelet, anti-inflammatory, and antioxidant activities (Rahman et 

al. 2021). The intriguing potential of phenolic compounds to mitigate the progression of AL by targeting fundamental pathological mechanisms has kindled interest and necessitates further comprehensive investigation. This topic holds profound implications for the future of AL treatment, offering a fresh perspective and an exciting opportunity to develop innovative therapeutic strategies 

(Akter et al. 2021). 

Table 10.2 includes examples of polyphenolic compounds used as an alternative in AL treatment. In this context, icariin, a flavonol glycoside compound, has the potential to inhibit AChE, an enzyme that breaks down the neurotransmitter acetylcholine in the brain (Jiang et al. 2017).  

Inhibiting AChE can lead to an increase in acetylcholine levels, which can be beneficial in the context of certain neurological conditions, including AL (Xu et al. 2009). Additionally, resveratrol has garnered considerable attention for its neuroprotective potential, primarily owing to its unique ability to traverse the blood–brain barrier and its water-soluble characteristics, facilitating its action within the cerebral environment (Ahmed et al. 2017). Numerous investigations have underscored resveratrol's proficiency in ameliorating toxicity in neuronal models and reducing pro-inflammatory cytokines (Turner et al. 2015). 

Another flavonoid compound with anti-inflammatory properties related with immunotherapies 

to AL is curcumin (Serafini et al. 2017). This compound can be used to reduce β-amyloid peptide accumulation, a key factor associated with the formation of plaques causing inflammation and neurotoxicity (Ono et al. 2004). Furthermore, curcumin exhibits the ability to bind with Aβ, thereby exerting an influence on the aggregation of the peptide and inhibiting both the formation and the elongation of impeding plaque deposition and safeguarding cells from insults induced by this peptide (Patil et al. 2015). Moreover, the polyphenols anti-AL mode of action has been related with its antioxidant properties (Akter et al. 2021). Moreover, the flavonoid quercetin possess multiple aromatic rings and OH groups in the structure; these functional groups disrupt the formation of neurotoxic oligomeric Aβ species and demonstrate the ability to destabilize preexisting fibrillar Aβ, thus reversing Aβ-induced neurotoxicity (Caruana Grech Perry et al. 2016). For this reason, the presence of phenolic hydroxyl groups enhances the electron density within the aromatic rings, potentially augmenting the binding affinity between quercetin and the aromatic amino acids within 

TABLE 10.2

Polyphenol Compounds Used as Alternative AL Treatment

Tested Compound/Extract

Effect

Reference

Icariin

Antioxidant effects that protect against cognitive deficits induced 

Xu et al. (2009)

by chronic cerebral hypoperfusion in rats

Resveratrol

Potent inhibitor of NF-κB and increases levels of interleukin 

Tao et al. (2016)

(IL)-10, underscoring its therapeutic efficacy in combating 

neuro-inflammation

Curcumin

Exhibited notable improvements in cognitive functions in a 

McClure et al. 

murine model, showing a reduction in inflammation, decreased 

(2017)

plaque burden, and the mitigation of dystrophic neurites

Quercetin

Applied in a murine model presented significant effects on 

Paula et al. (2019)

β-amyloidosis reduction and tends to decrease tauopathy in the 

hippocampus and amygdala
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beta-sheet structures of the peptide (Jiménez-Aliaga et al. 2011). Quercetin fulfills these structural criteria by incorporating hydrophobic moieties, effectively halting the formation of fibrils (Porat et 

al. 2006). Notably, the degree of anti-amyloidogenic activity correlates with the number of hydroxyl groups within the molecule's structure. 

Future trends in this field are poised for several significant developments. First, a deeper understanding of the specific mechanisms through which polyphenols exert their neuroprotective effects will be crucial for developing targeted therapies. Additionally, rigorous clinical trials and further epidemiological studies are needed to establish polyphenol-based interventions' safety, efficacy, and optimal dosages in AL treatment. In conclusion, exploring polyphenols as alternative approaches in AL treatment represents an exciting frontier in the quest for effective interventions against this devastating condition. The accumulating body of research suggests that various polyphenolic compounds, such as resveratrol, curcumin, and quercetin, hold promise in mitigating aspects of AL 

pathology, from reducing neuroinflammation to enhancing antioxidant defenses (Sawikr et al. 

2017). While the results are promising, it is crucial to acknowledge that polyphenols are not stand-alone cures for AL but rather potential contributors to a multifaceted treatment approach. 

10.4   ESSENTIAL OILS AND TRITERPENES AS SUPPORTING 

ALTERNATIVE IN ALZHEIMER’S TREATMENT

The therapeutic properties of essential oils (EOs) and terpenoids against AL have been investigated (Table 10.3). The EOs   of  Lamiaceae  plants showed inhibitory effect against AChE and BChE activity. Also, the terpene’s linalool and linalyl acetate demonstrated neuroprotective effect through the reduction of ROS production in neuroblastoma cells (Chen et al. 2023).  Orhan et al. (2008) investigated the effect of nineteen EOs and isolated compounds from cultivated plants against AChE and BChE activity. Interestingly, the EOs were more effective than the individual compounds. Kumar 

et al. (2016) reported that clove oil improves the cognitive disfunctions induce by colchicine in rats. 

The combination of clove oil with minocycline showed better neuroprotective effect than the individual treatments. The essential oil (EO) of  Zataria multiflora  Boiss.  reversed the deterioration in the mental abilities promoted for the amyloid β-protein (Aβ). Besides, the effective dose 50 (ED ) 50

of  Z. multiflora  EO was less than the lethal dose 50 (LD50) (Majlessi et al. 2012).  

Diverse investigations have been proposed into the use of cannabidiol (CBD) and Δ9-

tetrahidrocannabinol (THC) from  Cannabis sativa  in AL therapy. Alali et al. (2021) demonstrated 

TABLE 10.3

Effect of EOs against AL

Tested Compound/Extract

Effect

Reference

Lavender flower EO

AChE inhibition

Chen et al. (2023)

BuChE inhibition

Oregano leaf (phenol-type) EO

AChE inhibition



BuChE inhibition

Oregano leaf (terpineol-type) EO

AChE inhibition



BuChE inhibition

Neurite outgrowth in SH-SY5Y cells

51 µm long at 3 day

78 µm long at 5 day

98 µm long at 7 day

33% neurite-bearing cells at 3 day

48% neurite-bearing cells at 5 day

84% neurite-bearing cells at 7 day

( Continued)

182  Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management TABLE 10.3 (CONTINUED)

Effect of EOs against AL

Tested Compound/Extract

Effect

Reference

Peppermint leaf EO

AChE inhibition



BuChE inhibition

Neurite outgrowth in SH-SY5Y cells

60 µm long at 3 day

Rosemary (cineol-type) EO

AChE inhibition



BuChE inhibition

Neurite outgrowth in SH-SY5Y cells

60 µm long at 3 day

Rosemary plus EO

AChE inhibition



BuChE inhibition

Neurite outgrowth in SH-SY5Y cells

60 µm long at 3 day

Sage EO

AChE inhibition



BuChE inhibition

Neurite outgrowth in SH-SY5Y cells

Linalool EO

Increase cell viability of SH-SY5Y



Reduction of intracellular ROS

Linalyl acetate EO

Increase cell viability of SH-SY5Y



Reduction of intracellular ROS

 Anethum graveolens

AChE inhibition

Orhan et al. (2008)

BuChE inhibition

 Foeniculum vulgare (fully-mature)

AChE inhibition



BuChE inhibition

 Mentha piperita (organic fertilizer)

AChE inhibition



BuChE inhibition

 Mentha spicata (organic fertilizer)

AChE inhibition



BuChE inhibition

 Lavandula officinalis (organic fertilizer)

AChE inhibition



BuChE inhibition

 Lavandula officinalis (chemical fertilizer)

AChE inhibition



BuChE inhibition

 Origanum onites (organic fertilizer)

AChE inhibition



BuChE inhibition

 Origanum vulgare (organic fertilizer)

AChE inhibition



BuChE inhibition

 Origanum munitiflorum (organic fertilizer)

AChE inhibition



BuChE inhibition

 Origanum majorana (organic fertilizer)

AChE inhibition



BuChE inhibition

 Satureja cuneifolia (organic fertilizer)

AChE inhibition



BuChE inhibition

(‹)-Carvone

AChE inhibition



BuChE inhibition

Dihydrocarvone

AChE inhibition



BuChE inhibition

α-Pinene

AChE inhibition



BuChE inhibition

( Continued)
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TABLE 10.3 (CONTINUED)

Effect of EOs against AL

Tested Compound/Extract

Effect

Reference

Carvacrol

AChE inhibition



BuChE inhibition

Clove oil

Not effect on the locomotor activity

Kumar et al. (2016)

Decrease in latency to find the platform 

(Morris water maze test)


Improve the time spent in target quadrant 

test (TSTQ test)

Reduction of malondialdehyde, nitrite, 

glutathione peroxidase, superoxide 

dismutase, and catalase levels

Clove oil + Minocycline

No effect on the locomotor activity



Recovery in memory performance (Morris 

water maze test)

Did not improve the time spent in target 

quadrant test (TSTQ test)

Reduction of malondialdehyde, nitrite, 

glutathione peroxidase, superoxide 

dismutase, and catalase levels

 Zataria multiflora Boiss   EO

Attenuate escape latencies and traveled 

Majlessi et al. (2012)

distances

Reduce the number of entries into the 

opposite quadrant

LD50 (lethal dose 50)

 Cannabis sativa L. 

Reduction of tau protein aggregation and 

Alali et al. (2021)

polymerization

Modify the tau protein structure

Interaction with Tyr residues of tau protein



Decrease the cell death induce by 

Iuvone et al. (2004)

β-amyloid peptide

Decrease ROS production induce by 

β-amyloid peptide

Decrease lipid peroxidation induce by 

β-amyloid peptide

Reduce the caspase-3 activation induce by 

-amyloid peptide

Reduce DNA fragmentation induce by 

β-amyloid peptide



GFAP inhibition

Esposito et al. (2007)

iNOS inhibition

IL-1 β inhibition

NO inhibition

2 

GFAP inhibition

iNOS

IL-1 β inhibition

iNO − levels

2

NO inhibition

2 

( Continued)
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Effect of EOs against AL

Tested Compound/Extract

Effect

Reference



Reduce the expression of NO, IL-1β, 

Esposito et al. (2011)

TNFα, and S100B in rat astrocytes

Reduce the expression of NO, IL-1β, 

TNFα, and S100B in rat hippocampi

Promote gliosis, neuronal survival, and 

neurogenesis in rat hippocampi



Aβ  levels reduction in N2a/A

Cao et al. (2014)

40

βPPswe cells 

at 6, 24 and 48 h

Reduction of Aβ  aggregations by western 

40

blot

Reduction of GSK-3β, p-GSK-3β, Tau, and 

p-Tau proteins

Enhancement of mitochondria function 

(stat II and v)



Reduce PGE2, PGF2, PGD2,5-HETE, 12 

Currais et al. (2016)

HETE, 15 HETE in MC65 cells

Modulate the Aβ toxicity in MC65 cells

Reduce the intracellular Aβ levels in MC65 

cells

Reduce IL-18 and NF-kB



Decrease Aβ1–40 levels in N2a/APPswe 

Wang et al. (2022)

cells

Decrease Aβ1–40 levels in N2a/APPswe 

cells

Increase the baseline spatial reference 

memory in APP/PS1 female and male 

mice

Reduction of oligomeric Aβ plaques in 

hippocampi of APP/PS1 mice

Reduction of the expression of p-Tau, total 

tau and GSK-3β in brain tissues

Decrease the expression of IL-2, IL-10, 

IL4, IL6, IL12, and IL17 plasma levels in 

APP/PS1 mice

that CBD inhibit tau aggregation  in silico. In rat cells exposed to β-amyloid peptide, CBD reduced the spontaneous tau aggregation. Also, CBD showed neuroprotective, antioxidant, and antiapoptotic effect (Iuvone et al. 2004). CBD reduce the neuroinflammation in mice treated with human Aβ 

(1–42) peptide in the dorsal hippocampus. The expression of mRNA of glial fibrillary acidic protein (GFAP) and the levels of iNOS, NO ,- and IL-1

2

β were reduced after CBD administration (Esposito 

et al. 2007). CBD decrease the neuroinflammation induce by Aβ-amyloid peptide via modulation of PPARγ. In astroglia cells isolated from newborn Sprague-Dawley rats, CBD reduce the NO, 

IL-1β, TNF-α, and S100B production induce by Aβ-amyloid peptide. Likewise, in rat hippocampi CBD reduce the expression of iNOS, GFAP, S100B, calbindin, and p50/p65 induce Aβ-amyloid. 

Likewise, CBD promote gliosis, neuronal survival, and neurogenesis in rat hippocampi (Esposito 

et al. 2011). 
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In the same way, Δ9-tetrahidrocannabinol (THC) has been effective in reducing the Aβ-amyloid levels (Aβ ) in N2a/A

40

βPPswe cells via reduction of GSK-3β and phosphorylated GSK-3β and enhanced 

of the mitochondria function (Cao et al. 2014). By molecular dynamics simulation, THC induces Aβ 

protofibrils destabilization via hydrophobic interactions (Kanchi and Dasmahapatra 2021). Currais et 

al. (2016) found that THC reduce the intracellular accumulation of Aβ in the central nervous system cells and induce anti-inflammatory and protective response via inhibition of NF-kB. THC reduce the Aβ-amyloid production in N2a/AβPPswe cells and increase the spatial learning performance of aged APP/PS1 mice that received the treatment for three months. Likewise, in the mice brains THC 

modulated the expression of Aβ oligomers, Aβ monomers, p-tau, total tau, and p- GSK-3β (Wang 

et al. 2022). In conclusion, despite the progress in the study of the potential use of essential oils and terpenoids in the treatment of AL, it is necessary to develop further clinical trials and safety trials. 

10.5   ALKALOIDS AS SUPPORTING ALTERNATIVE IN ALZHEIMER’S TREATMENT

Alkaloids are secondary metabolites that occur in plants, animals, fungi, and bacteria, which can be identified by containing nitrogen in their structure. Although its functions are not fully understood, its presence has been associated with defense mechanisms. Due to their complexity and variability of structures, their classification can sometimes be complicated; however, they are usually divided into three groups, true alkaloids, protoalkaloids, and pseudoalkaloids. True alkaloids are identified because they contain nitrogen within their ring systems and, depending on the base structure of this ring system, they can be classified as pyrroles, pyrrolizidine, quinoline, isoquinoline, indole, and imidazole, among others. Protoalkaloids contain nitrogen outside their ring system and in pseudoalkaloids, the nitrogen does not come from any amino acid, unlike the nitrogen of true alkaloids and protoalkaloids. Due to these characteristics, many alkaloids have such important biological activity that they are even used as drugs for cancer, as analgesics, antibiotics, antifungals, and also for psychiatric conditions such as AL (Dey et al. 2020; Dembitsky et al. 2020; Williams et al. 2011). 

Among the main drug options administered to patients with AL are tacrine, donepezil, galan-

tamine, and rivastigmine. Of these four drugs, the first two are synthetic organic compounds, while galantamine is an alkaloid and rivastigmine is a derivative of the alkaloid physostigmine (Santos et 

al. 2020; Louis and Alfred 2023). 

Galantamine (Figure 10.2) was isolated in 1952 first from  Galanthus woronowii and later identified in other genera of the plant such as  G. nivales,  G. caucasicus, and in other species such as Narcissus spp.  and  Leucojum spp.  One of the advantages that galantamine has over other AChE 

inhibitors is that in addition to inhibiting the degradation of acetylcholine, it also prevents the aggregation of the Aβ peptide (Williams et al. 2011; Shi et al. 2024; Samochocki et al. 2000). 

 In silico analyses of AChE with galantamine indicate possible interactions with key amino acids of the CAS site (Trp86 and Gly121) and PAS (Asp74, Tyr124, and Tyr341). Suggesting a reversible competitive enzymatic inhibition on AChE and structural changes to the PAS allosteric site, which could reduce the interaction of the site with Aβ peptides and decrease the rate of amyloid aggregation (Samochocki et al. 2000; Williams et al. 2011; Shi et al. 2024). Although galantamine is already an active compound in Alzheimer's medications, it continues to be the subject of research due to its effectiveness and potential to increase acetylcholine levels and decrease the rate of Aβ 

aggregate formation. To date, in silico analyses of certain galantamine derivatives indicate an affinity up to 1,000 times greater for AChE than galantamine (Roy 2018). 

The pharmacological potential of alkaloids for AL is also demonstrated with the development of rivastigmine, which is a semisynthetic derivative of the alkaloid physostigmine (Figure 10. 2), first obtained from  Physostigma poisonum. Phystotigmine, being a toxic alkaloid with powerful short-acting inhibition of AChE, modifications were made to the pyrroloindole skeleton and the amide group to potentiate its pharmacological effect, until rivastigmine was obtained (Williams 

et al. 2011). Both galantamine and rivastigmine interact with key amino acids of the CAS, such as Glu202 and Glu365 (Pereira et al. 2022). 

[image: Image 14]
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*Semisynthetic alkaloid derivative. 

Among the alkaloids that are still in the research stage, Huperzine A (Figure 2) stands out, obtained from  Huperzia serrata, which also has AChE inhibitory activity (Friedli and Inestrosa 

2021; Williams et al. 2011). The AChE residues with which Huperzide A interacts are mainly Phe338 of the CAS site, and Asp74, Tyr124, and Tyr341 of the PAS site, suggesting a mechanism of action like that of galantamine. However, its pharmacological activity is still under investigation (Friedli and Inestrosa 2021; Khanal et al. 2021; Kogan and Jeong 2018). 

Other alkaloids being investigated for their AChE inhibitory activity are berberine ( Berberis sp. ), oxoassoanine, assoanine ( Narcissus assoanus), voacangine, rupicoline ( Tabernaemontana 
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TABLE 10.4

Effect of Alkaloids against AL

Tested Compound

Effect

Reference

Galantamine

AChE inhibition

Louis and Alfred (2023); Dembitsky 

et al. (2020)

Physostigmine*

AChE inhibition

Dembitsky et al. (2020); Mukherjee 

et al. (2007)

Rivastigminea

AChE inhibition

Louis and Alfred (2023); Dembitsky 

et al. (2020)

Huperzine Ab

AChE inhibition

Kogan and Jeong (2018); Dembitsky 

et al. (2020)

Berberineb

Repress neuronal damage, and AChE 

Chen et al. (2020)

inhibiton

Oxoassoanineb

AChE inhibition ,  and Neuroprotector

Dembitsky et al. (2020); Mukherjee 

et al. (2007)

Assoanineb

AChE inhibition and antineurotic

Dembitsky et al. (2020); Mukherjee 

et al. (2007)

Voacangineb

AChE inhibition

Dembitsky et al. (2020)

Rupicolineb

AChE inhibition and Cognition disorders 

Dembitsky et al. (2020)

treatment

Hericerinb

Neuroprotector

Dembitsky et al. (2020)

Moenjodaramineb

AChE inhibitor

Dembitsky et al. (2020)

Buxamine Bb

AChE inhibitor

Dembitsky et al. (2020); Mukherjee 

et al. (2007)

* Not used/discarded

a Alkaloid derivative. 

b Unapproved treatment, still in the research stage. 

 australis), hericerin ( Hericium erinaceum), moenjodaramine ( Buxus papilosa), and buxamine B 

( Buxus macowanii) (Figure 10.2). Of these only oxoassoanine, voacangine, moenjodaranine, and buxamine B have been reported with activity against AL (Table 10.4) (Dembitsky et al. 2020; Chen 

et al. 2020; Mukherjee et al. 2007). 

As can be seen, most alkaloids have AChE inhibitory activity. Although there are other alkaloids, such as nicotine and melatonin, that act at points other than AChE, most alkaloids tend to inhibit this protein (Williams et al. 2011). The therapeutic potential of alkaloids for AL lies in their chemical nature. Alkaloids have amide or amine groups in their structure, containing basic nitrogen, allowing them to interact more easily with acidic amino acids. This is the reason why AChE 

is inhibited by certain alkaloids, since its active site contains acidic amino acids, such as glutamic acid, inhibiting its activity and inducing its pharmacological effect against AL. 

10.6   SAPONINS AS SUPPORTING ALTERNATIVE IN ALZHEIMER’S TREATMENT

Other groups of bioactive compounds found in natural products are saponins. These compounds are typically constituted by derived skeletons of 27–30 carbons linked to glycoside residues. Depending on the sapogenin present, saponins can be classified into three groups: triterpenoid glycoside, steroid glycoside, and alkaloid glycoside (El Aziz et al. 2019). Saponins are related to several biological activities (Zhang et al. 2020). Recent studies have demonstrated that saponins exhibited promissory effects against AL (Table 10.5). 
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TABLE 10.5

Effect of Saponins against AL

Tested Compound/Extract

Effect

Reference

 Panax ginseng saponin: ginsenoside CK, 

BACE inhibition

Karpagam et al. 

ginsenoside F1, ginsenoside Rh1 and 

(2013)

ginsenoside Rh2

sarsasapogenin

Aβ42 fibrils formation inhibition

Kashyap et al. 

Antitoxicity effect of Aβ42 in PC12 cells

(2020)

Inhibit the oxidative stress induced by H O

2

2

AChE inhibition

BuChE inhibition

BACE 1 inhibition

MAO-B inhibition

Green tea seed saponin

IL-1B inhibition, IL-6 inhibition and TNF-α 

Khan et al. (2022)

inhibition. 

Downregulation of protein expression of APP, 

mRNA expression levels of  PESN1, PESN2, 

 EPOE4, PCALM, NFkB,  and  IL1B genes. 

Upregulation in the mRNA expression levels of 

 IDE and  VPS35 genes. 

Aβ and p-tua accumulation reduction. 

Phosphorylation of tau reduction

 Bacopa floribunda saponin

Increment concentration of superoxide dismutase, 

Oyeleke and 

glutathione peroxidase and catalase. 

Owoyele (2022)

Lipid peroxidation and concentrations of reactive 

oxygen species reduction. 

IL-1β, IL-1ra and TNF-α inhibition. 

Microglial cells count reduction

Lychee seed saponin

Maintenance of normal neuronal cell 

Wang et al. (2017)

morphology. 

Decreased the quantity of neural apoptotic cells 

and observed a diminution in the apoptotic 

index. 

Downregulation of mRNA expression of 

caspase-3. 

Downregulation of Bax protein expression. 

Upregulation of Bcl-2 protein expression

Fenugreek saponin

Apoptosis increment. 

Khalil et al. (2016)

Reactive oxygen species concentration reduction. 

BChE inhibition. 

Increment in the expression of Bax, Bcl2, and 

caspase-3 genes. 

DNA damage reduction

 Panax notoginseng saponin

Aβ1-40 and Aβ1-42 deposition inhibition. 

Zhong et al. (2008)

Downregulation of App gene expression. 

Upregulation of Syp gene

 Panax notoginseng saponin

Modification in Aβ generation. 

Huang et al. (2014)

Upregulation of ADAM9 gene expression. 

BACE1 inhibition. 

Downregulation of BACE1 gene expression. 

 Panax notoginseng saponin

Modulation of circRNA

Huang et al. (2018)
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It is known that Aβ peptides play an important role in establishing AL. In this way, sarsasapogenin and  Panax notoginseng saponin showed antiaggregatory potential, inhibiting Aβ1-40 and Aβ1-42 deposition and induced a modification on Aβ generation (α, β, and γ) (Huang et al. 2014; 

Kashyap et al. 2020; Zhong et al. 2008). Added to this, it was observed that saponins (sarsasapogenin, lychee seed saponins, and Bacopa saponin) produce a neuroprotective effect maintaining the normal cell morphology, decreasing the toxicity and microglial cells induced by Aβ (Kashyap et al. 

2020; Oyeleke and Owoyele 2022; Wang et al. 2017). 

Specific studies have demonstrated that several saponins extracted by plants such as  Panax ginseng,   Panax notoginseng,  and  Atriplex laciniata L exhibited the capacity to inhibit different enzymes involved in the AL development and progression, such as BACE 1, AChE, BChE, Aβ42, 

β-site amyloid precursor protein cleaving 1, and MAO-B (Karpagam et al. 2013; Kashyap et al. 

2020; Zhong et al. 2008). In addition,  in  silico studies demonstrated that Ginsenoside CK, ginsenoside F1, ginsenoside Rh1, ginsenoside Rh2, and sarsasapogenin can interact with active site of BACE 1, AChE inhibition, BuChE inhibition, and MAO-B inhibition, showed interesting binding affinity values in all cases (ranged of -6.1 to 12.4 kcal/mol) (Karpagam et al. 2013; Kashyap et al. 

2020). 

Other studies demonstrated that green tea seed saponin and Bacapoa saponins decreased the 

concentration of proinflammatory cytokines, such as IL-1B, IL-6, IL-1ra, and TNFα (Khan et al. 

2022; Oyeleke and Owoyele 2022). The analysis of proteins and genes involved in the development and progression of AL demonstrated that saponins (green tea seed saponin, lychee seed saponins, and Panax notoginseng saponin) induced downregulation of protein expression of APP, Bax, Bcl2, mRNA expression levels of  PESN1,   PESN2,   EPOE4,   PCALM,   NFkB,   Caspase3, and  IL1B 

genes (Khan et al. 2022; Wang et al. 2017; Zhong et al. 2008). Contrarily, the upregulation on the Bcl-2 proteins suggested a protective effect, mRNA expression levels of  IDE,  VPS35,   caspase3, and Syp genes were obtained when were used fenugreek saponin, green tea seed saponin, Panax notoginseng saponin, and lychee seed saponins (Khalil et al. 2016; Khan et al. 2022; Wang et al. 

2017; Zhong et al. 2008). Recently, it was demonstrated that  Panax notoginseng saponin produced a modulation of circRNA, which was demonstrated to play an important role in the AL disease. They generally observed five circRNAs upregulation and two circRNAs downregulation (Huang et al. 

2018). Added to this, fenugreek saponin, green tea seed saponin, and lychee seed saponins induced changes in the apoptosis rates of neural cells and reduced the phosphorylation of tau (Khalil et al. 

2016; Khan et al. 2022; Wang et al. 2017). 

On the other hand, the effect of saponins against AL is related to their antioxidant capacity due to the fact that free radicals can induce oxidative stress, which is related to neurodegenerative damage. 

In this way, different investigations have demonstrated that sarsasapogenin and fenugreek saponin reduced oxidative stress induced by H O  on PC12 cells (Kashyap et al. 2020). Similar behavior 2

2

was obtained  in vivo, where fenugreek saponin and Bacopa saponin can inhibit the concentration of reactive oxygen species and lipid peroxidation in brain tissue. Also, an increment in superoxide dismutase, glutathione peroxidase, and catalase concentration was observed (Khalil et al. 2016; 

Oyeleke and Owoyele 2022). 

10.7   LIGNANS AS SUPPORTING ALTERNATIVE IN ALZHEIMER’S TREATMENT

Among the bioactive compounds of plant origin we find lignans. Research has studied this type of components obtained with results that favor and safeguard cognitive capacity and the normal activity of neuronal cells (Zhou et al. 2021). However, its functions and mechanisms have been little studied. Lignans are natural phenolic compounds derived from the metabolism of phenylpropanoids and are generally found as dimers of monolignols linked at C6-C3 to the C8 atom of the propyl chain. These are classified according to their structure as: Dibenzocyclooctene lignans, neolignans, norlignans, furofuranoid lignans, tetrahydrofuran lignans, and benzofuran lignans (Isla et al. 2021).  

This compounds have demonstrated a promissory effect against AL (Table 10.6). 
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Extracts of dibenzocyclooctene lignans are the bioactive compounds present in  Schisandra. 

Recent research has shown that bioactivity that inhibited the release of nitric oxide (NO), induced by lipopolysaccharide (LPS) in mouse cells, promoting it as a useful candidate for the treatment of AL (Yang et al. 2014; Han et al. 2014; Hu et al. 2012). 

Another component of lignan origin found in the fruits of  S. chinensis is gomisin A (Go-A), this lignan abrogates the expressions of iNOS and COX-2 in N9 microglia promoted by LPS. Go-A has also been reported to attenuate neuroinflammation caused by microglia by preventing the TLR4 

activation (Wang et al. 2014). In another investigation, they mention that using Go-A reduces the expression of mRNA and the production of proinflammatory cytokines (Kim et al. 2006). 

Schisanterin A (Sch-A) is an active lignan that we can also relate to the fruits of  Schisandra chinensis;  it has neroprotective properties to inhibit anti-inflammatory and antioxidant processes.  In vivo research concludes that using schisanterin A minimizes the amount of Aβ and restricts histo-pathological alterations in the hippocampus (Li et al. 2014). It was also concluded that schisanterin A can regulate the decrease in iNOS expression, ROS storage and reduce excess NO (Zhang et al. 

2015). 

Schisandrin B (Sch-B) helps eliminate AChE activity and increases the values of the neu-

rotransmitter that regulates parasympathetic cholinergic activity (Ach) in a mouse model of scopolamine-induced dementia (Giridharan et al. 2011; Lam et al. 2012; Wang et al. 2009). Sch-B played antineuroinflammatory action by promoting the production of proinflammatory cytokines, in addition, the stimulation of ROS and NADPH oxidase functionalization in microglia were reduced 

(Zeng et al. 2012). 

In recent research, benzofuran lignans were isolated, catalogued as (7S, 8S)-pithecellobium A and (7R, 8R)-pithecellobium A; these were concentrated in branches and leaves of the plant Pithecellobium clypearia, in addition, these enantiomers of the neolignan family. These compounds showed various degrees of anti-Aβ aggregation functionality by the thioflavin T (ThT) technique, conferring them bioactivity to treat AL disease (Wang et al. 2018b). 

In another study, a pair of enantiomers of norlignan origin named as 1-(3- metho xy-4- hydro xyphe nyl)- 2-(3- metho xy-1- hydro xypro pylph enoxy )-3-h ydrox yprop ane  (S)  and  1-(3- metho xy-4- hydro xyphe nyl)- 2-(3- metho xy-1- hydro xypro pylph enoxy )-3-h ydrox yprop ane  (R)  were  synthesized,  which were extracted from the seeds of  Prunus tomentosa. These norlignans presented physical interactions of hydrogen bonds with Aβ in molecular docking, showing anti-Aβ aggregation studied by the ThT method (Liu et al. 2019). 

The existence of other types of lignans, those that have tetrahydrofuran in their structure, has been mentioned in the literature. We can mainly find them in plants such as Aristolaceae, Camphoraceae, Compositae, Cucurbitaceae, Lonicerae, Luteaceae, Magnoliaceae, Nutmegaceae, 

and Rehmanaceae, where bioactive antioxidant, anti-inflammatory, insecticidal, neuroprotective, and antitumor activity is demonstrated (Briggs et al. 1997). Such is the case of (-)-thalaumidin, which was extracted from the root of the  Aristolochia arcuata plant. This extract induced the growth of axons in neurons and demonstrated its neuroprotective activity in rat primary cortical neurons (Harada et al. 2015). Other researchers mention that (-)-O-benzylcubebina (-)-O-methylcubebina, synthesized from (-)-cubebina extracted from the  Piper cubeba  plant of the Piperaceae genus, presented an inhibitory activity on  Porphyromonas gingivalis. This is because the infection of  P. gingivalis bacteria could be detected in the brain and are indicative of inducing AL disease (Rezende 

et al. 2016). 

Another type of Lignans are furofuranoids, such as (+)-diapinoresinol, (+)-medioresinol, and (−)-7-epi-pinoresinol mr1, obtained from the leaf extract of the  Eucommiae ulmoides plant. This class of lignans contributes to minimizing the damage caused by H O  in PC-12 cells through the 2

2

PI3K/Akt/GSK-3β/NRF2 signaling mechanism, a relevant mechanism for the normalization of tau protein phosphorylation (Han et al. 2022). Another furofuranoid lignan studied is (-)-sesamine, a bioactive principle from the extract of the roots of  Asiasarum sieboldi, which, in research, contributes to its progress in spatial learning memory deficits and modulation in the NMDA receptor and 

192  Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management in neuronal systems dopaminergic incited by an electric shock (Zhao et al. 2016). Sesamin, another furofuranoid lignan extracted from sesame seeds and oil, was also found. Its primary bioactivity is to increase the amount of CSPG biosynthesis (chondroitin sulfate proteoglycans, a crucial element of the glial scar after the presence of an injury to the central nervous system) and to lower genes related to degradation in the hippocampus in mice studied with LPS (Andargie et al. 2021; Yamada et al.  

2022). These results are summarized in Table 10.1. Main lignans and their mechanism of action. 

Prolonged use of the treatment that is currently approved by the FDA will bring side effects in the medium or long term. However, using natural components such as lignans will reduce this effect due to their low toxicity and adequate bioavailability (Kumar et al. 2021). Furthermore, current pharmaceutical therapy presents difficulties by not passing the blood–brain barrier; the opposite happens with lignans where it has been proven that they are suitable for crossing the blood–brain barrier due to their low molecular size and their fat-soluble property (Wang et al. 2018b). Its possibility of being used for the treatment of AL is increasing. 

10.8   CONCLUSIONS

Natural products are source of several chemical compounds, such as phenolic compounds, terpenes, saponins, alkaloids, and lignans, which have demonstrated an interesting effect against AL by  in silico,  in vitro, and  in vivo methods. Based on the above, these compounds represent an interesting alternative for developing pharmacological therapies focused on preventing or treating AL. 

However, it is necessary to perform clinical trials to guarantee secure applications in humans. 
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LIST OF ABBREVIATIONS

ATP

Adenosine Triphosphate

BCE

Before the Common Era

BDNF

Brain-derived Neurotrophic Factor

BM

Bacopa Monnieri

BME

Bacopa Monnieri Extract

COMT

Catechol-O-Methyltransferase

DA

Dopamine

DOPAC

Dihydroxyphenylacetic Acid

FAO

Food and Agriculture Organization

GB

Ginkgo Biloba

GCLC

Glutamate-Cysteine Ligase Catalytic Subunit

GPx

Glutathione Peroxidase

GSR

Glutathione Reductase

GSH

Glutathione

HVA

Homovanillic Acid

LC–ESI–MS

Liquid Chromatography-Electrospray Ionization-Mass Spectrometry

L-DOPA

Levodopa

mAIMS

modified Abnormal Involuntary Movement Scale

MAOA

Monoamine Oxidase A

MAOB

Monoamine Oxidase B

MDS-UPDRS

MDS-Unified Parkinson’s Disease Rating Scale

MP

Mucuna Pruriens

MPTP

1-Methyl-4- Phenyl-1,2,3,6-Tetrahydropyridine

α7- nAChR

α7- Nicotinic Acetylcholine Receptor

NFκB

Nuclear Factor Kinase B

Nrf2

Nuclear factor erythroid 2-related factor 2

NS

Nigella Sativa

NSO

Nigella Sativa Oil

6-OHDA

6-Hydroxydopamine

3-OMD

3-O-Methyldopa
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PD

Parkinson’s Disease

PI3K

Phosphatidylinositol 3 Kinase

ROS

Reactive Oxygen Species

SN

Substantia Nigra

SNc

Substantia Nigra Pars Compacta

SOD

Superoxide Dismutase

t-BHP

tert-Butyl Hydroperoxide

TF

Total Flavonoids

TH

Tyrosine Hydroxylase

TNF-α

Tumor Necrosis Factor-α

TPC

Total Phenolic Compounds

TQ

Presence of Thymoquinone

TrkB

Tropomyosin Receptor Kinase B

VEGF

Vascular Endothelial Growth Factor

11.1   INTRODUCTION

Parkinson’s disease comes second in the list of the most common neuronal destructive diseases, only after Alzheimer’s disease. This neurodegenerative disorder is caused by progressive damage in dopamine-secreting cells in the substantia nigra (Maggio and Gale 1989). PD was probably already known in ancient China. In the Chinese medical classic the “Yellow Emperor's Internal Classic Plain Questions,” written in the fifth century BCE, the following description of disease is given: “A person appears with hunching over and gazing straight ahead, bending over with drooping shoul-ders, having trouble rotating and rocking the lower back, and being unable to bend the knees and extend, with the back bowed, failure to stand for long periods, and tremor while walking” (Zhang, Dong, and Román 2006). 

The drugs used for the cure of PD such as levodopa (L-DOPA), which helps to restore dopa-

mine in the brain; monoamine oxidase B inhibitors, dopamine agonists, and anticholinergic drugs have beneficial effects on rigidity and tremor in PD patients (Yang et al. 2010). Additionally, it has been indicated that antioxidant and anti-inflammatory agents play a significant role in the survival of neurons and alleviation of PD symptoms (Giri et al. 2019). Lately, the strong neuro-protective effect of medicinal plant extracts and phytochemicals in PD treatment in terms of antioxidant and anti-inflammatory properties has been emphasized in various studies (Table 11.1) (Morgan and 

Grundmann 2017). In this review we summarized some medicinal plants aimed at reducing PD’s symptoms and how they play a potentially pharmacological role in PD's therapy. 

11.2   MUCUNA  PRURIENS

1. 

 Mucuna pruriens ( MP), which belongs to the    Fabaceae family, is native to Africa and tropical Asia.  MP has been proved to contain the highest number of anti-Parkinson effects via numerous experiments, in which the hypothesis that the seeds of this plant may contain other therapeutic compounds for PD treatment in addition to L-DOPA is confirmed 

(Hussian and Manyam 1997). The Mucuna seeds have the content of L-DOPA converts from 4% to 6% when drying or roasting. The amount of L-DOPA in  MP preparations 

is influenced by the extraction method (such as using alcohol or water). The dosage of 

L-DOPA in commercially sold capsules can vary significantly, ranging from 60 to 500 mg. 

A clinical trial with the participation of 33 patients with PD has indicated that manag-

ing symptoms through oral intake of 15 to 40 grams of powdered seeds from  MP provides approximately 4.5% to 5.5% of L-dopa (Vaidya et al. 1978). 
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11.3   VICIA  FABA 

 Vicia faba belongs to the Fabaceae family. It was first cultivated in Mesopotamia (Lim and Lim 

2012) and then became popular all over the world. Its fruit is the only consumable part for humans and animals due to its rich nutrition and functional properties (Sathya Prabhu and Devi Rajeswari 

2018).   Vicia faba  plays an important role in the treatment of PD patients; therefore, it could be considered as a medicinal plant (Etemadi et al. 2018). 

The plant harbors significant amounts of extractable phenolic compounds, including L-dopa, 

with the seeds possessing up to 20 times more of it compared to the fruits. A study has pointed out that   the consumption of  Vicia faba seeds led to elevated plasma levels of levodopa, showing a correlation with enhancements in motor performance (Rabey et al. 2000). It has been demonstrated in patients with PD that when they consume cooked broad beans (250 g) they obtain much better motor function; this improvement is comparable to that obtained by drinking 125 mg of synthetic levodopa plus carbidopa (12.5 mg) (Rabey et al. 1992). Further research has demonstrated the advantageous effects of consuming fresh broad bean seedlings (40 g brings about 120–130 

mg L-dopa): the concentration of L-dopa increased in the blood plasma of patients who, in turn, exhibited better motor characteristics, similar to that when the drug is administered (Vered et al. 

1994). According to this medical research, young  Vicia faba plants exhibit elevated levels of total phenolic content (TPC), Total flavonoids (TF), L-dopa, rutin, and disorienting. They can be grown for utilization as a medicinal plant, a functional food, or a nutraceutical, or for producing a natural medication to promote health, primarily for people with Parkinson's disease. 

11.4  PHASEOLUS VULGARIS

Genetic studies of  Phaseolus vulgaris have shown that this bean was derived from Mesoamerica and later became domesticated in the Andes (Bitocchi et al. 2012) but then became the most popular strain in Europe. The Food and Agriculture Organization of the United Nations (FAO) affirms that green beans are considered a nearly ideal food source due to their abundant nutritional content in containing amounts of protein, iron, fiber, minerals, complex carbohydrates, and vitamins. 

 P. vulgaris contains 0.566% L-dopa (Kaur and Saxena 2019). One study that used haloperidol or chlorpromazine to produce a cataleptic state in rats found that administering a  Phaseolus bean methanol extract improved the rats' condition. in a cataleptic score (Anandpara et al. 2015). While there are no existing reports on the utilization of Phaseolus in individuals with Parkinson's disease (PD), there is ongoing consideration of  Phaseolus as a potential therapeutic substance for PD. 

Current research is focused on determining optimal cultivation conditions that can enhance the concentration of L-DOPA in  Phaseolus (Oviedo-Silva, Elso-Freudenberg, and Aranda-Bustos 2018). 

11.5   GLYCINE  MAX

 Glycine max (soybeans) are sourced from East Asia and contain up to 0.02% L-DOPA (Ramya and 

Thaakur 2007). Soybeans are also known for their richness in vitamins, minerals, proteins, and fiber similar to  Phaseolus vulgaris and  Vicia faba. Therefore, they have been considered herbal medicine to treat coughs and diarrhea since approximately 300 BCE (Bensky, Clavey, and Stõger 

2004); however, for treating a disease like PD with soybeans, no evidence or research has been found. 

Toxin-induced Parkinsonism has been mentioned in several research articles in animal models on the neuroprotective effect of soybeans (Guo et al. 2016). A crossover study involving seven Parkinsonian patients was conducted to compare the clinical effect of taking a single dose of 100 mg L-DOPA (100mg)/carbidopa (10mg) only and taking the same dose with the addition of 11g of soybeans. Between treatment groups, there were no differences after three hours for MDS-UPDRS III. 

However, dyskinesia was significantly reduced on the modified Abnormal Involuntary Movement 

202  Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management Scale (mAIMS) after soybeans supplementation, and activity time assessed by a self-rating scale was longer than 75 minutes. An inhibitory impact on catechol-O-methyltransferase (COMT) 

may account for the increased blood levels of 3-O-methyldopa (3-OMD) and decreased levels of homovanillic acid (HVA) after soybean supplementation. These results suggested that soybeans contain additional components that partly increase the bioavailability of L-DOPA and suppress L-DOPA degradation via COMT. Genistein (5,7-dihydroxy-3- (4-hydroxyphenyl) chromene-4-one) 

is a phytoestrogen and isoflavone found in soybeans (Mukund et al. 2017). In 1975, Umezawa demonstrated that soybeans inhibit peripheral DOPA decarboxylase activity (Umezawa et al. 1975).  

While the daily amount required to achieve effective concentrations is unknown, the bioavailability of levodopa may be affected by this activity. 

11.6   NIGELLA  SATIVA

 Nigella sativa ( NS), which belongs to the Ranunculaceae family, is a medicinal plant commonly used worldwide. Since ancient times,  NS seeds have been used in a variety of medicines, to treat diseases of the nervous system such as epilepsy, dementia, neurotoxicity, etc. In addition, it has been determined that the preponderance of the medicinal characteristics of  Nigella sativa is due to the attendance of Thymoquinone, a major biologically active constituent of the essential oil (Table 11.2). 

For a long time,  NS seeds have been proven to have plenty of useful properties (Khare 2004).  

Furthermore,  Nigella sativa has been added to the list of natural medications in the medicine systems of some countries (Rajsekhar and Kuldeep 2011) due to its ability to reduce weakness as well as depression and improve the body's vitality (Yarnell and Abascal 2011). 

 Nigella sativa blossoms yearly and grows 20–90cm tall with individual leaves (Sharma et al. 

2009). This plant has been widely investigated in terms of its bioactive and restorative potential and presented to have a wide range of activities such as anti-hypertensive, anti-diabetic, anti-oxidant properties, anticancer, anti-inflammatory, immune-modulatory, antimicrobial, gastro-protective, etc (Abel-Salam 2012). In traditional medicine, this plant’s seeds are widely used as a part of the treatment of various diseases, such as obesity, back pain, hypertension and gastrointestinal problems, bronchitis, asthma, heart disease, rheumatoid arthritis, diarrhea, sexual diseases, and skin disorders (Goreja 2003). It can be seen that the seeds are small, angular, 2-3.5 mm×1-2 mm, dark outside and white inside, smell fragrant, and taste bitter (Paarakh 2010). 

Several active chemical compounds have been discovered and reported in  NS seeds. Among them, the most crucial compounds are thymoquinone, thymol hydroquinone, dithymoquinone, 

p-cymene, carvacrol, 4-terpinol, t-anethol, sesquiterpene longifolene, α-pinene and thymol (Table 11.2) (Shrivastava, Agrawal, and Parveen 2011). 

TABLE 11.2

Chemical Constituents of  Nigella sativa

Compounds

Percentage (%)

Thymoquinone

30-48

Thymol Hydroquinone

7-15

Dithymoquinone

7-15

p-cymene

7-15

Carvacrol

6-12

4-terpinol

2-7

t-method

1-4

Sesquiterpene longifolene

1-8

α-pinene

-

Thymol

-
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 NS helps treat a range of nerve system illnesses. Carvacrol effects anti-inflammatory and antioxidant, the unilateral 6-OHDA-caused Parkinson's model in male mice is counteracted by the neuroprotective effect of Carvacrol; however, it impeded the decrease in tyrosine hydroxylase. 

In an  in vitro study, thymoquinone (TQ) (10 mM) protected cultured cortical and hippocampal neurons of Wistar rat brain embryos against disease-specific beta amyloid-induced neurotoxicity and cytotoxicity caused by dementia (Alhebshi, Gotoh, and Suzuki 2013). Lewy neurites are the sum of unusual proteins that develop within nerve cells in Parkinson's disease and Lewy body memory loss (Spillantini et al. 1997). They are identified microscopically when histology is performed on the brain (Dickson et al. 1996). The protective effect of TQ (100 nM) against the synaptic toxicity of α-synuclein was then reported, which accumulates in the brain of patients with Parkinson's disease and Lewy body dementia (Alhebshi, Gotoh, and Suzuki 2013). According to these studies, hydrogen alcohol extracts  NS, NSO ( Nigella sativa oil), and TQ have protective effects against nerve damage and neurotoxicity. 

NS seeds also present 26.7% protein, 28.5% fat, 24.9% carbohydrates, 8.4% crude fiber, and 

4.8% total ash (Khoddami et al. 2011) (Ali and Blunden 2003). Additionally, the seeds also contain a variety of vitamins and minerals such as P, Fe, Zn, Cu, etc. (Ashraf, Ali, and Iqbal 2006). The seeds present carotene in the liver, which is converted into vitamin A (Kanter, Coskun, and Budancamanak 

2005). The roots and shoots of the plant are believed to present vanillic acid (Nickavar et al. 2003) (Bourgou et al. 2008). 

11.7   CROCUS  SATIVUS

 Crocus sativus, commonly known as saffron, is a species of flowering plant in the Iridacea family. 

Nations where this plant is grown include Afghanistan, Iran, Turkey, and Spain (Abdullaev 1993). 

Animals with neurodegenerative diseases have been treated with saffron and its components, 

such as crocin, safranal, and crocetin (Ochiai et al. 2007)  (Purushothuman et al. 2013). Safranal and crocin block the fibrillation of apo alpha-lactalbumin, which causes neuronal damage under amyloidogenic conditions. The development of harmful amyloid formations corresponds to several neurodegenerative conditions, including Alzheimer's and Parkinson's diseases (Ebrahim‐Habibi et 

al. 2010). The crocetin extraction of  C. sativus (25, 50, and 75 µg/kg) has also been suggested to exhibit neuroprotective properties in rat models of Parkinsonism induced by 6-OHDA. 

The neuroprotective effect of seven-day administration of crocetin (25, 50, and 75µg/kg body weight, i.p.) against 6-hydroxydopamine-induced Parkinson's disease in rats was reported. Reduced tissue utilization of dopamine has been suggested as a possible mechanism (Ahmad, Ansari, et al. 

2005). In a different research investigation, the study explored the safeguarding impact of saffron pre-treatment on dopaminergic cells within the substantia nigra (SNc) and retina in a rat model of acute MPTP-induced Parkinson's disease. BALB/c mice received MPTP or saline over a 30-h 

period. Animals in the saffron-treated group had saffron (0.01% w/v) dissolved in drinking water for five days and the control group consumed normal tap water. Six days later, the brain was subjected to tyrosine hydroxylase (TH) immunocytochemistry and the number of TH+ cells was demonstrated by optical analysis. In the substantia nigra (SNc) and retina, mice injected with MPTP 

exhibited a decrease in the count of TH+ cells (30-35%) compared to controls injected with saline. 

However, pre-treatment of MPTP-injected mice with saffron increased both SNc and retinal TH+ 

cell numbers (25%–35%), restoring them to levels similar to the control group. It was then concluded that pre-treatment with saffron rescued many dopaminergic cells in the SNc and retina from Parkinsonian disease (MPTP) damage in mice (Purushothuman et al. 2013). 

11.8   CURCUMA  LONGA

Turmeric is a plant that originates from the rhizomes of  Curcuma longa, which belongs to Zingiberaceae – a ginger family and it is commonly cultivated in Southeast Asian nations 
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TABLE 11.3

 C. longa and Curcumin's Preventive Properties against Neurotoxicity and PD

Plant/Component

Doses

Model of Study

Effects

 C. longa

560mg/kg

Mice

Suppression of the activity of the dopamine-

metabolizing enzyme, monoamine oxidase A 

(MAOA), in the brain

0.001–0.4 mg/ml

SH-SY5Y cells

Improvement of salsolinol-induced toxicity, 

decrease in mitochondria-derived reactive oxygen 

species (ROS), and inhibition of caspase 3 activity

Curcumin

50–200mg/kg

Mice

Elevation of serotonin and dopamine levels in brain 

tissues and augmentation of the antidepressant-

like effect of conventional depressive medications



5, 10, 20 mg/kg

Rat

Elevation of the content of monoaminergic 

neurotransmitters and the upregulation of 

brain-derived neurotrophic factor (BDNF), TrkB, 

and phosphatidylinositide 3-kinases (PI3K) 

expression in hippocampal tissue



50, 100, 200 mg/kg

Mice

Enhancement of cognitive deficits and amelioration 

of mitochondrial dysfunction



50, 100 mg/kg

Rat

Improvement of neurological deficits and 

augmentation of the quantity of neurons labeled 

with NeuN during the ischemia-reperfusion 

process



0.1, 1 and 10µM

Rat

Suppression of the expression of p-IRE1α, 

p-PERK, and NLRP3 in the CA1 region of the 

hippocampus



5, 10µM

Cortical neurons

Improvement of cell viability and reduction in 

neuronal apoptosis



10µM

MES23.5 cells

Suppression of NFκB transcription induced by 

6-OHDA and reduction of intracellular 

accumulation of reactive oxygen species (ROS)



500nm

Rat

Inhibition of the MAOB activity with both the 

competitive and the non-competitive

(Karłowicz-Bodalska et al. 2017).    Tumeric has a bright yellow color, which comes mainly from fat-soluble, polyphenic pigments called curcuminoids. Among the curcuminoids found in turmeric, the most active constituent is curcumin. Recent experiments employing diverse animal models of Parkinson's disease have demonstrated the neuroprotective capabilities of curcumin (Table 11.3). 

Curcumin (5, 10, and 20 mg/kg) increases monoaminergic neurotransmitters, which include norepinephrine and dopamine in hippocampal tissue (Yang et al. 2005). (Yang et al. 2005). The rev-elation was made that curcumin at concentrations of 5 and 10 μM reversed the detrimental effects of OxyHb on the viability of primary cortical cells, leading to a reduction in apoptosis (Li et al. 

2016). It was also reported that curcumin, which improves nitric oxide–mediated degeneration in PC12 cells (Chen et al. 2006), markedly suppressed NFκB transcription induced by 6-OHDA in MES23.5 cells and hindered the intracellular accumulation of reactive oxygen species (ROS)(Wang 

et al. 2009). By these results, curcumin may be regarded as a potential agent for inhibiting MAOB, suggesting its potential application in the treatment of Parkinson's disease and other neurological disorders. Curcumin (500nM) also demonstrated the ability to impede MAOB activity through both competitive and noncompetitive inhibition. 
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Human studies of the pharmacokinetics of curcumin yielded results similar to those obtained from animal studies. Due to poor absorption, exhibits limited bioavailability in both plasma and tissues, rapid hepatic metabolism, and rapid intestinal elimination with peak plasma concentrations in humans of 0.41–1 .75 µmol/L after taking 4–8 g of curcumin (Cheng et al. 2001) (Wahlström and 

Blennow 1978). 

Curcumin's property of protecting neurons has been presented in some studies lately, in which a variety of animal models have been used. For example, an experiment described a protective effect of curcumin on the number of TH-positive neurons and the levels of striatal DA and its metabolites; DOPAC and homovanillic acid (HVA) against 6-hydroxydopamine (6-OHDA)-induced neurodegeneration in an animal model of PD (Zbarsky et al. 2005). Another study described the protective effects of curcumin on the damaged hippocampus in the 6-OHDA PD model, including significant improvements in mental status, weight gain, neurobehavioral, learning, and memory, dopamine, and norepinephrine levels, neural regeneration in hippocampal tissue and cells survival-related signaling pathways such as BDNF, TrkB and PI3K (Yang et al. 2014). Furthermore, Parkinson’s disease influences brain-derived neurotrophic factor (BDNF), a member of the nerve growth factor family responsible for diverse neurological functions (Velmurugan et al. 2018). Curcumin enhances neuronal regeneration by activating the Trk/PI3K signaling pathway, leading to a reduction in levels of tumor necrosis factor-α (TNF-α) and caspase activity, thereby increasing tissue BDNF levels 6-OHDA figure of PD (Yang et al. 2014) (Baj and Seth 2018). 

Recently, the neuroprotective effects of curcumin in a 6-OHDA animal model of PD have been 

investigated (El Nebrisi et al. 2020). The findings suggested that curcumin enhances the survival of TH fibers in the striatum and neurons in the SNpc, diminishes abnormal turning behavior, and exhibits neuroprotective effects, partially through an α7-nAChR-mediated mechanism. These studies provide evidence that α7-nAChRs could serve as a promising therapeutic target, with curcumin being the first natural agent reported to modulate nicotinic receptors in Parkinson's disease. 

Curcumin functions as a neuroprotective substance, possessing antioxidant, anti-inflammatory, free radical scavenging, mitochondria-protective, and iron-chelating properties. These attributes contribute to the elevation of dopamine levels in the brain (Khatri and Juvekar 2016). The engagement of curcumin with α7-nACh receptors adds to the supporting evidence for its potential neuroprotective function in Parkinson's disease. Furthermore, both  in vitro and  in vivo  studies in Parkinson's disease models have demonstrated a high level of safety for curcumin and its derivatives, with minimal reported toxicity. Hence, gaining a deeper understanding of curcumin's neuroprotective properties could carry significant therapeutic implications. The reviewed evidence reinforces the potential molecular and cellular impacts of curcumin in neurodegenerative disorders as an attractive strategy to improve the management and prognosis of PD. 

11.9   ASPARGUS  RACEMOSUS

 A. racemosus  is native to India, Sri Lanka, and the Himalayas, areas that host this tree at elevations ranging from 1,300 to 1,400 meters. The tree is also present in Australia and in various regions of Asia, and Africa (Alok et al. 2013). It is a woody, perennial climber and can reach a height of above 1–2 meters. The plant can survive on various types of soil, such as light, sandy, heavy, or rocky, and even in hot weather with little rainfall (Sharma et al. 2000) (Sachan et al. 2012). 

Various components of  A. racemosus, which displayed high free radical scavenging and also neurotropic modulatory properties in diseases related to neuron cell loss, find application in many South Asian traditional medicine systems as a therapy for various human diseases (Goel and Ojha 

2015) (Bhatnagar et al. 2013). The anti-PD compounds that exist in  A. racemosus include aerosol and rhamnose. 

In one study, LC–ESI–MS/MS analysis of the methanol extract of the roots of  A. racemosus revealed the existence of flavonoids, saponins, and shatavarin (Jayashree et al. 2015). In this study, the effect of  A. racemosus extract was evaluated in preventing tert-butyl hydroperoxide (t-BHP)-induced 
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mmol/kg body weight.  A. racemosus supplementation reduced the levels of lipid peroxidation products after treatment with t-BHP. Root extracts have been identified to consist of immunized, sarsasapogenin glycoside employed for its immunostimulatory properties (Sidiq et al. 2011).  A. racemosus  is used to treat stiffness in the limbs and as a memory stimulant (de Rus Jacquet et al. 2014). 

11.10   BACOPA  MONNIERI

 Bacopa monnieri  also known as Brahmi (BM), is a perennial herbaceous plant with many medicinal values. This plant belongs to the Scrophulariaceae family and is commonly grown in the wetlands of southern areas in India and Australia. Considering all Indian botanicals, BM has always been regarded as the optimal herb for treating brain disorders as well as improving cognitive functions (Chopra and Nayar 1956). It is known to have antioxidant, anti-inflammatory, anti-bacterial, neuroprotective, and potential abilities to enhance memory. BM extract (BME) is proven to be able to improve cognitive functions. Moreover, BME has been demonstrated via several studies that it imparts an anti-parkinsonism effect not only in transgenic but also in animal model systems induced by toxins; consequently, its potential efficacy against PD is reported. 

BME and its isolated compounds have been investigated in animal models of many different 

diseases. One study presented that by improving the function of superoxide dismutase (SOD), catalase, glutathione peroxidase (GPx), and glutathione reductase (GSR), Bacoside A could decrease oxidative stress in the brain. 

Furthermore, with the ability to induce the expression of stress-buffer protein hsp-70, BME 

reduced α-synuclein aggregation in terms of a  Caenorhabditis elegans model of 6-hydroxydopamine (6-OHDA)-induced Parkinson’s disease (Chowdhuri et al. 2002) (Jadiya et al. 2011). When experiencing a rat model of rotenone-induced PD, BME was able to enhance motor deficiency by cutting down on oxidative stress in the substantia nigra, hippocampus, striatum, cortex as well as brain stem regions. Furthermore, tyrosine hydroxylase (TH) effects and neural gene expression in the SN region of the brain were also improved by BME. It ameliorates motor activity and cognitive function in animal models of PD. As a result, it is seen that BME has great potential as an herbal treatment against PD. However, further studies are required to obtain deeper insights into the mechanism of action for use as a potential drug target in PD treatment. 

11.11   WITHANIA  SOMNIFERA

 Withania  somnifera,    or Indian ginseng, is a traditional medicine in India. It belongs to the family Solanaceae and began to be used over 4,000 years ago in the Indian traditional medicine system (Mishra, Singh, and Dagenais 2000). This botanical is grown in India, Africa, and the Mediterranean region. Root extracts of  W. somnifera, also known as Ashwagandha, possess steroidal lactones with ergostane, including withanone, withaferin, withanolides, withasomidienone, withanolide C and alkaloids about 0.2% and thus shows similarity to the active constituents of  Panax ginseng.  W. somnifera  has been presented in several studies that its extracts have many different therapeutic impacts such as a decrease in inflammation and oxidative stress or enhancement in memory and cognitive function (Russo et al. 2001) (Gupta, Dua, and Vohra 2003, Kaur et al. 2003) (Spelman et al. 2006). 

 W. somnifera has been proven to have plenty of potential, including antioxidant, memory enhancing, anti-Parkinsonian, and anti-inflammatory effects (Narinderpal, Junaid, and Raman 2013) (Mishra, Singh, and Dagenais 2000).   W. somnifera contains chemical compounds such as alkaloids (isopelletierine, anaferine, cuseohygrine, anahygrine, etc.), steroidal lactones (withanolides, withaferins), saponins, sitoindosides, and acylsterylglucosides (Rai et al. 2018). The main bioactive components of  W. somnifera include withanolides, withaferin A, withanolide A, withanolide D, and Anaferin (Bhasin et al. 2019). 

The use of withanolides to treat aspects of PD has been demonstrated several times (Akhoon 

et al. 2016) (Kuboyama, Tohda, and Komatsu 2005) (Vegh et al. 2021).   Withanolide A has been 

Plant Products for Treatment of Parkinson's Disease 

207

injury in Wistar rats. They were subjected to oxidative stress induction using t-BHP at a dosage of 1 

proven to induce axonal, dendrite, and pre-and post-synaptic regeneration in the neuron in a rat mmol/kg body weight.  A. racemosus supplementation reduced the levels of lipid peroxidation prod-PD model (Kuboyama, Tohda, and Komatsu 2005).   Withanolide A  also demonstrated proteolytic ucts after treatment with t-BHP. Root extracts have been identified to consist of immunized, sarsasa-effects for reducing α-synuclein levels by 38% in NL5901  Caenorhabditis elegans, a PD model, pogenin glycoside employed for its immunostimulatory properties (Sidiq et al. 2011).   A. racemosus  is proving a beneficial effect of  withanolide A  for PD patients (Akhoon et al. 2016). Additionally, used to treat stiffness in the limbs and as a memory stimulant (de Rus Jacquet et al. 2014). 

a root extract of  W. somnifera containing about 12% withanolides, alone or in combination with a water-soluble formulation of coenzyme Q10, increases activation of pro-survival astroglia and 11.10   BACOPA  MONNIERI

inhibits pro-inflammatory microglia. The combination of treatments also refrained oxidative stress, autophagy activation, pro-inflammatory microglia, and pro-survival astroglial activation in a PD rat Bacopa monnieri  also known as Brahmi (BM), is a perennial herbaceous plant with many medici-model (Vegh et al. 2021). How  W. somnifera  functions has been extensively studied. This herb has nal values. This plant belongs to the Scrophulariaceae family and is commonly grown in the wet-also been presented to prevent mitochondrial damage and increase ATP production (Vidyashankar 

lands of southern areas in India and Australia. Considering all Indian botanicals, BM has always 

et al. 2014). The use of  W. somnifera extracts displayed the neuroprotective effects of  W. somnifera been regarded as the optimal herb for treating brain disorders as well as improving cognitive func-against 6-hydroxydopamine (6-OHDA) induced parkinsonism in rats (Ahmad, Ansari, et al. 2005).  

tions (Chopra and Nayar 1956). It is known to have antioxidant, anti-inflammatory, anti-bacterial, 6-OHDA has been used as a pathogen in PD models to discover the molecular basis of cytotoxic-neuroprotective, and potential abilities to enhance memory. BM extract (BME) is proven to be ity and to study inflammation in neurons, including oxidative stress-activated neuronal cell death able to improve cognitive functions. Moreover, BME has been demonstrated via several studies (Hernandez-Baltazar, Zavala-Flores, and Villanueva-Olivo 2017). 

that it imparts an anti-parkinsonism effect not only in transgenic but also in animal model systems Additional proof of ashwagandha-mediated neuroprotection was published, demonstrating that 

induced by toxins; consequently, its potential efficacy against PD is reported. 

 withanolide A enhanced glutathione production in neuronal cells by raising GCLC levels via the BME and its isolated compounds have been investigated in animal models of many different 

Nrf2 pathway in a corticosterone-dependent manner throughout hypoxia (Baitharu et al. 2014). 

diseases. One study presented that by improving the function of superoxide dismutase (SOD), cata-W. somnifera root extract represents neuroprotective effects, increases the viability of SH-SY5Y 

lase, glutathione peroxidase (GPx), and glutathione reductase (GSR), Bacoside A could decrease cells, a PD model, and the expression of oxidative stress response that increases and regulates glu-oxidative stress in the brain. 

tathione peroxidase, and thioltransferase enzyme activities; peroxiredoxin I, VGF, and vimentin Furthermore, with the ability to induce the expression of stress-buffer protein hsp-70, BME 

increases intracellular ATP levels and to modulate redox control by reducing glutathionylated pro-reduced α-synuclein aggregation in terms of a  Caenorhabditis elegans model of 6-hydroxydopa-tein levels. These results indicate that  W. Somnifera is a promising key drug target for modulating mine (6-OHDA)-induced Parkinson’s disease (Chowdhuri et al. 2002) (Jadiya et al. 2011). When oxidative stress-induced cell damage and cell death. 

experiencing a rat model of rotenone-induced PD, BME was able to enhance motor deficiency by cutting down on oxidative stress in the substantia nigra, hippocampus, striatum, cortex as well as 11.12   GINKGO  BILOBA

brain stem regions. Furthermore, tyrosine hydroxylase (TH) effects and neural gene expression in the SN region of the brain were also improved by BME. It ameliorates motor activity and cogni-The natural habitat of  Ginkgo biloba (Gb)   is in China, Japan, and Korea.    Gb seeds possess medici-tive function in animal models of PD. As a result, it is seen that BME has great potential as an nal properties that exist in ancient Chinese herbs. GB is famous for its antioxidant, anti-inflamma-herbal treatment against PD. However, further studies are required to obtain deeper insights into the tory, anti-aging, and neuroprotective values. EGb761 is an extract from the  Ginkgo biloba leaves mechanism of action for use as a potential drug target in PD treatment. 

that has been described as an antioxidant and neuroprotective agent in different diseases, such as ischemia (Chandrasekaran et al. 2001), oxidative stress (Oyama et al. 1996), and induced β-amyloid 11.11   WITHANIA  SOMNIFERA

toxicity (Bastianetto et al. 2000). 

Evidence suggests that reactive oxygen species generation and oxidative stress are the primary Withania  somnifera,    or Indian ginseng, is a traditional medicine in India. It belongs to the family processes that take place in the substantia nigra pars compacta of Parkinsonians' brains, even though Solanaceae and began to be used over 4,000 years ago in the Indian traditional medicine system the precise cause of neuronal death in PMD is unknown. One hypothesis about EGb761's beneficial (Mishra, Singh, and Dagenais 2000). This botanical is grown in India, Africa, and the Mediterranean effects on Parkinson's disease is that monoamine oxidase activity is decreased or inhibited. This region. Root extracts of  W. somnifera, also known as Ashwagandha, possess steroidal lactones with enzyme metabolizes dopamine and induces the formation of free radicals, resulting in damage to ergostane, including withanone, withaferin, withanolides, withasomidienone, withanolide C and nigrostriatal neurons. Another hypothesis suggested the neuroprotective effect of EGb761 against alkaloids about 0.2% and thus shows similarity to the active constituents of  Panax ginseng.  W. som

6-hydroxydopamine,  1-met hyl-4 -phen yl-1, 2,3,6 -tetr ahydr opyri dine,  and  MPP+  toxins. 

 nifera  has been presented in several studies that its extracts have many different therapeutic impacts EGb761 presents 24% flavonoids and 6% terpenoids known as ginkgolides and bilobalides, 

such as a decrease in inflammation and oxidative stress or enhancement in memory and cognitive respectively. Because of its low molecular weight, which enables it to cross the hematoencephalic function (Russo et al. 2001) (Gupta, Dua, and Vohra 2003, Kaur et al. 2003) (Spelman et al. 2006). 

barrier, EGb761 has a variety of pharmacological effects on the central nervous system. 

 W. somnifera has been proven to have plenty of potential, including antioxidant, memory enhanc-Clinically, the effects of  Ginkgo biloba extract have been tested in a variety of neurological dis-ing, anti-Parkinsonian, and anti-inflammatory effects (Narinderpal, Junaid, and Raman 2013) 

orders, including PD, dementia, and vaso-occlusive and cochlea-vestibular disorders (Diamond et 

(Mishra, Singh, and Dagenais 2000).   W. somnifera contains chemical compounds such as alka-

al. 2000; Rojas et al. 2009). 

loids (isopelletierine, anaferine, cuseohygrine, anahygrine, etc.), steroidal lactones (withanolides, The inhibition or reduction of MAO activity is one possible mechanism for EGb761's beneficial withaferins), saponins, sitoindosides, and acylsterylglucosides (Rai et al. 2018). The main bioactive effects on Parkinson's disease (PD). This enzyme metabolizes DA and induces the formation of free components of  W. somnifera include withanolides, withaferin A, withanolide A, withanolide D, and radicals that can cause damage to nigrostriatal neurons (Rojas et al. 2004). They pre-treated mice Anaferin (Bhasin et al. 2019). 

with EGb761 and observed a protective effect against MPP+, which increases MAO activity. 

The use of withanolides to treat aspects of PD has been demonstrated several times (Akhoon 

Another possibility in terms of the neuroprotective effects of EGb761 is against the 6-OHDA, 

et al. 2016) (Kuboyama, Tohda, and Komatsu 2005) (Vegh et al. 2021).   Withanolide A has been MPTP, and MPP+ toxins. Specifically, 6-OHDA is a toxin used in experimental models to determine 

208  Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management dopaminergic function and evaluate the expression of neuroactive drug activity in the central dopaminergic system. The motor function may deteriorate as a result of nigrostriatal neuron degeneration brought on by direct 6-OHDA treatment in the substantia nigra or striatum. The effects of this toxin are thought to be due to the existence of different oxidants and free radicals, lipid peroxidation, GSH degradation, and defects in the mitochondrial complexes (Schober 2004). Parkinsonism was induced using the 6-OHDA toxin after pre-treatment with EGb761, and the recovery of behavioral activity and cell integrity was also observed (Ahmad, Saleem, et al. 2005).  Kim et al.   (2004) 

also performed pre-treatment with EGb761, followed by the introduction of 6-OHDA toxin (Kim et 

al. 2004). Their results report that the extract has a neuroprotective effect, as it reduces behavioral deficits such as immobility in rats. The use of levodopa, with or without EGb761, was compared by Cao et al. (2003) in rats that were orally administered 6-OHDA, and they observed that the combination reduced the toxicity of levodopa (Fei, Shenggang, and E-tang 2003). 

MPP+ is an active metabolite of the MPTP toxin that causes dopaminergic cell death through 

the inhibition of the mitochondrial complex I and induces parkinsonism. Rojas et al.   (2009) treated mice with EGb761 before the injection of MPP+ (Rojas et al. 2009). Their results indicated that in addition to regulating copper homeostasis in the animal brain, the extract had neuroprotective effects against this toxin. In another study, Rojas et al. (2008) used the MPTP toxin to induce parkinsonism in mice and treated the animals with EGb761 (Rojas et al. 2008). Their results suggest that EGb761 attenuates neurodegeneration and inhibits oxidative stress in the nigrostriatal signaling pathway. Gagné et al. (2003) investigated the antagonism of EGb761 against oxidative stress induced by MPTP and the nerve growth factor in PC12 cells (Gagné et al. 2003). According to their findings, the extract might have been able to fix the cells. Yang   et al. (2001) injected MPTP into rats pre-treated with EGb761 and evaluated its neuroprotective effects (Yang et al. 2001). Their results displayed a neuroprotective effect on PD models. Another study by Rojas et al. (2001) also found a neuroprotective effect of EGb761 over MPP+ based on its ability to protect the striatum and prevent DA depletion (Rojas et al. 2001). 

These reports resulted in a belief that a possible cause of PD or parkinsonism may be oxidative stress and it is possibly prevented effectively by EGb761. Oxidative stress is the result of the oxidation of MPTP to MPP+ by MAO-B. This ion is a neurotoxin that accumulates in the mitochondria of the dopaminergic neurons and blocks the activity of the respiratory chain. This inhibition triggers the generation of free radicals that cause neuronal death and results in the reversible loss of ATP. 

Human studies are warranted, due to its potential to reduce symptoms and enhance life quality for PD patients. Therefore, it can be concluded that  Ginkgo biloba extract may be a adjuvant in the treatment of Parkinson’s disease and may have beneficial and/or protective effects. 

CONCLUSION

Parkinson's disease is listed as one of the most rapidly growing neurological disorders all over the world. The medicine used for PD treatment at the moment is only aimed at reducing PD’s 

symptoms. In this situation, herbal medicine has gradually attracted attention in recent years as a potential therapy for PD. In this review, we summarized 11 types of medicinal plants as well as their effects on PD treatment. However, further studies and investigation are needed to understand the mechanism of all constituents in these botanicals. 
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12.1 INTRODUCTION

Dementia is a severe clinical syndrome characteristic of some neurodegenerative diseases represented by a set of symptoms and signs that manifest memory difficulties, language disorders (aphasia), impaired motor skills (apraxia), failure to recognize or identify objects (agnosia), impaired ability to execute with impaired ability to learn new information and retrieve previously learned material (Navarrete et al. 2000; Burns and Iliffe 2009; Rekatsina et al. 2020), psychological and psychiatric changes, as well as alterations in activities of daily living (Burns and Iliffe 2009).  

Dementia syndrome can be classified into different subtypes according to different pathogenic causes (Cao et al. 2020), among which are vascular dementia, dementia caused by brain injuries or toxic consumption, dementia caused by Lewy bodies, and frontotemporal dementia (Garre Olmo 

2018; Prince et al. 2013). 

In general, dementia progresses slowly, presenting symptoms and death within a period of 6 to 12 

years, one of the early symptoms being an alteration in the sense of smell with a deficit in the identification and sensitivity to smells (Navarrete et al. 2000). Olfactory dysfunction has been described in various neurodegenerative diseases such as Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's disease (HD), alcoholic Korsakoff syndrome, Pick's disease, Parkinsonian dementia complex of Guam, and amyotrophic lateral sclerosis (Mesholam et al. 1998). 

Until 2020, an estimated 50 million people in the world had a neurodegenerative disease that was associated with dementia, with 60%–70% of this population affected by Alzheimer's disease (Ferreira et al. 2014; Gómez-Virgilio et al. 2022; OMS 2020). Currently, more than 55 million people have dementia worldwide (OMS 2023), whose prevalence depends on the geographical area in which the records were carried out, occurring in 5%–8% of people over 60 years old in most regions of the world (Garre 2018; Prince et al. 2013). It is estimated that the number of people with dementia worldwide will reach 65.7 million in 2030 and 115.4 million in 2050 (Prince et al. 2013). 

Neurodegenerative diseases are the main causes that locate the dementia syndrome in the elderly. 

These disorders have as their main characteristic the alteration of neuronal cells due to a progressive, gradual, and generally symmetrical deterioration of the neurological system, which is reflected in decrease of the functionality and independence of the affected patient, observing a greater predisposition in adults over 50 years old, being the main cause of morbidity and mortality after 60 years old (Navarrete et al. 2000; Abril et al. 2004; Montoya and Rodríguez 2022). The age of onset of neurological deterioration in humans is related to the arrival of the elderly stage, in which a decrease in physiological, physical, and mental functions is observed, coinciding with the decrease in the concentration of gonadal hormones in the bloodstream from the age of 50, proposing this biological 214
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fact as one of the risk factors that predispose the appearance of neuronal deterioration processes (Navarrete et al. 2000), although the exact causes remain unknown because neurodegenerative diseases are multifactorial (Gómez-Virgilio et al. 2022). Risk factors that predispose to neurodegenerative diseases are genetic predisposition due to specific mutations for each disease, advanced age, low educational level, cerebrovascular diseases, traumatic brain injuries, high blood pressure, midlife obesity, diabetes, infections, physical inactivity, depression, social isolation, smoking, alcoholism, and air pollution (Brown et al. 2005; Livingston et al. 2020; Gómez et al. 2022). 

Neurodegenerative diseases present various symptoms, but in most cases the predominant symptom is progressive dementia, which originates due to the loss of function and death of cells of the central and peripheral nervous system that manifests as a product of exhaustion of progressive and symmetrical of neurons, causing a multiple cognitive deficit with impairment of the ability to learn and a tendency to forget what has been learned (Navarrete et al. 2000); therefore, memory, thinking, and the ability to perform daily activities are affected (OMS 2023). 

Typical physiological pathology of neurodegenerative conditions are neuroinflammatory implications and the synthesis of free radicals, the latter causing damage to cellular macromolecules such as: nucleic acids (DNA, RNA), lipids, and proteins (abnormal folding and aggregation), abnormal protein dynamics, defective protein degradation, resulting in mitochondrial dysfunction, oxidative stress, necrosis, and cell death by activation of apoptosis, as well as malfunctioning of cellular processes related to nucleic acid oxidation and lipid peroxidation (Liu et al. 2017; Singh et al. 2019; 

Rekatsina et al. 2020). 

12.1.1  planT-DeriveD biomolecules for The TreaTmenT of neuroDegeneraTive Diseases

The benefits of early diagnosis of neurodegenerative diseases include the initiation of symptomatic pharmacological treatments and psychosocial support, in addition to the treatment of comorbid conditions (Burns and Iliffe 2009). Emerging technologies promise to be a useful tool to identify possible therapeutic strategies based on potential biomarkers, drugs, biologics, and microorganisms to address neurodegenerative pathologies (Kumar and Bansal 2022). 

Currently, recent preclinical and clinical studies on the use of bioactive molecules in various diseases, including neurodegenerative diseases, added to the high diversity of molecules derived from the secondary metabolism of plants, propose the chemical compounds of plant extracts as a source alternative for the development of new drugs (Howes and Simmonds 2014; Kumar and Khanum 

2012; Sharifi et al. 2020)

However, the use of natural compounds obtained from plants in human health has not been a 

current fact, there are historical documents dating from the year 6000 BCE in which herbal therapies are registered to treat neurodegenerative diseases in various cultures around the world (India, China, Africa, and pre-Columbian America, especially the Inca and Aztec cultures) which have used plant extracts and its chemical components for centuries to prevent or cure neurological disorders (Sharifi et al. 2020). 

For this reason, current research regarding the search for alternative treatments of natural origin to counteract or prevent neurodegenerative diseases includes the use of plant-derived biomolecules whose mechanism of action is focused on inhibiting or regulating some physiological processes such as cell apoptosis, neurotoxicity caused by the accumulation of peptide molecules (Nowak et 

al. 2021; Le Chen et al. 2019), abnormal metabolism of apolipoprotein E, abnormal metabolism–

hyperphosphorylation of tau protein, extracellular accumulation of amyloid beta (Aβ) in the form of senile plaques in the brain parenchyma, abnormal glial cell function, defect in the autophagy process of proteins with aggregation potential in neurons, damage to cholinergic neurons, the generation of free radicals and the oxidative stress caused as an effect of these (Kumar et al. 2022; Nowak 

et al. 2021; Ma et al. 2019; Singh et al. 2019) with the aim of suppressing and regulating the inflammation process that results from these dysfunctional processes that culminate in the presentation of the first symptoms and development of neurodegenerative diseases. 
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Navarrete et al. (2000) reports that the damage in neurodegenerative diseases occurs with a decrease in acetylcholine concentrations affecting muscarinic and nicotinic receptors, causing oxidative stress derived from an excess of free radicals produced by the mitochondrial damage characteristic of neurodegenerative diseases; this damage is reflected in alterations in the production of ATP, in the exchange of sodium and calcium, and, finally, in the activation of lytic enzymes that damage the nucleus and membranes of neuronal cells. 

Many scientific reports have emerged showing the neuroprotective effect of secondary metabolism compounds found in plant extracts of some plants tested in neurodegenerative diseases, such as AD, PD, multiple sclerosis, and amyotrophic lateral sclerosis. Some of the plants that stand out with bioactive compounds with neuroprotective effects are mentioned in Table 12.1, which shows the source of obtaining and the effect at the molecular, cellular, physiological, of plant biomolecules in neurodegenerative diseases. 

The therapeutic effect of plant secondary metabolism compounds, such as derivatives of flavonoids, terpenes, anthocyanins, alkaloids, stilbenes, isothiocinates, carotenoids, pyranocoumarins, amide compounds, and organic acids have been studied and proposed as a complementary or alternative therapy to regulate the physiological processes that trigger neurodegenerative diseases (Shi 

et al. 2009; Shi et al. 2010; Singh et al. 2019; Sharifi et al. 2020; Shareena and Kumar 2022; Smith 

et al. 1996). The aim of this is to study the metabolic pathways of different bioactive compounds in order to understand their metabolism in AD, PD, and HD, with the possibility of creating new organic medicines or combined natural and synthetic drugs in the future.  

12.2   SIGNAL PATHWAYS OF BIOACTIVE COMPOUNDS 

IN ALZHEIMER’S DISEASE (AD)

Alzheimerś disease (AD) is the most common neurodegenerative disease. It affects memory and the ability to think, and the disease progression impairs the ability to perform daily tasks. More than 90% of AD cases are diagnosed in people over 65 years of age, although in some individuals it may manifest earlier. Worldwide, there are more than 50 million people suffering from dementia, according to 2018 statistics, and there will be 152 million by 2050. Of these people, 60%–70% 

suffer from AD; also by 2030, the projected economic burden is expected to be $2 trillion (Zhang 

et al. 2022b). Dementia is an umbrella term for a variety of neurological conditions that affect the brain and worsen over time. It is the loss of the ability to think, remember, and reason at levels that affect daily life and activities (Alzheimer .go v, 2023.). The most common causes of dementia are AD, cerebrovascular disease, Lewy body disease, Frontotemporal lobar degeneration (FTLD), Parkinson’s disease (PD), and Hippo campal sclerosis (HS). AD is estimated to be the leading cause of dementia in 60%–80% of cases (Iqbal and Iqbal 2010). Environmental, dietary, lifestyle, and genetic factors can contribute to the development and progression of AD. Several studies have hypothesized about the origin of AD pathogenicity. The main hypotheses proposed for the pathogenesis concerns amyloid deposition; other hypotheses are tau phosphorylation, oxidative stress, impaired intracellular signaling, metal ion dysregulation, and inflammation (Gorji et al. 2018). We suppose that AD causes can be related to one or more of these hypotheses, in addition to family heredity and type of diet. 

Currently there are few FDA-approved treatments for AD disease to treat symptom management 

(Brexpiprazole, Donepezil, Galantamine, Memantine, Memantine and Donepezil and Rivastigmine), a specific drug to treat AD (Lecanemab) and a drug with accelerated effect (Aducanumab). There are others in research studies; however, none of these drugs can cure or stop the disease National Institutes of Health (NIH) and National Institutes on Aging (NIA) 2023. 

Most of these treatments are acetylcholinesterase inhibitors, which are mainly used to treat the cognitive manifestations of AD (Gorji et al. 2018). Therefore, preventing the disintegration or dele-tion of acetylcholine, the substance present in the brain is a neurotransmitter that promotes communication between neurons, is considered important for memory and thinking. 
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222  Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management There is now a new drug called Leqembi (lecanemab-irmb), approved in January 2023 by the 

U.S. Food and Drug Administration (FDA). Leqembi is the first antibody directed against the beta-amyloid protein and works by reducing the amyloid plaques that form in the brain, a hallmark pathophysiological feature of the disease (FDA 2023). However, intracerebral hemorrhages can occur in patients treated with this class of drugs and can be fatal. Adverse events with rivastigmine, galantamine, and donezepil drugs have been related solely to gastrointestinal problems. Problems can cause discomfort in patients with AD over the years; however, it is not clear how long-lasting these effects are (Takeda et al. 2006). Moreover, several studies reveal that these drugs have a good effect on AD disease. However, the therapy of these drugs is limited since, to date, there is no drug that completely cures AD. An alternative to the use of synthetic drugs is traditional medicine or the use of bioactive compounds that provide neuroprotective effects. 

Throughout time, medicinal plants have been used to treat various ailments worldwide. New 

emerging technologies, such as nanoparticles or phyto-nanotechnology, are a resource that can be used in the future because, due to their characteristics, they can cross biological barriers, effectively distribute the active ingredients of drugs or bioactive compounds, and serve as a target therapy for AD. 

12.2.1  aD-associaTeD genes, proTeins, enzymes, anD cells

To understand how bioactive compounds directly influence AD, it is first necessary to know which genes, cells, and molecules are most involved in this disease. 

AD is mainly characterized by an accumulation of amyloid-β (Aβ), a 40-42-amino acid pep-

tide, which tends to form plaques in the brain that affect neuronal synapses. Aβ is derived from the precursor protein APP, which is a type 1 glycoprotein. APP is cleaved into two pathways, the amyloidogenic and the non-amyloidogenic cleavage pathway, the former produces Aβ (key step for AD generation) while the latter does not. The factors that switch from the non-amyloidogenic to the amyloidogenic pathway are unknown (Wang et al. 2023). 

Another factor contributing to the progression of AD is the hyperphosphorylation of tau protein, the main component of neurofibrillary tangles (NFT), composed of hyperphosphorylated tau. A precursor of Tau and Aβ is the phosphokinase glycogen synthase kinase 3b (GSK-3β), although steps in this processing are still unknown (Wang et al. 2023). The abnormally hyperphosphorylated tau protein is cleaved from the microtubules and its concentrations in the cytosol increase, resulting in NFTs. 

Dementia genes in late-onset AD (LOAD): APP, PSEN1, PSEN2, GRN, MAPT, and PRNP; 

however, GRN, MAPT, and PRNP are not major contributors to LOAD (Sassi et al. 2014). The early onset of AD (EOAD) represents a low percentage of 5% of total AD cases, with symptoms appearing before the age of 65 and is attributed to several mutations of amyloid precursor protein (APP), presenilin 1 and 2 (PSEN1 and PSEN2) (Giau et al., 2019). However, a study indicates that mutations in APP and PSEN1 are commonly found in patients with EOAD, but mutations in PSEN2 

are rare in these patients (Giau et al. , 2019). While EOAD is due to early expressed genetic factors, LOAD is possibly caused by a more complex interaction between genetic and environmental factors (Zhang et al. , 2022b). 

Currently, three genes are known to be associated with autosomal dominant AD: APP, PSEN1, 

and PSEN2. There are also other genes associated with this pathology APOE, MAPT, SORL1, and TREM2. There are many mutations found in these genes, which are part of AD. For updated information on the mutations and function genes AD, we recommend viewing the following web pages: (http://www .alzforum .org /mutations) and (https://www .genecards .org). 

Microglia are cells that are part of the central nervous system (CNS whose function is the immune response. They are activated upon encountering damage, infection, or inflammation, upon detection produces several cytokines, chemokines, and other molecules that are part of inflammatory processes. This response is beneficial to eliminate damaged cells or invasion of microorganisms; 
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however, overstimulation can contribute to neurological problems when it becomes chronic or deregulated as in AD. Microglial cells have a double-sided role, that is, they have two phenotypes: M1 is harmful and M2 is neuroprotective. Therefore, M1 that provides an overactivated inflammatory response, by inhibiting it by switching to the M2 phenotype, may be a strategy used as a therapeutic target against the neuroinflammatory process (Zhang et al. 2019). 

Table 12.2 presents the functions that genes, proteins, or enzymes have directly on AD. Activation or inhibition of these can be considered as a target therapy to treat AD. 

12.2.2   bioacTive compounDs sTuDies in aD anD Their meTabolic paThways

As the brain ages there is an increase in proinflammatory signaling and a decrease in anti-inflammatory protection (Parada et al. 2015). Many bioactive compounds from medicinal plants submit antioxidant and anti-inflammatory effects, which can be used to prevent or accompany therapies for neurodegenerative diseases. 

Bioactive compounds or phytochemicals come from the secondary metabolism of plants and 

are produced in response to different environmental factors or for plant defense against herbivore, climatic conditions, and insect attacks. There are thousands of molecules that are part of these compounds with diverse biological activities that have been investigated, some of them for therapeutic purposes, since they have antibacterial, anti-inflammatory, anticancer, antiparasitic, and antioxidant properties. The following are some metabolic pathways and their relationship with bioactive compounds involved in AD. The main bioactive compound in fruits, vegetables, and medicinal 

plants are flavonoids; these activate the neuronal survival pathways ERK,P13K/Akt,PKC and inhibation JNK y p38. Akt is involved in tau protein inhibition, JNK and p38 MAPK pathways regulate the activity and expression of inflammatory molecules such as cytokinins (Khan et al. 2020).  

Flavonoids, in general, can decrease ROS because they activate antioxidant enzymes. Also, they can modulate apoptosis-related markers, including Caspase-3, Bax-Bcl-2, and peroxisome proliferator (Khan et al. 2020). 

12.2.2.1   Epigallocatechin 3-Gallate Inhibits NLRP3 and TLR4/NF-KB Activation Pathways

One of the most studied bioactive compounds in AD is epigallocatechin 3-gallate (EGCG), a 

polyphenolic compound found in higher proportion in green tea from  Camellia sinensis. Previous research has revealed that epigallocatechin gallate (EGCG) can cross the blood–brain barrier (BBB) and have a neuroprotective effect (Sommer et al. 2012; Adachi et al. 2006). A study showed that EGCG molecules establish hydrogen bonds with individual stacked tau molecules, occupying the hollow sites, allowing the fibril architecture disruption  in vitro (Seidler et al. 2022). 

Various mediators originating from inflammatory cells may contribute to the progression of 

AD. Inflammatory processes can be triggered by microorganism infection, cell damage, and toxic compounds, which trigger the activation of metabolic pathways as part of the immune response system. Activation of mediators like nucleotide oligomerization domain, like receptor family pyrin domain containing 3 and Toll-like receptor 4/Nuclear transcription factor-κB (NLRP3 and TLR4/

NF-κB) plays an important role in microglial inflammation, implicated in AD progression. A study showed that EGCG inhibits NLRP3 and TLR4/NF-κB activation pathways, which leads to microglial inflammation and neurotoxicity (Zhong et al. 2019). 

Another study mentions that irradiation at 670 nm with laser light in SH-EP cells, internalized with Aβ aggregates and treated with EGCG, allows the irradiation force of the cells to rapidly absorb larger amounts of EGCG and other cytostatic compounds (Sommer et al. 2012). Although this type of treatment has been tested only  in vitro, near-infrared light therapy at the intercranial level in patients with acute stroke has been tested and remains in the development stage. This type of therapies in conjunction with bioactive compounds supplied orally may be a possible development for diseases such as AD. 
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Notch, Hes1 Genes, and P13K/AKT/GSK-3B Pathway

Curcumin is the largest active ingredient found in turmeric rhizome or  Curcuma longa. Turmeric has around two hundred bioactive compounds, some properties are: anti-microbial, anticancer, antioxidant, hypoglycemic properties and have been shown to be effective against AD (Wu et al. 2020).  

Curcumin is used to manage mental disorders effectively in China and India. It has been demonstrated to cross the BBB (Wang et al. 2023)

Curcumin reduces the plaques of Aβ deposits present in AD by downregulating expression of 

an enzyme that intervenes in the formation of the b-amyloid protein known as BACE1, improving spatial learning, memory, attenuating hippocampal oxidative damage, and preventing degradation synaptic (Zheng et al. 2017; Wang et al. 2023). 

In a study carried out on glial cells exposed to an oxidizing agent and a proinflammatory agent (RO/LPS), which reduce the viability of these cells by 50%, it was shown that curcumin provides protection in microglial cells by ROS, iNOS, TNF, and pro-inflammatory cytokinins, on the contrary increasing the production of anti-inflammatory cytokinins. These protective effects of curcumin are dependent on the induction of the antioxidant enzyme HO-1 of microglial cells (Parada et al. 2015). 

In addition, curcumin activates proliferation, enhances neurogenesis, and improves learning, memory, and cognitive impairment in neural stem cell (NSC) of AD mice by upregulating expression of self-renewal genes: Notch and Hes1, and augmentation of CDK4, Cyclin D1, NICD, and 

Hes1 protein (Li et al. , 2019). 

A study shows that curcumin eliminates the protein GSK-3β involved in APP and O-GlcNAcylation processes related to AD (Wang et al. 2023). This study proposes a GSK-3β as a potential target in the treatment of AD. Additionally, curcumin induces the expression of antioxidant enzymes such as SOD, CAT, and GPX that block the action of ROS, reducing oxidative stress in AD (A. V. Atoki 

et al. 2023). On the other hand, GSK-3β activates the phosphorylation of the tau protein, a prepon-derant factor for the progression of AD (Kitagishi et al. 2014). Also, GSK-3β is part of a metabolic pathway called phosphorylated phosphatidylinositol 3-kinase, phosphorylated Akt, and phosphorylated glycogen synthase kinase 3 beta (p-PI3K/Akt/ GSK3β); it is a very important pathway for cell survival and for the control of AD pathogenicity (Ali et al. 2018). This pathway can be used as a target for AD therapy. Curcumin neuroprotection may be mediated by the PI3K/AKT pathway 

(Kitagishi et al. 2014). This pathway activates several intermediates, including insulin, pro-inflammatory molecules such as cytokines, cell survival, and cellular stress, all of which are linked to AB, neurofibrillary tangles that cause neuronal atrophy (Kumar and Bansal 2022). Also, it may conduce to delay the progression of AD and is able to protect cells from neurotoxicity caused by Aβ. One way to inhibit tau hyperphosphorylation is by activating Akt, which ensues upon leptin signaling this phosphorylates GSK3β on Ser9 and thereby inhibits GSK3β activity, and thus weakens the hyperphosphorylation of the tau protein and inhibits NFT formation (Garza et al. 2012). 

Other mechanisms of action of curcumin have been associated with its ability to modulate 

PSEN1/2, enhancing the expression of catabolic enzymes involved in the elimination of Aβ (Castillo 

et al. 2024). 

Curcumin is involved in TLR4/NF-κB and TREM2 pathway, which is instrumental in modu-

lating microglial activation and neuroinflammation. TLR4/NF-κB activates microglia M1, which induces the expression of proinflammatory cytokinins. TREM2 is a unique microglial immune 

receptor involved in the down-regulation of CNS neuroinflammation. In addition, curcumin alleviate LPS-induced inflammation by reducing the imbalance between TREM2 and TLR4 and balanc-

ing the downstream activation of NF-κB (Zhang et al. 2019). 

12.2.2.3   Anthocyanins Increasing Lamp1, Cathepsin D, and Nrf2 Pathway

Anthocyanins are bioactive compounds that belong to flavonols and are classified within phenolic compounds. They are present in berries and have great antioxidant potential that intervenes in the 
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regulation of free radicals generated from Aβ present in AD (Afzal et al. 2019). Anthocyanins are able to cross the blood–brain barrier and can prevent: oxidative stress, decrease the formation of tau phosphorylation measured by Aβ, mitochondrial dysfunction, and improve memory related pre-and postsynaptic protein markers and apoptosis (Belkacemi and Ramassamy 2015; Ali et al. 2018).  

Also they have a neuroprotective antioxidant role by directly influencing the process of autophagy (Whyte et al. 2020; Ali et al. 2018; Menzies et al. 2017). Autophagy is part of a process that serves to capture from the cystoplasm those organelles or protein aggregates such as Aβ and tau whose final step is the elimination of these compounds by lysosomes and is also considered a protective factor against neurodegeneration (Menzies et al. 2017). 

One of the main bioactive compounds present in blue berry extracts is protocatechuic acid (PCA), which promotes autophagy and therefore neuronal viability. PCA has different action paths in cells exposed to fragments of amyloid plaques, Aβ

, by decreasing ROS and lactate deshidrogenasa 

25-35

(LDH), increasing LAMP1 and Cathepsin D proteins, and improving cell viability (Li et al. , 2022).  

These two aforementioned proteins are constituents of the lysosomal network; the perturbation or reduction of these proteins has been tested in amyloid precursor protein/presenilin-1 (APP/PS1) mouse model of AD (Whyte et al. 2020). 

Anthocyanins supplementation increased the nuclear translocation of Nrf2 and decreased the 

cytoplasmic expression of Nrf2 in the APP/PS1 (Ali et al. 2018). Other bioactive compounds like hesperetin, naringenin, quercetin, luteolin, amentoflavone, resveratrol, and bilobalide derived from Ginkgo biloba leaf have been reported to bind to the ATP-binding site on enzymes and receptors, activate PI3K/Akt and PKC, protect neurons from cell death, and ameliorate cognition and memory deficits. Many of these polyphenol compounds regulate antioxidant enzyme expression by activating the Keep1/Nrf2 signaling pathway (Naoi et al. 2019). 

12.2.2.4   Interaction between Bioactive Compounds and 

Molecules Involved in the Progession of AD

There are several signaling pathways involved in AD, such as Wnt/β-catenin, Notch, ROS/JNK, and PI3K/Akt/mTOR, and there may be crosstalk between them (Ege 2021). Polyphenols regulate antioxidant enzyme expression by activating the Keep1/Nrf2 signaling pathway (Naoi et al. 2019).  

Figure 12.1, shows a brief summary of the origin of AD and how bioactive compounds can act to stop progression.  

12.3   SIGNAL PATHWAYS OF BIOACTIVE COMPOUNDS 

IN PARKINSON’S DISEASE (PD)

As defined by medical sciences, PD is a progressive movement disorder whose most common 

symptoms are body tremor when at rest, body rigidity, bradykinesia, and postural instability (Wang et al. 2021) . It is estimated globally that more than 6 million people are affected by this disorder, and it is believed, according to advances in science, and the detection of the characteristic conditions of the disease, that the incidence rate will be two to five times more in a period of 30 

years (Tolosa et al. 2021). This disease is characterized by the loss of dopaminergic neurons in the substantia nigra and the presence of Lewy bodies in the midbrain (Blauwendraat et al. 2020).  One of the mutations identified associated with the disease was the change of alanine to threonine in position 53 of the gene that codes for the α-synuclein protein. Consequently, genes with Mendelian inheritance related to PD were added to this gene, exponentially increasing the risk (Wang et al. 

2021), directly involving 33 loci and 19 genes. Observations made in the evolution of the disease have proposed that (a) many causes can manifest as a clinical picture of similar appearance, (b) the disease manifests with highly variable symptoms and progressive patterns between individuals and, (b) the needs and priorities of each person with Parkinson's vary widely, giving the notion that PD is unique to each person, thus inferring that, globally, there are 6 million variants of the disease (Bloem et al. 2021). 

[image: Image 15]
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FIGURE 12.1  The main factors that contribute to Alzheimer's disease and can affect the synapses between neurons are mainly due to the formation of amyloid beta (Aβ) plaques and the hyperphosphorylation of tau proteins, the main component of neurofibrillary tangles (NFT). The precursor of both is glycogen synthase kinase 3b (GSK-3β). On the other hand, bioactive compounds such as curcumin and epigallocatechin 3-gallate (EGCG) can inhibit the overexpression of inflammatory modulators such as JK, ERK, and p38 which come from the MAPK pathway that are activated by Aβ and can also help inhibit ROS by activating antioxidant enzymes and inducing Akt activation. Thus, assisting in the control of AD progression. 

The main affected population is older adults over 40 years of age. Between genders, the disease has different forms of expression, giving a greater advantage to the female sex over the male (Bloem et al. 2021). Post-mortem brain observation of patients with Parkinson's in 1992 created the hypothesis that oxidative stress leads to neurodegeneration of autosomal dominant neurons, which has gained strength with the accumulation of evidence since its original approach (Wang et 

al. 2021), having a important role during the pathogenesis of Parkinson's. In response to oxidative stress, eukaryotic cells have developed an antioxidant defense system that includes enzymatic and non-enzymatic compounds, which mitigate ROS, which cause oxidative stress (Ren and Léveillard 

2022). Additionally, the intake of foods or natural supplements rich in bioactive compounds, which can be easily metabolized by the human body, can help effectively combat oxidative stress and, consequently, improve the quality of health (Ali et al. 2021). 

After Alzheimer's, PD is the second most common neurodegenerative disorder, which mainly 

influences adequate motor functioning, having characteristic symptoms such as tremor, rigidity, bradykinesia, and postural instability, in addition to including some other non-motor disorders such as alterations in the circadian cycle, changes in mood, and cognitive impairment (Chopade et al. 2023).  

Although the exact cause of PD is still unknown, it is associated with the α-synuclein gene (SNCA) as the gene that causes the autosomal dominant form of PD (Funayama et al. 2023), in conjunction with various processes involved, such as neuroinflammation, mitochondrial dysfunction, oxidation stress, and defective protein homeostasis (Chopade et al. 2023). The misfolding of α-synuclein is recognized as the main pathological hallmark in the development of PD; however, more than 20 

genes involved in the development of the disease are recognized (Surguchov 2022). The purpose is 
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to understand the molecular mechanisms of PD; however, the variants that occur between individuals is still a challenge. The easiest mutations to identify in patients with and without symptoms are those of the LRRK2 gene at position Gly2019Ser, and the pathogenic variants of the gene PARK7, PRKN (PARK2), GBA, and VPS35, some of them involved in mitochondrial function. and mitophagy (PARK2) and possibly in participation in lysosomal and trafficking pathways (PARK7, PRKN, GBA, VPS35) (Blauwendraat et al. 2020). The misfolding of α-synuclein generates the presence of Lewy bodies and the loss of dopaminergic neurons, developing a dopamine deficiency, leading to the manifestation of classic parkinsonian motor symptoms (Surguchov 2022; Lee et al. 2022). 

In clinical practice for the early detection of PD, more than 15% of the population with the disease is incorrectly diagnosed, coupled with the presence of comorbidities, making the diagnosis even more difficult (Bloem et al. 2021). In this regard, Frank et al. (2023) propose that PD should be considered in any patient who presents any of the following symptoms: parkinsonism, problems maintaining balance, and PD symptoms not related to motor functions (Frank et al. 2023). Some of the characteristics that support the correct diagnosis of PD are (a) positive response to dopaminergic therapy; (b) movements of the trunk and neck (dyskinesia) induced by a dose of levodopa, symptoms that usually appear several years after the onset of PD; (c) positive response to the diagnostic test for loss of smell, tremor of a limb at rest, or to the scintigraphy test; (d) micrography; and (e) study of symptoms related to non-functioning motor (Frank et al. 2023). 

The incidence numbers of PD have increased considerably, going from 5 cases per 100,000 individuals, to more than 35 per 100,000 individuals annually with a prevalence rate of less than 1% in men and women aged 45 to 54 years and more than 4% of the male population and 2% of the female population over 85 years of age (Simon et al. 2019). 

Given that the main pathologies involve an increase in ROS and low activity of antioxidant 

enzymes (Table 12.3), it is important to mention what the main role of oxidative stress is, and how this pathology can be treated.  

TABLE 12.3

Genes Identified and Associated with PD, and Their Function within the Cell

Modified 

Gene

Protein

Characteristic

Main Pathology

SNCA

α- synuclein

Polypeptide of 140 

Main component of Lewy bodies. 

amino acids

Hereditary gene from the PD gene family. It generates 

fragmentation in the mitochondria, limiting the 

exchange of Ca+2 and generating ROS. 

Parking

Cytosolic E3 ubiquitin 

465 amino acid 

Controls the production and death of mitochondria. 

ligase

protein

PINK1

PTEN-induced 

Mitochondrial 

Causes early onset of PD. Reduces ATP synthesis. 

putative kinase 1

protein

Minimizes respiration of the mitochondria. Increases 

the aggregation of α-synuclein. 

DJ-1

Deglycase DJ-1

Neuroprotective 

The DJ-1 gene mutation makes cells more vulnerable 

protein

to oxidative stress. 

LRRK2

Leucine-rich repeated 

Cytoplasmic 

Phosphorylates proteins. Related to vesicular and 

kinase-2

kinase

membrane transport, protein exchange. Regulates 

lysosomal degradation. 

Increases the generation of ROS, and sensitivity to 

H O . 

2

2

Interaction with 

Phosphorylation of PRDX3 results in increased ROS, 

peroxiredoxin 3 

lowered peroxidase activity, and increases the 

(PRDX3)

probability of cell death. 

 Source: (Wal et al. 2018; Fernández-Pajarín et al. 2023)
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Oxidative stress (OS) is defined as “imbalance between the levels of ROS produced and the ability of a biological system to easily detoxify reactive intermediates or to repair the resulting damage, creating a dangerous state that contributes to cellular damage” (Ji and Yeo 2021). 

The ROS produced by cells are the following molecules: superoxide anion (O -), hydroxyl radical 2

(OH), hydrogen peroxide (H O ), and nitric oxide (NO) (Zhang et al. 2022b)

2

2

In eukaryotic cells, mitochondria are the main source of ROS, producing O - in complexes I 

2

and III of the electron transport chain, which can easily cross the inner membrane of the mitochondria and interact with other molecules to form secondary ROS, with high reactivity that can damage DNA, purines, pyrimidines, deoxyribose, which could lead to mutation (Wang et al. 2021).  

In response to these types of reactions, cells have developed an antioxidant defense system, which includes enzymatic compounds (Glutathione peroxidase, GPx; superoxide dismutase, SOD; catalase, CAT; and other peroxidase enzymes; and non-enzymatic compounds (thioredoxin, Txn ; glutathione, GSH; vitamin C; Vitamin E; β-carotene, among others) that eliminate ROS, maintain homeostasis, and protect the cell from damage (Demirci-Çekiç S et al. 2022). In patients with PD, mitochondrial dysfunction, activation of oxidases, dopamine metabolism by autoxidation and an accumulation of iron (Fe+2) are recognized as the main sources of OS (Table 12.4). Additionally, high levels of lipids modified by oxidation, proteins, DNA and RNA, as well as low levels of antioxidant enzymes such as CAT, and GPx, high SOD activity, and low levels of GSH, in postmortem brain tissue of patients with PD give evidence of the presence of OS.  

The antioxidant system of eukaryotic cells is mainly regulated by three cellular components, Keap1, Nrf2, and ARE. This Keap1/Nrf2/ARE complex is a signaling pathway that regulates the expression of a wide range of antioxidant genes (Chakkittukandiyil et al. 2022). 

12.3.2   bioacTive compounDs anD paThways in pD

12.3.2.1   GIinsenosides – AKT Pathway Activation in PD

Ginseng has been used as an alternative medicinal herb for many years and participates in different ways, one of which is the prevention of damage caused by ROS. It also stimulates the release of NO. Recent studies have proven its efficacy in neurodegenerative diseases such as PD. The bioactive compounds responsible for the pharmacological action of ginseng are the ginsenosides, which may be useful for the treatment of neurodegenerative diseases such as PD and AD (Lü 

TABLE 12.4

Main Sources of OS in Cells and Their Relationship with PD

OS Source

Mechanism

References

Mitochondrial dysfunction

Disruption of the electron transport chain due to dysfunction of 

(Eldeeb et al. 2022)

complex I and III, triggering excessive production of ROS. 

Beginning of the autophagy/mitophagy process to eliminate 

damaged mitochondria. 

Oxidase activation

Transfer of electrons across the plasma membrane from NADPH 

(Keeney et al. 2022)

to oxygen, to generate O - and subsequently H O  and OH. 

2

2

2

The oxidase (NOX) family is highly expressed in various regions 

of the brain. It becomes an emerging source of OS in people 

with PD. 

Dopamine autoxidation

Dopamine is stored in high millimolar concentrations in synaptic 

(Sundar et al. 2022)

vesicles. Excess dopamine that is not stored in the vesicles 

undergoes degradation. 
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et al. 2009). Around 40 ginsenosides have been identified (Lü et al. 2009). Ginsenosides have direct action on the central nervous system and the peripheral nervous system through the regulation of several types of ion channels. The ginseng root contains 2%–3% ginsenosides of which Rg1, Rc, Rd, Re, Rb1, Rb2, and Rb0 are the most important (Lü et al. 2009). Ginsenoside Rg1 

has been shown to have neuroprotective effects. It has been used specifically in MES23.5 cells with 6-OHDA-induced toxicity in MES23.5 cells with toxicity induced by 6-hydroxydopamine 

(6-OHDA) a neurotoxic agent of dopaminergic neuronal death by inducing ROS, mitochondrial 

oxidative damage altered kinase signaling, including (PI3-K)/Akt pathway and mitogen-activated protein kinases (MAPKs) pathway, the action of Rg1 influences the activation of the Akt metabolic pathway phosphorylation, inhibiting ERK1/2 phosphorylation and upregulation of Bcl-2 

gene (Ge et al. 2010; Kulich and Chu 2001). In similarity with the previous study, the ginsenoside Rg1 possesses estrogen-like activities showing protective effects on dopaminergic neurons in 6-OHDA-induced rat models in PD; this effect may be attributed to attenuation of iron overload and anti-apoptosis (Xu et al. 2008). 

12.3.2.2   Silibinin and Downregulation of Inflammasome Pathways in PD

Silibinin is a flavonoid derived from milk thistle of the species  Silybum marianum. Studies have shown it has a neuroprotective effect in MPTP (1-Me thyl- 4-phe nyl-1 ,2,3, 6-tet rahyd ropyr idine  is a neurotoxin that can induce parkinsonism) induced murine models of PD (Lee et al. 2015). MPTP is also called  mitochondrial complex I inhibitor and like PD induces the selective loss of dopaminergic neuron in the nigrostriatal pathway. 

Another study showed that prolonged treatment with silibinin in murine models decreases cata-lepsy, TNF-α, IL-6, IL-1β levels and decreases Bax/Bcl-2ratio, caspase-3 and downregulated toll-like receptor 4 (TLR4), thus, reducing oxidative stress and neuronal apoptosis of PD, so that a long-term therapy with silibinin offers an improvement in PD symptoms, being a potential treatment (Brooshghalan et al. 2023). Furthermore, this study demonstrates in molecular docking that there were hydrophobic and hydrogen bond interactions between silibinin and TLR4. Downregulation or absence of TLR4 reduces the development of PD-associated neuroinflammation via NF-κB, AP-1, and inflammasome pathways (Campolo et al. 2019). Consistent with this silibinin attenuates Aβ25-35-induced memory deficits in rats by modulating autophagy and neuroinflammation as well as oxidative stress, increased glutathione (GSH), thus being a potential candidate in the treatment of AD and PD (Song et al. 2017; Brooshghalan et al. 2023). 

12.3.2.3   Consumption of Biocompounds in Relation to Keap1/NRF2/ARE Complex 

Nrf2 is a transcription factor belonging to the CNC family, which consists of 605 amino acids. It is involved in redox signaling, in lipid and iron metabolism, and in antioxidant and anti-inflammatory responses (Saha et al. 2022), linked to an adapter protein (Keap1), which remain in the cytoplasm. 

Under normal conditions, the Keap1 protein activates Nrf2 ubiquitination and degradation. When conditions exceed the tolerable limit, the Keap1 protein is exposed to excess ROS and reactive nitrogen species (RNS), undergoing conformational changes in its structure, leading to the release of the transcription factor. Released Nrf2 is translocated to the nucleus, where it enters phase 2 of the antioxidant response element (ARE) and activates the transcription of genes of the antioxidant defense system, such as the enzymes SOD, CAT, among others (Thiruvengadam et al. 2021). 

This transcription pathway emerges as an alternative for the treatment of diseases where OS 

plays a key role, such as diabetes, fibrosis, neurotoxicity and cancer. 

Phytochemicals with molecules produced by plants, which, when consumed, provide a beneficial effect on health, are commonly called bioactive compounds. It has been suggested that the consumption of these biocompounds may act as a modulator of the antioxidant defense system (Nrf2/

ARE) in the treatment of chronic and acute diseases, by effectively regulating the Nrf2 gene through epigenetic modifications, which include the modification of histidines, microRNA (miRNA) alterations, DNA methylation, among others (Gugliandolo et al. 2020). 

[image: Image 16]
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It has been identified that the Nrf2 pathway can be activated by organosulfur compounds, polyphenols, and isoflavones (Table 12.5), and their bioavailability, when consumed, is essential for maintaining health. Figure 12.2 presents the mechanism of expression of the antioxidant defense system by the Keap1/Nrf2/ARE complex. 

The process of absorption, metabolization, transport, and distribution of the bioactive compounds that are consumed can affect their structure and bioactivity by interacting in the gastrointestinal tract with other components such as lipids, proteins, and carbohydrates (Câmara 

et al. 2021). 

The metabolism of bioactive compounds begins in the oral cavity, where, due to the action of glucosidase enzymes, the greatest release of compounds occurs. After release, the biotransformation of these biocompounds occurs in the gastrointestinal tract, which will determine the degree of bioavailability prior to absorption and circulation in blood vessels. Metabolization occurs in two phases (Wang et al. 2021): the bioactive compounds reach a degree of oxidation, reduction, and hydrolysis, where their structure changes (Tolosa et al. 2021), and reduction of the degree of toxicity that these compounds may present, or their total elimination, by the action of enzymes with sulfat-ing or methylating activity (Câmara et al. 2021).  

TABLE 12.5

Interaction of Bioactive Compounds on the Expression of Nrf2

Source

Observation

References

Raspberry (cyanidin 

Expression of Keap1, Nrf2, ϒ-GCS proteins. 

(Chen et al. 2019)

3-O-glucoside)

It increased the content of GSH, and the activity of CAT. 

 Chenopodium formosanum 

It increased GSH content and SOD activity, as well as 

(Chu et al. 2022)

(quercetin and rutin)

greater expression of Nrf2. 

 Polygonatum sibiricum

Regulation of the Nrf2/ARE pathway in mammals with 

(Wang et al. 2021)

ethanol-induced liver stress, demonstrated by an increase 

in Nrf2 mRNA and proteins. 

Acai berry

Less aggregation of SNCA in neuronal tissue, greater 

(D’Amico et al. 

activity of tyrosine hydroxylase and the dopamine 

2022)

transporter. Less neuronal death. 

FIGURE 12.2  Mechanism of expression of the antioxidant defense system by the Keap1/Nrf2/ARE complex. 
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12.4   SIGNAL PATHWAYS OF BIOACTIVE COMPOUNDS 

IN HUNTINGTON’S DISEASE (HD)

Although Huntington's disease (HD) is a very rare inherited disease, It has been reported as the most common polyglutamine disorder, which causes severe degeneration of neurons, causing abnormal and intense involuntary movements, emotional problems, and loss of cognitive ability (McColgan 

and Tabrizi 2018; Snowden 2017). HD is caused by cytosine–adenine–guanine (CAG) triplet repeat expansion mutations in exon 1 of the HTT (huntingtin) gene, which is autosomal dominant (Bates 

et al. 2015). Huntingtin plays a role in protein trafficking, vesicle transport, postsynaptic signaling, transcriptional regulation, and apoptosis (Gil and Rego 2008) The normal CAG range in humans is 15–21 or less than 35 (Cohen-Carmon and Meshorer 2012; Podvin et al. 2022). However, between 36 and 121 repeats of the CAG trinucleotide result in the production of pathological proteins known as mutant huntingtin (McColgan and Tabrizi 2018); therefore, HD develops in adulthood in patients with 40–50 repeats of CAG; also, expansions of 60 CAG repeats cause an earlier age of onset and faster disease progression (Capiluppi et al. 2020). 

It has been shown that huntingtin (formed 3144 aa or 350 kDa) is a protein that has no enzymatic activity or conserved functional patterns except that proteins with polyglutamine tracts are often transcriptionally active and huntingtin presents HEAT repeats common to various protein scaffolds (Maiuri et al. 2019). Interactome studies have shown the presence of huntingtin in the heart of several complexes (Brandi et al. 2018) such as in the nucleus, the endoplasmic reticulum (Atwal 

et al. 2007), in early and late recycling, endosomes (Kim et al. 1999), neuronal potsynaptic density (Marcora et al. 2003), mitotic spindle (Atwal et al. 2011), and the primary cilium (Maiuri et al. 

2019). Due to its multiple locations, the definition of its main function has been difficult, suggesting that it is a large and mobile scaffold with dynamic complexes and conformation and location sensitive to cellular stress events (Maiuri et al. 2019). HD is a completely dominant disorder. The HD 

locus was the first disease gene mapped to chromosomal location; where the defect maps within the terminal subband of the short arm of chromosome 4, 4pI6. 3 (Gusella et al. 1993). 

HD has also been associated with mitochondrial dysfunction and oxidative stress as possi-

ble disease mechanisms (Siddiqui et al. 2012). Cellular models of HD showed dysregulation in mitochondrial membrane potential and respiration, implying decreased mitochondrial function. 

Mitochondrial dysfunction triggered by intracellular aggregated mutant huntingtin also causes neuronal cell death and brain atrophy. Other polyglutamine disorders, such as spinocerebellar ataxia type 3 (SCA3) or Machado-Joseph disease, are caused by a mutation of the ATXN3 gene, resulting in the production of the mutant ATXN3 polyglutamine (Cohen-Carmon and Meshorer 2012).  

Mutant ATXN3 can induce mitochondrial dysfunction and neuronal degeneration in the cerebel-

lum, leading to impaired muscle control and coordination (Paulson 2012).  Figure 12.3, indicates the pathophysiology of HD and the relationship of mitochondrial dysfunction and oxidative stress.  

Genome-wide association studies (GWAS) of 6,000 to 9,000 HD patients with wide genetic 

diversity have identified genes involved in DNA damage repair as significant modulators of the age of onset and severity of HD, with some pathways related to redox and mitochondrial signaling (Hensman Moss et al. 2017) Various studies have shown the lack of regulators of protein homeostasis, so HD modifiers are mainly involved in DNA repair mechanisms. However, more recent 

analyzes have shown that the length of uninterrupted CAG repeats is strongly related to the age of disease onset (Wright et al. 2020; Lee et al. 2019). Many neurodegenerative diseases are known to be caused by mutations in genuine DNA repair factors. Tyrosyl DNA-phosphodiesterase 1 (TDP1), aprataxin (APTX), and polynucleotide kinase/phosphatase (PNKP) are three factors involved in the repair of broken DNA strands (Jiang et al. 2017). Several neurodegenerative and neurodevel-opmental disorders have been associated with mutations affecting these proteins. Similar to huntingtin, ataxia telangiectasia mutated (ATM) is a 350 kDa protein rich in HEAT repeats found in the nucleus, cytoplasm, vesicles, primary cilium, and mitotic spindle (Stagni et al. 2018). However, unlike huntingtin, ATM has catalytic activity known as serine-threonine kinase (Stagni et al. 2018).  

So understanding the broad landscape of DNA repair defects in neurodegenerative diseases will 

[image: Image 17]
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FIGURE 12.3  Pathophysiology of Huntingtonś disease. Peroxisome Proliferator-activated Receptor-Coactivator 10 (PGC1 0) plays an important role in mitochondrial biogenesis and mitochondrial function in neuronal cells. Abnormal HTT protein may be represented by the interference with nuclear gene transcription, thus PGC1 O significantly improves as transcriptional coactivator involved in adaptive thermogenesis of mitochondrial biogenesis. HD-specific systemic toxicity mechanism mediates mitochondrial dysfunction. Mutant HTT protein response and mitochondrial stress decrease mitochondrial dysfunction through mitochondrial gene expression in the nucleus which can cause mitochondrial dysfunction, ROS. 

provide insight into the clues of GWAS and why they affect the age of onset and severity of HD and, more importantly, where there might be goals for disease modification. 

Neuronal mitochondria are characterized by high oxygen consumption, especially near the 

synapse, due to the high energy demand to support synaptic activities such as neurotransmitter release (Yin et al. 2016). This energy is also necessary for neurite outgrowth and synaptic formation (Mamelak 2017). Although neuronal mitochondria are high-potential ATP generators, they simultaneously produce high levels of ROS (Sarniak et al. 2016; Singh et al. 2019). Huntingtin behaves as a scaffold that can localize DNA damage (dependent on ATM kinase activity) and modulates its associated complex in the presence of ROS stress (Maiuri et al. 2017). Huntingtin has been studied and identified in the transcription-coupled repair (TCR) complex that finds lesions and regulates transcriptional repair, so mutant huntingtin affects the function of the components of the TCR complex, the PNKP components, and ataxin-3, causing severe DNA damage and ATM hyperactivation 

(Gao et al. 2019). The mismatch repair (MMR) pathway is of particular interest due to its influence on the somatic expansion of CAG repeats (Table 12.6), which can undergo progressive increases in length over time, particularly in the brain (Telenium et al. 1994). Somatic huntingtin expansion is associated with an earlier age of HD onset (Swami et al. 2009) and more severe symptoms 

(Shelbourne et al. 2007).  

HD is fatal and there is a need for drugs that prevent or delay neurodegeneration. The failure of universal pharmacological treatments for neurodegenerative illnesses appears to be related to the medications' singular mode of action and/or their inability to enter neurons (Calabrese et al. 2018).  

Treatment of neurodegenerative diseases has been one of the greatest challenges of modern pharmacology. Therefore, new strategies with intervention mechanisms are required for the effective treatment of these diseases (Wobst et al. 2020). Natural compounds derived from plants have had a high impact on their use as drugs; Between 1981 and 2019, more than 50% of medicines approved in the USA came from nature (including plants) (Newman and Cragg 2020). Various plants have been reported for therapeutic purposes for various diseases. 

Numerous neurological investigations have identified phytochemicals to be excellent candi-

dates for reducing oxidative stress, particularly natural antioxidants such polyphenols (Nabavi et 

al. 2018). More precisely, research using cell and animal models showed that flavonoids have positive effects in scavenging free radicals and reducing oxidative stress in neurological illnesses like 
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236  Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management HD (Manivasagam et al. 2018). In preclinical and clinical research, flavonoids showed a variety of bioactivities against neurological disorders and decreased their symptoms (Solanki et al. 2015).  

However, relatively few clinical trials with antioxidants and flavonoids against HD have been conducted, and those that have been done have shown mixed outcomes. 

Unfortunately, none of the clinically studied compounds, including natural flavonoids, were able to completely alleviate or stop HD, which is a sign of the disease's complexity. Multimodal therapy also needs to be tested because it can affect different HD pathological pathways. Therefore, it is necessary to investigate clinically the effectiveness of treatments such as strong antioxidants, pathway blockers, N-methyl-d-aspartate receptor antagonists, antiapoptotic medicines, and calcium channel blockers in preventing HD-related symptoms. 

12.4.1   bioacTive compounDs anD paThways in hD

12.4.1.1   Luteine, Lycopene, and Quercetin Reverse 3-NP-Induced

HD induced in rats by 3-nitropropionic acid (3-NP) is known to cause CNS depression, anxiety, oxidative stress, neurodegeneration, and behavioral, biochemical, and morphological changes in animals similar to those in humans (Jain and Gangshettiwar 2014). 

Lycopene and quercetin are compounds that have been extensively studied for their antioxidant properties. Lycopene has a strong antioxidant property and quercetin has anti-inflammatory, anticarcinogenic, anti-diabetic, and anti-asthmatic activity. Lycopene is a bioactive compound that is widely distributed in fruits and vegetables, widely studied for its multiple properties, and able to pass the BBB and protect neurons in the CNS at low concentrations (Cho et al. 2018). In HD, lycopene has been shown to play a role in the NO mechanism, as well as attenuate impairment in behavioral, biochemical, and mitochondrial enzymatic activities. However, it has not yet been determined whether lycopene acts primarily through the nitric oxide pathway or through the antioxidant pathway and/or through its interaction with the NO pathway (Kumar et al. 2009). Quercetin is part of the flavonoids group, it is present in fruits and vegetables in high concentrations, it has anticancer and anti-inflammatory properties, and, due to its antioxidant power, it provides a neuroprotective factor that has been demonstrated in neurodegenerative diseases such as AD, PD, and HD (Rarinca 

et al. 2023). Quercetin supports against free radicals and also exerts a redox interaction with the mitochondrial electron transport chain (Carrillo et al. 2023). On the other hand, lycopene and quercetin show better effects on the improvement of HD symptoms than they do individually (Jain and 

Gangshettiwar 2014). 

Another bioactive compound is lutein, an antioxidant pigment naturally present in vegetables and fruits. The fundamental role of lutein is to prevent the formation of free radicals and oxidative molecules. Histopathological studies in rat brains induced with 3-NP have shown that oral lutein has effects on the enhancement of mitochondrial enzyme activities, neurobehavioral changes, body weight loss, and reduction of oxidative stress; therefore, this compound may be a potent treatment in HD (Babazadeh et al. 2023). 

12.5  CONCLUSIONS AND NEW PERSPECTIVES

Knowledge about neurodegenerative diseases is extensive; however, there is a need to further understand and investigate the molecular mechanisms that can switch on or off metabolic pathways that may have an effect on inhibiting the progression of these types of diseases. While many pathways are known to be involved in the progression of neuropathies, there are intermediate steps that are not fully understood. On the other hand, pharmacological treatments for neurodegenerative diseases help to improve symptoms and may cause side effects, but there is still no treatment that cures completely. 
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Bioactive compounds can be used as a target therapy for neurodegenerative diseases, as it has been proven that several of them can cross the brain barrier and have a direct effect on different metabolic pathways related to AD, PD, and HD diseases. On the other hand, a combined therapy of synthetic drugs and bioactive compounds can be of great support for the therapy of these diseases. 
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13.1   INTRODUCTION

The growing interest in plant products and phytoconstituents for medicinal purposes, including in neural cells, has raised concerns for their safety, especially their neurotoxicity potential (Moise et al.  2024). Thus, there is a need to understand their possible safety profile and successful nutritional and therapeutic application in neural cells. 

The safety assessment of plant products and phytoconstituents in brain cells is multidimensional, which necessitates rigorous evaluation methods and sophisticated instruments such as cell-based assays, molecular imaging techniques, and computational modeling approaches, while standardized testing techniques and quality control measures are critical for consistency and dependability (Balkrishna et al.   2024; Colina et al. 2024). 

The objective of this chapter is to examine reliable methods for assessing the safety of plant-derived products and their phytoconstituents in the neural cell. It aims to address the increased interest in exploring plant-based chemicals for therapeutic applications while ensuring that their safety profiles meet regulatory requirements. This aims to evaluate the systems that assess the interactions between plant-derived chemicals and brain cells, as well as improve the understanding of how plant-derived substances interact with neuronal cells. 

13.2  TOOLS FOR SAFETY ASSESSMENT

Safety assessment of plant products and phytoconstituents in neural cells is critical to their therapeutic effectiveness, by minimizing their neurotoxicity potential (Ishibashi et al. 2023;  Taibi et al. 

2023). This involves the employment of  in vitro assays,  in silico modeling, as well as advanced analytical techniques to evaluate the safety of these natural compounds. The  in vitro assays utilize neural cell cultures to study the effects of plant products at cellular and molecular levels, while the cytotoxicity assays are used to determine their cell viability (Agu et al. 2023; Kamiloglu et al. 

2020). The  insilico modeling and computational tools deploy techniques such as QSAR modeling, molecular docking studies, as well as ADMET profiling for predicting the safety and neurotoxicity of plant-derived compounds, and for detecting potential contaminants, using advanced analytical 248
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techniques, thereby providing insights into cellular responses to plant products and phytoconstituents (Pohl and Kong Thoo Lin 2018). 

13.2.1   In VItro Tools

 In vitro techniques for assessing the safety of plant products and phytoconstituents in neural cells are critical to determining their possible therapeutic applications as well as evaluating their safety profile (Vitale et al. 2022). These technologies use cell-based models to mimic the interactions between plant-derived chemicals and brain cells, thereby offering vital insights into their effects on cellular viability, function, and integrity (Najmi   et al.   2022). 

Cell viability is one of the most commonly performed  in vitro assays. Examples include the MTT 

(3-(4 ,5-di methy lthia zol-2 -yl)- 25-di pheny ltetr azoli um  bromide)  and  the  Cell  Counting  Kit-8  (CCK-8) assay (Rao et al. 2011). These assays assess the metabolic activity and viability of neural cells exposed to plant products or phytoconstituents in which cell viability changes may suggest their potential cytotoxic effects or, in contrast, demonstrate protective effects against cellular damage, thereby providing preliminary data on the safety and therapeutic potential of the compounds (Kamiloglu et al. 2020). 

Furthermore, analyzing oxidative stress indicators is critical to determining the antioxidant capacities of plant-derived substances (Marrocco et al. 2017; Barba-Ostria et al. 2022). Thus,  in vitro experiments are also being employed to quantify the degree of free radical generation and induction of lipid peroxidation levels. They also assess the antioxidant enzyme activity such as superoxide dismutase and catalase, thereby enabling the assessment of whether plant compounds can reduce oxidative stress-induced damage in neural cells as well as their effectiveness in protecting neurons against oxidative damage; a prevalent deleterious process characterizing neurodegenerative disorders (Afzal et al. 2023; Olufunmilayo et al.   2023). 

Another critical component of safety assessment is assessing the inflammatory responses in neural cells, as inflammatory processes are known to make significant contributions to neurodegeneration, while plant-derived chemicals can modulate inflammatory mediators such as cytokines (e.g., TNF-α, IL-1β) and enzymes (e.g., cyclooxygenase-2), thereby providing neuroprotective benefits as well as slow the disease progression (Scarian et al. 2024; Ahmad et al. 2022). 

Moreover,  in vitro studies can explore the effects of plant compounds on neural morphology, as techniques such as immunocytochemistry, electrophysiological, and neurotransmitter tests are employed to assess their effect on synapse function and release of neurotransmitters, thereby shedding light on the potential of plant-derived chemicals to alter neuronal structure and the consequen-tial cognitive health (Kim and Sabatini ,  2023; Verstraelen et al. 2018). 

13.2.1.1  Primary Neural Cell Cultures

Primary neural cell cultures are utilized for determining the safety profile of plant products and phytoconstituents in the neural cells, as they simulate complicated cellular interactions in the central nervous system, thereby providing data on possible neurotoxicity potential and determining the optimal therapeutic profile by exposing these cells to different dosages and formulations of the plant extracts or chemicals (Zhang et al. 2022). 

Furthermore, primary neural cell cultures usually enable the opportunity to study the underlying mechanisms by which plant-derived chemicals exert their biological effects in neural cells (Monteiro et   al. 2024). For example, the chemicals may influence oxidative stress-induced signaling pathways, while inflammation, apoptosis, and synaptic plasticity are critical to understanding their potential neuroprotective or neuroregenerative properties. 

Primary neural cell cultures also make it easier to conduct comparative studies across various plant species or types, thereby allowing the identification of phytoconstituents responsible for observed biological activity, which may help facilitate the discovery of new neuroactive chemicals and aid the development of standardized extracts or pharmacological formulations for therapeutic use (Preato et   al. 2024). 

250  Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management The primary neural cell cultures are therefore important tools for the safety assessment and mechanistic exploration of plant products, which is a critical component of exploring the medicinal potential of plant-derived substances for the management of neurological health and disease (Qin et al. 2022; Plascencia-Villa and Perry 2023). 

13.2.1.2  Immortalized Cell Lines

Immortalized cell lines are effective tools for assessing the safety of plant products and phytoconstituents in neural cells (Li et al. 2024). They provide a controlled and reproducible environment for studying cellular responses and toxicity profiles of plant products and phytoconstituents. 

These cell lines, generated from brain tissues, have been engineered to circumvent normal cellular senescence, thereby posing several advantages to toxicity testing over primary cultures, as they have stable genetic traits and are reproducible under controlled laboratory conditions (Chalak et al. 

2024). These also allow for standardized experiments, as well as reduced experimental outcome variability (Sutyagina et al.    2023). 

Immortalized neural cell lines are essentially useful for determining the cytotoxicity, genotoxicity, and neuroprotective effects of plant products and phytoconstituents (Sharifi-Rad et al. 2020).  

These cell lines can be tested with different amounts of plant extracts or isolated chemicals, thereby allowing the assessment of their effect on cell viability, morphology, as well as function (Asuzu et al. 2022). This method also aids in the identification of potential toxicity such as cell death, oxidative stress, or disruption of cellular signaling networks, thereby enabling the understanding of the safety profile of medically or nutritionally viable plant-derived compounds (Jantas et al.    2024). 

Furthermore, immortalized cell lines are crucial for studying molecular pathways governing 

interactions between phytoconstituents and brain cells. They provide insights into understanding the mechanism of neurotransmitter production, neuroinflammatory responses, neural differentiation, and survival mechanisms, thereby providing mechanistic insights into understanding their optimal therapeutic effectiveness in neural health (Raza et al. 2022; Voloshin et al. 2023). 

13.2.1.3  Neuron-glia Co-cultures Systems

Neuron-glia co-culture systems are effective tools for determining the safety and efficacy of plant products and phytoconstituents in neural cells. These systems are composed of co-cultured neurons and glial cells that are required for brain homeostasis and function, thereby imitating the biological milieu of the brain, and enabling the investigation of complex interactions between neurons and glial cells as well as their responses (e.g., glial activation and cytokine secretion) to plant products (Monteiro et al. 2024). These techniques allow effective study of the pharmacokinetics and pharmacodynamics of plant-derived chemicals in neural cells, by providing data on their bioavailability as well as potential therapeutic concentration (Goshi et al. 2023). 

13.2.1.4  Organotypic Cultures Systems

Organotypic culture systems provide a controlled laboratory environment for the study of tissue shape, cellular interactions, and physiological responses to plant products and phytoconstituents (Cacciamali et al. 2022). They enable the investigation of tissue responses from diverse species, including humans, thereby improving translational research and lowering reliance on animal models (Wang et al. 2023). This can also be modified to reproduce specific disease states or genetic abnormalities, thereby providing insights into disease mechanisms and predictive treatment screening. Therefore, these systems are predicted to play a prospective role in personalized medicine, drug development, and regenerative medicine applications by offering more relevant and predictive models of human tissues and diseases (Silva-Pedrosa et al. 2023). 

13.2.1.5  High-Throughput Cytotoxicity Assays

High-throughput cytotoxicity tests are critical for determining the safety profiles of plant products and phytoconstituents in brain cells (Barba-Ostria et al.    2022). These automated platforms quickly 
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screen huge quantities of chemicals for possible toxicity and provide relevant data on the effect of plant-derived substances on neural cell health (Wei et al. 2021). They also generate quantifiable data on cell viability and cytotoxicity at different doses and exposure times, thereby aiding the identification of dose-dependent and structure-activity relationships, as well as enable the optimization of medicinal formulations while reducing their side effects in clinical settings (Sukumaran et al. 

2023). They also allow for the testing of phytoconstituents for neuroprotective properties, which may eventually lead to the creation of novel treatments for neurological diseases (Goyal et al.    2024). 

13.2.1.6  High-Throughput Apoptosis and Necrosis Assays

High-throughput assays for apoptosis and necrosis are critical for assessing the safety and therapeutic potential of plant products and phytoconstituents in neural cells (Linsley et al. 2019). These assays are effective for the simultaneous screening of several chemicals or plant extracts, while also providing rapid, sensitive assessments of cell death markers such as caspase activation and membrane integrity loss (Kari et al. 2022). They provide essential data on the dose-dependent cytotoxicity of plant products, thereby allowing the selection of molecules with the lowest cytotoxicity while enhancing their cell viability and function for future therapeutic development (Robinson et 

al. 2023; Gavanji et al. 2023). 

High-throughput tests also aid the identification of phytoconstituents with neuroprotective characteristics and their selection for preclinical and clinical trials (Balkrishna et al. 2024). However, challenges associated with this technique include cellular response variability, assay sensitivity to specific cell types, validation in complicated neurological models or animal research, as well as elucidation of cellular pathways implicated in apoptosis and necrosis (Kari et al. 2022; Wani et al. 

2023). 

13.2.1.7  Electrophysiological Assessments

Electrophysiological studies are essential in establishing the safety and potential neuroactivity of plant products and phytoconstituents in neural cells. These assays detect electrical signals supplied by neurons, which reveals how the plant products interact with neuronal membranes, ion channels, and neurotransmitter receptors, thereby providing relevant data on their effect on neural cells (McNeill et al. 2021). 

Electrophysiological studies also aid in elucidating the mechanism by which plant products and phytoconstituents alter neuronal excitability and ion channel activity, thereby allowing the prediction of probable side effects including neurotoxicity or irregularities in normal neuronal function (Seager et al. 2020). This also helps elucidate the processes underlying the pharmacological properties of plant-derived chemicals, such as regulated specific ion channels in brain signaling pathways (Tanaka et al. 2024). 

13.2.2   In VIVo roDenT anD non-human primaTe moDels

 In vivo rodent and non-human primate models are critical tools for assessing the safety and efficacy of plant products and phytoconstituents in neural cells. These models bridge the gap between preclinical research and clinical trials, thereby enabling the evaluation of pharmacokinetics, pharmacodynamics, and safety profiles of plant products and phytoconstituents before testing in human subjects (Mukherjee et al.   2022). 

Rodent models, such as mice and rats, are commonly used due to their genetic similarities and practicality, as they enable the investigation of bioavailability and distribution of phytoconstituents within the central nervous system (CNS), thereby providing data on how these compounds interact with neural cells as well as affect the brain function (Upadhyay 2014; Moon 2022). 

Non-human primate models, such as macaques, also offer advantages in translational research due to their closer evolutionary relationship to humans, thereby allowing for more accurate predictions of the metabolism, toxicity, and efficacy of the plant products and phytoconstituents in the 
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These models also provide essential preclinical data for guiding the safe and effective development of plant products and phytoconstituents into therapeutic agents for neurological diseases (Ménochet 

et   al. 2022). 

13.2.2.1   Behavioral  Assessments

Behavioral studies in mouse and non-human primate models are critical for determining the safety and efficacy of plant products and phytoconstituents in neural cells (Stephan et al. 2019). The rodent models give vital insights into the potential neurological effects of plant-derived substances, as well as the strategy for optimizing their therapeutic efficacy and reducing their toxicity (Van der Staay 

et al. 2009; Casarrubea et al. 2022). 

Rodent models, such as mice and rats, are widely employed, due to their genetic similarity to humans, for behavioral assays such as the Morris water maze and open-field tests that can be used to statistically measure cognitive, motor, and emotional responses to plant products and phytoconstituents, with possible outcomes such as neuroprotective effects, cognitive enhancement, or adverse neurological effects (Othman   et al. 2022). 

Non-human primate models offer a more accurate depiction of human physiology and behavior, 

which render them invaluable in translational research (Harding 2017). These assessments usually complement molecular and cellular studies by offering a thorough understanding of how plant products and phytoconstituents interact with neural cells and influence neurological function, as well as identify their potential toxic effects (Sun et al. 2023; Dhudum et al. 2024). 

13.2.2.2  Cognitive and Motor Function Tests

Cognitive and motor function studies in rat and non-human primate models are critical to assessing the safety of plant products and phytoconstituents (Rogova et al. 2024). Rodent models, such as mice and rats, are used because they are genetically comparable to humans, inexpensive, and easy to handle (Burgio et al.   2023). Cognitive and motor function tests assess the effect of plant products and phytoconstituents on learning and memory, balance, coordination, and locomotor activity, thus providing useful data on how plant products and their constituents affect cognitive processes (Balkrishna et al. 2024). Non-human primate models, such as macaques and marmosets, also provide more accurate data on the human brain and behavior, thereby rendering them useful for translational research (Zhang et al. 2023). These studies also assist in determining the favorable and toxic effects of plant products on neural cells and brain function, thus establishing their safety profiles, detecting probable neurotoxicity or cognitive effects, as well as identifying associated motor effects (Shoaib et al.   2023). These also help to identify the underlying mechanism of action of phytoconstituents, such as interactions with neurotransmitter systems, neuroinflammatory responses, and neurotrophic factors (Sahebnasagh et al. 2022). 

13.2.2.3  Neuroimaging Techniques

Neuroimaging techniques are critical for evaluating the safety of plant products and phytoconstituents in brain cells by providing essential data about their effects on cellular and molecular levels (Kamdem et al. 2016; Alamgir 2018). These approaches involve a variety of advanced imaging modalities with each offering distinct capabilities for visualizing and assessing structural, functional, and metabolic changes in the brain and neural tissues (Hussain et al.   2022). 

One of the notable uses of neuroimaging in this setting is to assess the neurotoxicity or neuroprotective effects of plant products through the non-invasive detection of alteration in brain morphology by techniques such as magnetic resonance imaging (MRI) and computed tomography (CT) (Krsek and Baticic 2024). They identify lesions and anomalies, as well as track the tissue integrity following exposure to phytoconstituents, thereby providing comprehensive anatomical data that can detect structural changes as an indication of either neurodegenerative processes or defensive mechanisms (Chen et al. 2008; Krsek and Baticic 2024). 
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Functional neuroimaging techniques, such as PET and MRI, are used to determine the effects 

of plant products on brain activity and connections (Yen et al. 2023). They enable the assessment of regional cerebral blood flow, metabolic rates, as well as neurotransmitter receptor binding following exposure to plant products and phytoconstituents, thereby also providing insights into their potential therapeutical mechanisms (Aware et al. 2022). These techniques also help to assess the bioavailability and pharmacokinetics of plant products and phytoconstituents in the neural cells, aiding the optimization of the dosing regimens, predicting their therapeutic potential, aiding the translation of preclinical data on plant products and phytoconstituents to clinical trials, assessing their safety profiles, as well as determining their potential dose-dependent effects (Crişan et al. 2022). 

13.2.3  compuTaTional Tools

Computational techniques are critical for assessing the safety profile of plant products and phytoconstituents on neural cells (Merlot 2009; Balkrishna et al. 2024). These techniques include molecular docking, molecular dynamics simulations, QSAR modeling, as well as systems biology methods (Manan et al. 2024). Molecular docking usually aids the investigation of how phytonutrients interact with specific molecular targets, while molecular dynamics simulations provide insights into the dynamic behavior of phytoconstituent-protein complexes (Torres et al. 2019). 

The QSAR models predict chemical behaviors in neural cells and guide the development of 

safer plant-derived products, while systems biology approaches combine computational tools and experimental data to accurately model intricate interactions within neural cells (Valério et al. 2010; 

Wu et al. 2020). These techniques are therefore effective in aiding the identification of potential therapy possibilities of plant products and phytoconstituents and minimization of neurotoxicity, thereby having immense potential for the development of safe and effective plant-based medicines for neurological pathologies, as they advance the integration of experimental approaches (Górriz et al. 2023). 

13.2.3.1   Molecular  Docking

Molecular docking is a computational method used to predict binding interactions between plant products and phytoconstituents in neural cells (Agu et al. 2023). This method elucidates the mechanism by which phytoconstituents or plant products influence metabolic processes, thereby shedding light on their effect on receptor signaling and their biological activities in the brain cells (Agu et al. 2023; Zhao et al. 2025). It predicts phytoconstituent-protein interactions which are associated with brain toxicity or neuroprotection, while aiding the understanding of the bioactivity of plant compounds in neural cells (Challapa-Mamani et al. 2023). 

Molecular docking reveals how phytoconstituents may exert therapeutic effects via specific 

molecular targets that have been implicated in neurodegenerative disorders, neuroinflammation, and neuroprotection, thereby simplifying the structure-activity relationship (SAR) research, and enable the optimization of phytoconstituent for increased neuroprotective effects (Farihi et al. 

2023). However, this currently faces challenges such as precise protein structures, difficult confirmation against experimental data, as well as consideration of pharmacokinetic properties. Despite these hurdles, molecular docking remains an effective approach for assessing the safety of plant products and is also vital to mechanistic study (Parvez 2018; Agu et al. 2023). 

13.2.3.2  Quantitative Structure–Activity Relationship (QSAR) Models

Quantitative Structure–Activity Relationship (QSAR) models have been developed as useful methods for determining the safety of plant products and phytoconstituents in neural cells (Chung et al. 

2023). These models employ computational algorithms to identify links between chemical structures of substances and their biological properties, thereby allowing improvement in the predictions of toxicity, bioactivity, and probable modes of action (Wu et al. 2020). The QSAR models are very important in the context of neural cells for examining and predicting the safety profiles of 
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models is the prediction of neurotoxic potential of plant-derived chemicals as neurotoxicity-associated chemical motifs can be identified using QSAR models to analyze their structural characteristics such as molecule size, form, polarity, functional groups, etc. (Neves et al. 2018; Chung et al. 

2023). 

The QSAR models are critical for effective screening and selection of phytoconstituents with positive safety profiles for future development as neuroprotective or therapeutic drugs (Najmi et al. 

2022) They also contribute to a better understanding of the molecular mechanisms behind the bioactivity of plant products in neural cells, thereby aiding the improvement of efficacy of plant-based medicines, while reducing their toxic effects on the neural cell (Gadaleta et al. 2022) Furthermore, the QSAR models also help with regulatory assessments and serve as risk management techniques for plant-derived compounds in neural health applications, as they provide quantitative predictions of chemical toxicity and their biological effects, though associated with challenges such as the necessity for robust experimental data and the difficulty of effectively modeling biological systems (Neves et al. 2018).These are usually solved through integration of multidisciplinary approaches such as integrating QSAR predictions with  in vitro and  in vivo studies for improvement of safety assessments. Nevertheless, QSAR models are valuable tools for improving the safety assessment of plant-derived compounds in neural cells (Gadaleta et al.   2022) 13.2.3.3  Toxicity Prediction Software

Toxicity prediction software tools are critical for determining the safety of plant products and phytoconstituents, particularly in terms of neural cells and neurological health (Pathak et al. 2022). These technologies employ computer models and databases to predict the probable toxicity of chemical compounds based on structural characteristics, physicochemical qualities, and established toxicity profiles (Atanasov et al. 2021). They provide useful data about the safety profiles of plant products and phytoconstituents before experimental testing and can rapidly and cost-effectively screen large numbers of phytoconstituents. This aids the selection and prioritization of compounds for further exploration and development, thereby maximizing resources, and reducing animal usage in early-stage toxicity testing (Giordano and Costa 2012). 

Toxicity prediction software also enables the understanding of structure-activity relationships (SARs) in neurotoxicity for the development of therapeutic plant products and phytoconstituents with positive safety profiles on brain health (Guha 2013). However, the prediction accuracy is highly dependent on the quality and robustness of the relevant data, thereby usually necessitating experimental validation through  in vitro and  in vivo studies. These methods, as computational toxicology advances will nonetheless become increasingly important in advancing the field of neurotoxicology as well as promoting the safe use of plant products and phytoconstituents on neural health and disease management (Anandhi and Iyapparaja 2024). 

 13.2.3.3.1   DEREK Nexus

The DEREK Nexus (Deductive Estimation of Risk from Existing Knowledge) is a software plat-

form that employs computational models of data for the safety evaluation of plant products and phytoconstituents, particularly concerning neural cells and neurological health (Beutler 2019; Raj et al. 2024). It forecasts the toxicity and deleterious consequences of plant-derived compounds based on their chemical structure, thereby assisting researchers and regulators in screening plant products and phytoconstituents for possible neurotoxicity and genotoxicity, as well as ensuring that only safe and efficacious ones get through the pipeline (Chen et al. 2023). The DEREK nexus software also aids the detection of structure-activity relationships (SARs) and toxicophores in phytoconstituents, thus enabling chemical design optimization and improvement of safety profiles of plant products and phytoconstituents, while maintaining their therapeutic efficacy (Walter and Ron, 2011; Wang et 

al. 2023). This approach also enables the meeting of regulatory criteria and ensuring the safety of 
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new treatments, thereby raising the scientific confidence in the safety and dependability assessment of plant products and phytoconstituents in neural cells (Wang et al. 2023). 

 13.2.3.3.2   TOPKAT

The TOPKAT (Toxicity Prediction by Komputer Assisted Technology) is a computational method 

being used also to assess the safety of plant products and phytoconstituents in neural cells (Cariello 

et al. 2002). It employs the structure-activity relationships of plant products and phytoconstituents to predict their potential neurotoxicity, thereby providing relevant data on their safety profiles before any significant experimental testing (Jia et al. 2023). 

The TOPKAT software can effectively and rapidly screen a wide range of phytoconstituents and identify substances that require further study based on potential safety issues, thereby aiding the cost-effective elucidation of structure-activity relationships (SARs) associated with toxicity in the brain cells (Altemimi et al. 2017; Amorim et al. 2024). This usually guides medicinal chemistry research and the design of safe plant products and phytoconstituents. This thus facilitates regulatory decision-making as well as promotes quantitative predictions of toxicity endpoints of plant products and phytoconstituents, thereby accelerating the translation of promising plant products and phytoconstituents into therapeutic applications (Shoaib et al. 2023). 

13.3  PHYTOCONSTITUENTS OF INTEREST

The safety profile evaluation of phytoconstituents and plant products is critical to determining their therapeutic potential on neural cells (Alamgir 2018). These substances include alkaloids, flavonoids, terpenoids, phenolic acids, polysaccharides, etc. with distinct biological activities and varying effects on brain cell function and viability (Sharma et al.    2022). These assessments are required for analyzing their cytotoxicity and neurotoxicity profiles, as some may show toxic effects based on concentration and exposure time, as phytoconstituents constitute a rich resource for producing safe and effective neural health medicines with the potential to ameliorate neurological disorders as well as enhance the neural function (Tsatsakis   et al.   2021; Nisar et al. 2023). 

13.3.1  alKaloiDs

Alkaloids are phytochemicals with potential medical signaling effects on neural cells (Hussain 

et al. 2018). This occurs through neurotransmitter analogs or ion channel modulators, as well as enzyme inhibitors, thereby consequently modulating the synaptic transmission of the neural cells (Zhu et al. 2020; Li et al.   2024). Therefore, understanding the neurotoxicity potential of alkaloids is required for their safety assessments, as alkaloids are often used in traditional herbal therapy for neurological diseases such as Alzheimer's disease and Parkinson's disease, as well as epilepsy 

(Aryal et al. 2022). Thus, advances in analytical techniques and cellular models allow for a deeper understanding of pharmacodynamics and toxicity to generate evidence-based guiding data on their therapeutic use in neural cells (Li et al. 2024). 

13.3.2   flavonoiDs

Flavonoids, a group of plant secondary metabolites, are abundantly found in fruits, vegetables, herbs, and beverages, where they contribute to their brilliant hues as well as potential human health benefits (Ullah et al. 2020; Adigun et al. 2023). These chemicals are renowned for their antioxidant, anti-inflammatory, and neuroprotective effects, thus making them attractive treatment options for neurological conditions (Minocha et al. 2022; Oladele et al. 2020). 

Flavonoids are generally known to possess a positive safety profile since they are well tolerated and have been widely investigated at the dietary level (Ullah et al. 2020; Minocha et al. 2022). They can reduce oxidative stress and inflammation, which are linked to neurodegenerative conditions 
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Flavonoids can cross the blood–brain barrier in neural cells, modulate signaling pathways, as well as promote cognitive function and neural health by boosting neurotrophic factors, such as brain-derived neurotrophic factor (BDNF), which are important for neuronal growth, differentiation, and synaptic plasticity (Bellavite 2023). However, there is a need for further research into effective dosing procedures required for achieving the full potential of flavonoids in neurological therapy. 

13.3.3  TerpenoiDs

There is a growing interest in the potential medicinal applications of terpenoids, a class of naturally occurring chemicals found in plants, due to their antioxidant, anti-inflammatory, and neuroprotective characteristics (Masyita et al. 2022). Terpenoids influence cellular processes critical to neuronal health and function and can cross the blood–brain barrier, which makes their safety assessment in neural cells especially important for determining their acceptability, thereby preventing dose-dependent toxicity or off-target interaction with biological processes (Manayi et al.   2016; 

Al-Khazaleh et al. 2024). 

Terpenoids have a wide range of effects on neural cells, including the neuroprotective capabilities against oxidative stress and excitotoxicity associated with neurodegenerative conditions such as Alzheimer's disease and Parkinson's disease (Masyita et al. 2022; Al-Khazaleh et al. 2024). They also show anti-inflammatory and neuroprotective properties by modulating cannabinoid receptors in brain cells, as well as possess a high structural diversity, which allows for exploration of their structure-activity relationships to enhance their pharmacological properties and therapeutic efficacy (Al-Khazaleh et al. 2024). 

Thus, advances in extraction procedures, purification processes, and formulation strategies have improved the bioavailability and targeted distribution of terpenoids to neural tissues, with terpenoids being a promising class of phytonutrients with important implications for neurological health and disorders (Proshkina et al. 2020). 

13.3.4  glycosiDes

Glycosides are plant-derived phytoconstituents known for their sugar-binding properties. They are critical to the biological activities of medicinal plants and are of great interest in safety studies due to their potential bioactivity and pharmacological effects, while understanding their safety profiles also involves assessing their toxicity, metabolism, and interactions with neural cells (Bartnik and 

Facey 2017; Lahane and Katekar 2024). While many glycosides have antioxidant, anti-inflammatory, and neuroprotective characteristics, some may cause cytotoxicity and interfere with neurotransmitter systems (Sorrenti et al. 2023; Adebayo et al. 2024). Therefore, there is a need for comprehensive safety assessments to define suitable dosages as well as detect potential toxicity connected with glycoside-containing plant products (Ullah et al. 2020). 

Thus, the effects of glycosides on neural cells are being investigated through assessment of their effects on neuronal signaling pathways, promotion of neurogenesis, as well as protection against oxidative stress-induced damage, which is critical in neurodegenerative conditions (Jansson et al.  

2021; Sorrenti et al. 2023). 

Glycosides also alter neurotransmitter release and receptor activation, modulate synaptic transmission and cognitive functioning, as well as able to effectively cross the blood–brain barrier, while their structural diversity renders them alterable for improved bioavailability and target specificity within the neural tissues (Jansson et al. 2021). Thus, glycosides are showing increased promise 
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for safe and therapeutic usage in neural cells, thereby necessitating further investigation into their molecular processes and pharmacokinetics for the proper management of neurological conditions (Sorrenti et   al. 2023). 

13.3.5   polyphenols

Polyphenols, generally found in plant-based foods and medicinal herbs, are bioactive phytoconstituents with potential health benefits and therapeutic applications due to their high antioxidant properties and ability to mitigate oxidative stress characterizing neurodegenerative conditions such as Alzheimer's disease and Parkinson's disease (Oladele et al. 2021; Olufunmilayo et al. 2023; ). 

They also possess anti-inflammatory properties, thereby being able to reduce neuroinflammation, preserve neuronal function, as well as improve neuroplasticity and cognitive ability through modulation of neural synaptic transmission and signaling pathways (Singh et al. 2020; Oladele et al. 

2024). However, there is a growing need to thoroughly assess their safety in neural cells due to their dose-dependent effects, with future studies also focusing on further elucidating molecular mechanisms underlying the diverse polyphenol activities in the cells, especially the neural cells (Mamun 

 et al. , 2024). 

13.4  CASE STUDIES

Case studies of phytoconstituents in plant products usually highlight their potential applications and limitations. For example, curcumin, derived from turmeric, is recognized for its anti-inflammatory and antioxidant properties, which have been investigated for their neuroprotective effects. 

However, its bioavailability and stability usually make it difficult to effectively deliver it to the brain (Cole et al. 2007). 

Resveratrol, a compound found in grapes and red wine, has also shown promise in preclinical tests for protecting the brain cells from oxidative stress while promoting neurogenesis. Flavonoids such as EGCG from green tea and quercetin from fruits and vegetables are also known to exhibit neuroprotective properties, which could aid the slowing down of neurodegeneration as well as improve cognitive performance. However, translating these findings to clinical applications necessitates their thorough safety assessments, which takes into account their potential interactions with drugs, variation in their bioactive component composition between diverse plant sources, as well as their mechanisms of action (Rahman et al. 2020; Zhao et al., 2025). 

13.4.1   case sTuDy 1: curcumin

Curcumin, a bioactive substance from the turmeric plant, has been studied for potential therapeutic applications in neurological diseases due to its antioxidant and anti-inflammatory properties, as well as neuroprotective effects, thereby making it a promising candidate for further optimization research (El-Saadony et al. 2023). 

Curcumin has shown a satisfactory safety profile in preclinical trials with low toxicity and great tolerance, with its anti-inflammatory properties being responsible for the control of inflammatory mediators and regulation of neuroinflammation pathways, thereby potentially reducing neuronal damage as well as preserving the cognitive function (Mhillaj et al. 2019). However, challenges in translating the findings on curcumin to therapeutic usage include its limited bioavailability, rapid metabolism, and high heterogeneity, while safety evaluation techniques such as  in vitro assays,  in vivo animal models, as well as computer modeling and predictive toxicology are being used to analyze its effects on neural cells (Garodia et al. 2023). Nevertheless, there is still a need for optimizing the systems for delivery of curcumin as well as the conduct of clinical trials in order to pave the way for novel curcumin derivatives-based therapeutics for neuroprotection and neural regeneration (Hu 

et al. 2015). 
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Resveratrol is a phytoconstituent that has been extensively studied for its antioxidant and anti-inflammatory properties with potential therapeutic applications and relevance in the effort for the treatment of neurological diseases such as Alzheimer's disease and Parkinson's disease 

(Yadav et al. 2022). Its antioxidant properties help reduces oxidative brain damage with high significance in aging-related cognitive impairment and neurodegenerative diseases, which has prompted its safety assessment in neural cells, including its interaction on brain cell membranes as well as neurotransmitter systems (Wang et al. 2022). There is a need, however, for further studies on its mechanisms of action as well as its safety profile especially in brain health and disease management for its optimization in the treatment of various neurodegenerative conditions (Yen et al. 2023). 

13.4.3  case sTuDy 3: cannabiDiol

Cannabidiol (CBD), a non-psychoactive compound from the cannabis plant, has been shown to have potential therapeutic properties with anti-inflammatory properties that can help manage chronic pain, anxiety, depression, and stress-related conditions, which is a critical component of its analgesic properties (Singh et al. 2023). It interacts with the endocannabinoid system of the body, while it also influences the non-cannabinoid receptors, thereby affecting various physiological processes. 

Cannabidiol is generally well tolerated with mild side effects, but it has the potential for considerable drug interactions (Xuan et al. 2023; Singh et al. 2023). 

Therefore, cannabidiol has potential therapeutic benefits for neurological conditions through its anti-inflammatory, antioxidant, and neuroprotective effects, but it has a complex safety profile with biphasic effects, especially due to variations in its purity dose and formulation (Kim et al. 2021).  

Thus, there is a need for comprehensive safety assessment of cannabidiol, especially its cytotoxicity, genotoxicity, and mutagenicity potential, while its low to moderate doses have been shown to potentially possess neuroprotective effects (Voicu et al. 2023). 

Moreover, clinical trials could potentially optimize the medicinal potential of cannabidiol, while safety assessments involving  in vitro testing with neural cell models, computational modeling, bio-informatics, as well as  in vivo animal model studies could increase the possibility to enhance the therapeutical potential of CBD especially on Parkinson's disease, ischemic stroke, neurotransmission, as well as synaptic plasticity (Fernández-Ruiz et al. 2013). 

13.4.4  fuTure DirecTions

Further study into safety assessment techniques for plant products and phytoconstituents in neural cells is expected to increase understanding on medicinal application of these substances in neurological health, as traditional toxicological assays is limited in elucidating the mechanistic interaction of phytoconstituents with the neural cells (Kumar and Khanum 2012; Choudhuri et al. 2018). 

Advanced  in vitro models are known to better simulate the microenvironments of neural cells, thus allowing more precise quantification of cytotoxicity, oxidative stress, neuroinflammation, and other endpoints, while integrating high-throughput screening methods and omics methodologies can aid in rapidly examining vast libraries of plant products or phytoconstituents for the discovery of compounds with promising safety profiles or therapeutic potential in neural cells (Cho and Easley 

2023). 

Computational modeling and predictive toxicology are also emerging as essential tools for selection of substances for future experimental validation, while also streamlining the safety assessment process (Zhang et al. 2014; Wu et al. 2020). Thus, collaboration among academics, industry, and regulatory agencies will be critical to developing standardized techniques and guidelines for assessing the safety of plant products and phytoconstituents on the neural cells. 
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13.5 CONCLUSION

Safety assessment techniques are critical for plant products and phytoconstituents in neural cells (Balakrishnan et al. 2021; Nicolescu et al. 2023). This is necessary for determining their potential efficacy and toxicity, thereby generating relevant data for usage in therapeutic and nutritional settings.  In vitro experiments and animal models are employed for this purpose, while advances in molecular biology and neuroimaging have expanded this safety assessment tools, thereby enabling the study of interactions of phytoconstituent with neuronal cells (Aderinto et al. 2023). However, challenges exist in standardizing techniques as well as difficulty in clinical translation, while there is also a need to consider the variability in phytochemical content as well as individual susceptibility (Nicolescu et al. 2023). 
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14.1   INTRODUCTION

Neurodegenerative diseases (NDs) are conditions marked by the relentless, multifaceted, and irreversible degeneration of neurons within the central nervous system (CNS) (Sahoo et al. 2022). These diseases impact individuals and their families, and the prevalence of these conditions is increasing nowadays. The most studied neurodegenerative diseases are Parkinson’s disease, characterized by motor impairments; Alzheimerś disease, related to cognitive decline; amyotrophic lateral sclerosis (ALS), involving the motor neurons degeneration; and Huntingtonś disease, a hereditary and progressive disease which causes a progressive degeneration of nerve cells in the brain (Raikwar 

and Jain 2022; Shilpi et al. 2022). The pathogenesis of these disorders is complex and are mainly influenced by genetic, molecular, and environmental factors which contribute to neuronal degeneration (Hansson 2021). A prevailing commonality observed in these diseases is neuroinflammation, oxidative stress, synaptic dysfunction, and the aggregation of misfolded proteins (e.g., beta-amyloid, tau, alpha-synuclein, and huntingtin) which causes a disruption of the cellular functions (Slanzi et 

al. 2020; Voet et al. 2019). This complexity affects the development of effective therapies because it is important that therapies address the root cause rather than merely alleviate the symptoms. In this sense, innovations in drug design should contemplate the identification of novel therapeutic targets, the creation of disease-modifying agents, and the development of advanced pharmaceutical formulations. The main barrier that protects the nervous system from unwanted compounds is the blood–

brain barrier (BBB), a semipermeable and highly selective membrane that separates the bloodstream from the brain (Akhtar et al. 2021). This barrier serves as an obstacle to drug delivery because it restricts the passage of many molecules, including the potential drugs, which limits the use of therapeutic agents that may effectively treat NDs. To counteract this, some drug delivery mechanisms have been studied, for example, the use of transporters, receptor-mediated transcytosis, and the use of carrier systems (nanostructures), among others (Seo and Park 2021). These strategies could facilitate the passage of drugs through the BBB, which could promote a site-directed effect, minimizing exposure to the rest of the system. The aim of this chapter is to describe in a general way the main neurodegenerative diseases, as well as the drug transport pathways in the CNS, and, finally, the delivery strategies and emerging therapies under development for the design of new drugs are discussed. 

14.2   NEURODEGENERATIVE DISEASES (NDs)

Neurons play an important role in the proper function of the human brain, being one of the main organs involved in basic and complicated tasks of the human body (Lamptey et al. 2022). Generally, neurodegenerative disorders are characterized by neuronal loss in the brain or spinal cord and this progressive loss affects several capacities, such as cognitive, memory, locomotor, speech, and breathing capacities (Teixeira et al. 2020). These diseases are a growing risk to human health and affect millions of people worldwide, especially elderly people. However, age is not the only risk 
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268  Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management factor; genetics and the environment are also related (Bradley et al. 2019). Recent studies even suggest that there is an association between the brain and the gut (called brain-gut axis). They mention that the gut microbiome plays a crucial role as a modulator of brain and BBB function (Perez-Pardo 

et al. 2019; Appleton 2018). The most common neurodegenerative disorders are Parkinsonś disease, Alzheimerś disease, Huntingtonś disease, and amyotrophic lateral sclerosis, each of which differs in the regions of the CNS affected. 

14.2.1   parKinson’s Disease

Parkinsonś disease is one of the most common neurodegenerative conditions in the elderly population. This disorder is characterized by motor and non-motor symptoms. For the former, symptoms include slow movements (bradykinesia), rigidity, tremors, and postural instability; meanwhile, in non-motor symptoms, pain, insomnia, depression, dementia, and cognitive problems are found 

(Shilpi et al. 2022). Parkinson’s disease is based on the progressive loss of the dopaminergic neurons in the substantia nigra region by the intracellular accumulation of Lewy bodies (α-synuclein), which promotes a decrease in dopamine levels (a neurotransmitter crucial for motor control) (Wiesman et 

al. 2023). Nevertheless, the molecular basis of neuronal degeneration is still unclear, and the exact etiology of the disorder remains incompletely understood. Moreover, therapeutic treatments are more focused on relieving symptoms rather than effectively treating the root cause of the disease, and some of the treatments include the use of levodopa (a dopaminergic agent) and electrodes implanted in specific brain regions to manage the motor symptoms (Jost et al. 2023; Santos-García et al. 2023). 

The scientific community continues investigating new approaches to understand the fundamen-

tal mechanisms of Parkinson’s that may allow the development of therapies to modify the disease course. In addition, it is important to explore the genetics and molecular biology of the disease to acquire a deeper understanding of the factors involved in Parkinsonś disease; likewise, neuroimaging is another approach that might open up potential advances in diagnosis (Bradley et al. 2019; 

Bidesi et al. 2021). Finally, the use of all these tools in the future may open the door to the discovery of more effective therapies that will not only treat the disease, but also prevent earlier onset. 

14.2.2   alzheimer’s Disease

Alzheimerś disease is the most prevalent cause of dementia (primarily affects the elderly, impacting their cognitive stability) where genetics and environmental factors intervene in the etiology of this disorder, contributing to the intricate process of its development (Teixeira et al. 2020). This disease is characterized by a progressive cognitive decline and memory loss, with its progression spanning from the preclinical stage to mild cognitive and behavioral impairment and, finally, to dementia; it is also a multifaceted challenge that demands a comprehensive scientific approach (Porsteinsson et 

al. 2021). Some of the most common treatments include the use of acetylcholinesterase inhibitors such as donepezil, rivastigmine, or galantamine but none of them has been effective to treat the progression of Alzheimer's (Li et al. 2019). 

The pathology of Alzheimerś disease is based in the abnormal accumulation of two key types 

of protein in the brain: β-amyloid, a fragment derived from the larger amyloid precursor protein, whose accumulation leads to plaque formation between nerve cells and its consequent interference with cell-to-cell communication; tau protein, which plays a role in stabilizing microtubules within neurons and its accumulation forms twisted tangles inside nerve cells that affect the normal system within neurons (Ju and Tam 2022). The interaction between these two proteins, along with associated inflammation and oxidative stress, creates a neurodegenerative cascade that contributes to the synapse and neuron loss and a decrease in acetylcholine levels (Ekundayo et al. 2022). Nevertheless, this condition remains complex to understand and the studies should focus on unraveling the precise mechanisms underlying the protein abnormality in order to develop targeted therapies that address the root causes and either slow or halt the progression of this disease. 
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14.2.3   hunTingTon’s Disease

Huntingtonś disease is an autosomal dominant neurodegenerative condition in which muscle involuntary muscle movements occur and is characterized by a mutation in the huntingtin (HTT) gene, located on chromosome 4 (Myers 2004). This mutation favors the abnormal expansion of cytosine-adenine-guanine (CAG) repeats, and this results in the synthesis of a mutant huntingtin protein (mHTT) that accumulates in neurons (Langbehn 2022). Neuronal loss (mainly in the striatum) is caused by the intracellular inclusions of huntingtin aggregates and provokes a variety of symptoms, including motor triad (involuntary and jerky movements), cognitive, and psychiatric disorders (e.g., depression and anxiety) (Sudheesh and Pawar 2022). 

In Huntingtonś disease five cellular processes are altered by the mHTT. These processes are: protein aggregation, where aggregates interfere with cellular functions and promote the formation of inclusion bodies; transcriptional dysregulation, where the mutant protein disrupts gene transcription and modifies the expression of genes involved in neuronal survival and function; impaired axonal transport, by the accumulation of proteins, neuronal communication is impaired; excitotoxicity, where due to dysregulation of glutamate signaling the neurons are overstimulate and undergo cell death; and finally, mitochondrial dysfunction, where mHTT affects mitochondrial function leading to an increase in oxidative stress (Jimenez-Sanchez et al. 2017). Since Huntingtonś disease involves increased levels of several monoamines (e.g., 5-hydroxyindolacetic acid, serotonin, and dopamine), the only drug approved for the treatment of symptoms is tetrabenazine, a drug that reversibly inhibits the central vesicular monoamine transporter (Arora et al. 2020). 

Unlike the other diseases, the genetic nature of this disorder facilitates predictive genetic testing in individuals with a family history of the disorder (Myers 2004). However, there are no therapies that modify the disease, underscoring the need for further studies to elucidate the molecular pathways behind the pathogenesis. 

14.2.4   amyoTrophic laTeral sclerosis

Amyotrophic lateral sclerosis (ALS) is a fatal disorder characterized by the degeneration of motor neurons in the CNS (mainly in the spinal cord, brainstem, and motor cortex). This disease is characterized by clinical heterogeneity, although its general clinical symptoms include progressive muscle weakness, spasticity, muscle atrophy, and, in advanced stages, paralysis and respiratory failure (Lamptey et al. 2022). The ALS involves genetic and environmental factors, for example, mutations in genes such as SOD1, FUS, TARDBP, among others have been related to ALS cases, while other cases demonstrate complex interactions between genetic predispositions and environmental influences (e.g., exposure to neurotoxic substances) (Bermudo Fuenmayor et al. 2023; Edgar et al. 2021). 

Similar to Huntingtonś disease, in ALS there are mitochondrial alterations, exocytosis, and axonal transport disruption influencing the neurodegeneration of the disease. Furthermore, other factors related to the pathogenesis of ALS are genetic factors, where mutations in certain genes involved in cell function contribute to the vulnerability of motor neurons; and, protein aggregation, whereas the formation of protein aggregates such as superoxide dismutase (SOD1) and transactive response DNA-binding protein 43 (TDP-43) compromise cell homeostasis and contribute to neurotoxicity (Prasad et al. 2019; Goutman et al. 2022). 

Since ALS patients show a wide range of symptoms, the treatment needs to be multidisciplinary to counteract all the problems. At present, treatment is limited to two drugs: riluzole and edaravone; however, emerging therapeutic approaches like RNA-targeted therapies and neuroprotective agents are under research to help attenuate the inevitable disease advancement (Dorst, Ludolph, and Huebers 2018). 

Although the limitations in therapeutic effectiveness are associated with each specific disease, a common constraint is the presence of the blood–brain barrer (BBB), which restricts the passage of substances to the CNS. The complexity of the pathophysiological mechanisms in neurodegenerative diseases, coupled with the BBB, complicates the development and application of new drugs to halt and/or cure the progression of these conditions. 
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In 1880 Paul Ehrlich identified the restrictive movement of solutes from the blood to the brain tissue by observing that acidic dyes injected into the peripheral blood did not stain the CNS, raising suspi-cion of the existence of a barrier and being described by Reese and Karnovsky in 1960, pinpointing its location in the endothelium through electron microscopy studies (Bagchi et al. 2019). With time, it has been described that the blood–brain barrier (BBB) consists of a layer of cerebral microvascular endothelial cells (BMEC) connected by tight junctions (TJ) that seal the spaces between the endothelial cells, forming a physical and biochemical barrier (Choonara et al. 2016). This combination allows the formation of a membrane through which lipophilic substances can pass via passive diffusion with a molecular weight <400 Da and no charge (Akhtar et al. 2021). The BBB serves as a protective barrier between the central nervous system and systemic circulation and its primary function is to prevent the passage of toxic or harmful substances to the CNS while allowing the passage of essential components to ensure proper functionality (Al-Ahmady 2018). Commonly, hydrophilic substances can traverse by paracellular pathway in the organism; but, in the absorption of substances through the BBB, this pathway is restricted by the constrained formed by TJ junctions between the endothelial cells of this barrier (Raikwar and Jain 2022). The combination of these characteristics regulates the penetration of substances into the brain and only a few compounds can cross this structure. Some examples include antibodies, erythropoietin (EPO), via paracellular routes; steroids and diphenhydr-amine through intracellular ways (Akhtar et al. 2021). On the other hand, there are active transporters where the absorption of substances is against a concentration gradient using energy during the process; this absorption pathway facilitates the passage of essential nutrients such as ions and other endogenous substances to the brain; likewise, some therapeutic agents as opioid analgesics, cardiac glycosides, and calcium channel blockers can use this pathway (Bagchi et al. 2019). 

Transcytosis is another pathway characterized by the absorption of molecules to the brain 

through endocytosis (Prasad et al. 2019). Nevertheless, certain molecules such as glucose, vitamins, and peptides can use a carrier-mediated transport (CMT) and cross the blood–brain barrier 10 to 100 times faster than what would be predicted based on their physicochemical characteristics; an example of this are the GLUT1 transporters, which facilitate the bidirectional diffusion of glucose molecules along a concentration gradient, or the large amino acid transporters (LAT-1), which allow the entry of drugs like antiparkinsonian and l-dihydroxyphenylalanine (Bagchi et al. 2019; 

Al-Ahmady 2018). 

Another transportation pathway is the receptor-mediated transport (RMT), where the com-

pounds use the receptors located in the extracellular or intracellular area of the cells, facilitating the transport of specific molecules in and out of the brain (Perez-Pardo et al. 2019). An example of compounds using this pathway is insulin from the periphery, which enters through the insulin receptor (IR), resulting in its endocytosis from the blood to the brain and is mediated by the Tf receptor (TfR) (Akhtar et al. 2021). Figure 14.1 shows some of the transportation pathways previously discussed. 

Despite the mechanisms by which the blood–brain barrier regulates the passage of substances into the CNS, there are endogenous protective strategies that expel foreign substances that may be harmful to the brain. Efflux transporters move molecules from the brain into the systemic circulation, and this mechanism is increased in some diseases such as brain tumors, altering the therapeutic effectiveness of drugs, which allows the proliferation of tumor cells leading to tumor growth and, consequently, a high metabolic demand in the area (Qosa et al. 2015). Subsequently, an upregulation in vascular endothelial growth factor transcription promotes angiogenesis and the appearance of anomalous and structurally disordered vascular networks. This cascade culminates in the formation of an irregular and disorganized barrier known as the blood-tumor barrier (Bagchi et al. 2019; 

Akhtar et al. 2021; Bellotti et al. 2021). 

In addition to the BBB, the brain contains within its ventricles the blood-cerebrospinal fluid barrier (BCSFB). In this cerebral region, the conjunction of the choroid plexus and the subarachnoid barrier establishes a formidable impediment, facilitated by tight junctions between the ependymal 
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FIGURE 14.1  Pathways through the blood–brain barrier. 

cells (tancytes) and the flat arachnoid cells that adhere to the walls of the dura mater vessels (Solár 

et al. 2020). Among the diverse functions of the choroid plexus, synthesis of cerebrospinal fluid and restriction of solute entry from the systemic circulation are the most important. Furthermore, it orchestrates immune and inflammatory responses within the brain, regulates neuroendocrine signaling, and governs the transport and metabolism of drugs and toxins (McCabe and Zhao 2021).  

The meningeal or arachnoid barrier, the choroid plexus barrier, and the BBB collectively represent the three primary physiological barricades safeguarding the CNS (Akhtar et al. 2021). 

14.4   STRATEGIES FOR DRUG DELIVERY TO THE CNS

One of the main challenges in the treatment of CNS diseases is the delivery of drugs to the brain, mainly due to the presence of the BBB. However, there are some alternatives that allow the administration of drugs directly into the brain, avoiding the protective barrier (Akhtar et al. 2021; Bagchi 

et al. 2019). 

The intrathecal route involves the administration of an injection directly into the cerebrospinal fluid within the cisterna magna of the brain, this facilitates maintaining the concentration of therapeutic agents (Manuel et al. 2023). This approach enables precise local delivery of the required drug amount, thereby reducing adverse effects and toxicity. This route is particularly essential for short half-life drugs and compounds susceptible to degradation or ionization by other routes (Cabrera-Maqueda et al. 2018; Al-Ahmady 2018) Some drawbacks of the intrathecal route are the requirement of a specialized device for drug administration, painful application, not all drugs are compatible, and there is a significant risk of the drug spreading along the distal space of the spinal canal (resulting in unwanted effects) (Al-Ahmady 2018). 

The intracerebral route is another alternative for administering drugs to the central nervous system, where the BBB is bypassed (Choonara et al. 2016). This route involves direct injection or implantation into the target area by means of stereotactic coordinates and/or continuous intra-ventricular infusion in the brain tissue. In the intracerebral route it is important to use high doses because the drug diffuses slowly due to the cell’s arrangement in the microenvironment of gray and white brain matter (Shilpi et al. 2022). On the contrary, for implants it is crucial to consider the 

272  Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management biocompatibility and biodegradability of the matrix in which the drug is slowly released, but it is important to assess the level of risk as the skull is opened at the desired site for implant insertion. 

Due to the risks associated with the previously described invasive methods, some emergent strategies have been investigated, such as injections of thermosensitive gels. This process involves the introduction of gels (liquids at room temperature) using a small needle (without invasive surgery) into any area of the CNS, where the gels after being administered form a deposit that creates a three-dimensional network known as a matrix system, which regulates drug release (Alipour, Azari, and Ahmadi 2020). For the development of these structures’ natural polymers or polymer blends are used, these must be biocompatible and biodegradable and can be customized to enhance their drug release properties and gel formation at a specific temperature (Bellotti et al. 2021). 

Another strategy is the application of microbubbles in combination with ultrasound where drug carriers, hyperosmotic substances, and microbubbles are administered together. To do this, all these compounds are surrounded by lipids, allowing their distribution in the bloodstream until they reach the BBB area (Meairs and Alonso 2007). Once these compounds are at the desired site, ultrasound waves are applied to release the drug, and then the hyperosmotic substance causes an increase in water flow, leading to a transient contraction of endothelial cells (Wu et al. 2017). Moreover, the application of ultrasound frequencies in the range of 0.2 to 1.5 MHz induces cavitation in the area, which causes the rupture of bubbles, generating modifications in the endothelial cells and increasing transcellular permeability. This effect may last from a few hours to less than a day. The application of hyperosmotic substances with microbubbles and ultrasound are being studied separately, but this opens prospects for their combined use since the increased pressure in the area enhances the ultrasound effect, thus increasing permeability (Sierra et al. 2017; Al-Ahmady 2018; Bellotti et al. 2021). 

Nowadays, some other alternatives for drug administration to the central nervous system are being studied. One of them is the use of the intranasal route (since this organ is connected to the brain via the trigeminal and olfactory nerves), which facilitates the brain absorption of drugs through the nasal mucosa; moreover, this route improves the bioavailability and therapeutic effect of drugs because it avoids the acidic environment of the stomach and the first-pass metabolism that occurs by other routes (Shilpi et al. 2022). Various strategies are currently being evaluated, such as the use of micro and nanocarriers that help overcome barriers such as enzymatic degradation of the mucosa, prolonging the residence time in the area by means of mucoadhesive agents, among other approaches, to overcome the restrictions of the nasal passageway (Crowe and Hsu 2022; Chapman 

et al. 2013). 

Each administration route has its advantages and disadvantages (as shown in Table 14.1);  however, it is important to evaluate them in order to use the most appropriate route depending on the properties and therapeutic purpose of the drug. 

14.5   DRUG DELIVERY STRATEGIES

Current therapies for the treatment of CNS diseases still present challenges, which is why it is necessary to develop improvements in therapeutic systems, the main challenge being the lack of treatments that can cross the BBB (Bonferoni et al. 2019). Since the CNS is an extremely delicate microenvironment (mainly protected by the BBB), which closely regulates the exchange of molecules that travel from the blood to the brain. However, the effectiveness of these conditions prevents drugs from being administered adequately in the CNS, which is why alternatives are continually sought to solve these challenges. (Nair, Ramaiyan, and Sukumaran 2018; Hernández Garrido and Fernández Carballido n.d.). Since the BBB is an obstacle to the distribution of drugs in the CNS, multiple alternatives have currently been developed in which, for example, the structure of the BBB 

is altered, which is not an effective tactic since it can allow the entry of contaminating molecules to the brain or the modification of the active ingredients to modify their hydrophilicity towards a more lipophilic nature so that it imitates the structure of endogenous molecules, such as glucose for example ((Gothwal et al. 2018; Gauro et al. 2021; Yang et al. 2020). However, these methodologies are not preferred since these modifications alter the characteristics of the original active ingredients. 
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274  Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management Although many therapies have not been effective for the transport of drugs because they fail to cross barriers or do not reach therapeutic concentrations (Mashabela et al. 2022). On the other hand, strategies that propose the use of nanosystems have been explored due to their advantages. 

These systems such as nanoparticles, nanogels, nanosuspensions, nanoemulsions, dendrimers, liposomes, and micelles are considered more reliable since they preserve the BBB in its natural state, do not require modifications in the active ingredients, and can modify the permeability of existing drugs, which improves their absorption (Gothwal et al. 2018; Nair, Ramaiyan, and Sukumaran 2018; 

Haumann et al. 2020). 

14.5.1   nanoparTicles

Nanoparticles are systems with measurements from 1 to 100 nm made from different materials such as lipids, metals, and polymers (Guía-García et al. 2022). Some of the biodegradable polymers used for their production have been polylactic acid, polycaprolactone, polyacrylamide, hydroxypropyl methylcellulose, and chitosan to mention a few (Guía-García et al. 2023; Hu et al. 2018; Danafar 

2017). These systems are synthesized through the self-assembly of copolymer chains with amphiphilic characteristics in aqueous media. The characteristics in terms of hydrophilic and hydrophobic blocks are varied in addition to the length and charges to produce nanoparticles of various shapes and sizes to vary the stability of the manufactured nanoparticle (Singh et al. 2019). 

These systems have been widely used as drug carriers due to their efficient distribution across the BBB; in addition, it is important to consider that the structure, size, and composition have important significance in the drug release and transport process (Gauro et al. 2021). The predilection for nanoparticles lies in the fact that due to their size they can effectively cross the BBB and could be used for the treatment of CNS disorders. The preferred way for the administration of nanoparticles is through controlled administration techniques such as receptor endocytosis to avoid neurotoxicity (Kewal K 2021). Furthermore, nanoparticles exhibit the versatility to undergo modifications, enabling the design of specific characteristics, including chemical and biological stability, the ability of incorporate hydrophilic and hydrophobic active ingredients, functionalization by conjugation with specific ligands or antibodies (enhancing their receptors affinity), and the possibility to design targeted therapies (Petkar et al. 2011; Nair, Ramaiyan, and Sukumaran 2018; Santos Mejías 2020). 

Although functionalization is used as the first option to direct the interactions between the drug delivery system and the target tissue or direct interaction with the receptors, the interactions of the material itself and the organism's environment must also be considered, such as interactions between proteins and redox-type reactions that can be used for therapies (Cheng et al. 2022). Other important characteristics are that nanoparticles can be synthesized in such a way that they can respond to external stimuli such as light, enzymes, pH, temperature, and even some biological agents (Singh et al.  

2019). An important aspect to consider for the development of nanoparticles used for the release of drugs in the CNS is the type of material to use since, being a microenvironment with very peculiar characteristics, materials are required that are biodegradable in a few days to avoid accumulation. 

biocompatible and non-toxic, in addition to being suitable to achieve controlled and sustained release, and in many cases the ability to respond to stimuli (Agrawal et al. 2021; Santos Mejías 2020). 

Nanoparticles cross the BBB through various mechanisms, such as: receptor-mediated endocytosis, which is a controlled way that avoids neurotoxicity by its selectivity (Jain, n.d.); receptor-mediated transcytosis and the permeability and retention effect, this mechanism takes advantage of the permeable vasculature characteristics of solid tumors where the nanoparticles can extravasate into the tumor tissue, facilitating the gradual release of the encapsulated drug (Haumann et al. 2020).  

While there are strategies for nanoparticles to traverse the BBB and release their content, alternative approaches aim to enhance the drugś direct passage through the BBB. This involves the increase of the drug concentration either inside or on the surface of the particles, creating a concentration gradient between the bloodstream and the brain which promotes the passive diffusion of the drug by the cells of the BBB (Nair, Ramaiyan, and Sukumaran 2018). 
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14.5.2   soliD-lipiD nanoparTicles

These systems are also nanoparticles but with the peculiarity of being based on lipids (e.g., triglycerides, fatty acids, or waxes). They are made up of a solid hydrophobic lipid core in which drugs can be contained, whether hydrophilic or lipophilic, and one of their main characteristics is the ability to release drugs continuously, even for weeks (using solid lipids and additives in particular proportions) (Asefy, Hoseinnejhad, and Ceferov 2021; Satapathy et al. 2021). In these types of systems, the benefits of liposomes and polymeric nanoparticles are combined, and the use of organic solvents is minimized during their preparation, preventing protein degradation (Paliwal et al. 2022).  

Also, these systems provide prolonged release, whether controlled or sustained, and are biocompatible. Additionally, they exhibit excellent physical stability (Paliwal et al. 2020). Like other types of nanoparticles, solid-lipid nanoparticles can be functionalized on their surface with molecules to improve their bioavailability (Asha Spandana et al. 2020). 

14.5.3   polymeric nanoparTicles

Polymeric nanoparticles consist of a system structured in a core-shell manner made up of hydrophilic polymers which cover the surface to provide stability and reduce phagocytosis and avoid the rapid degradation of nanoparticles from the blood circulation  (Blasi et al. 2007). Their structure is formed by a polymer matrix where the drug is cover by the polymer or can be conjugated with this in the surface (Guía-García et al. 2022). Some advantages of these nanoparticles include high stability, use of biodegradable and biocompatible polymers (Hersh, Alomari, and Tyler 

2022). Moreover, they may provide controlled and localized drug release and, like the other types of nanoparticles, can also be modified with ligands to improve their bioavailability (Guillama 

Barroso et al. 2020)

14.5.4   micelles

Micelles are nanoscale spherical colloidal systems with sizes that vary between 1 and 100 nm (Kaur et al. 2022). They are formed by the dispersion of amphiphilic molecules in solution and the determining factors for the formation of micelles are the concentration of amphiphiles, the size of the hydrophobic domain, the hydrophilicity of the molecule, the solvent, and the temperature (L. Zhang et al. 2020). These systems are made by self-assembly in an aqueous phase and start when the critical micellar concentration (CMC) is reached. Once the micelle is formed, it has a hydrophobic center and a hydrophilic surface (Patel and Patel 2017; Soares et al. 2018; 

Gothwal et al. 2018). Micelles made with copolymers such as Plurinic ®, PEG-phospholipid conjugates, PEG-b polyesters, or poly (L-amino acids) have drug delivery applications (Kabanov 

and Batrakova 2016). In this case the drug is physically trapped and transported to be released in the necessary concentrations. Polymeric micelles have better stability, minimal cytotoxicity, and are suitable for use as controlled and sustained drug release systems by means of a diffusion mechanism (Singh et al. 2019). Currently, these types of micelles are promising in releasing hydrophobic and poorly soluble drugs such as some anticancer compounds, since they are considerably more stable than surfactant (Saeedi et al. 2019). The main advantage of micelles is that, due to their hydrophilic coating and small size, they accumulate in tumor tissue, persisting longer at the site (Upadhyay 2014). 

14.5.5   DenDrimers

Dendrimers represent nanometric-sized synthetic macromolecules characterized by a precisely defined and globular three-dimensional structure resembling a highly branched tree extending 

276  Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management radially from a central core, where the outer part can be functionalized by attaching various ligands to the surface, which facilitates the drug transportation not only across the BBB, but also for delivery to specific tissues (Asha Spandana et al. 2020; V. et al. 2023). The synthesis process of dendrimers is carried out by either a gradual divergent process or a convergent process. In the gradual divergent approach, a multifunctional core initiates the process with the addition of monomers, leading to an exponential growth of the surface ends; on the other hand, in the convergent synthesis, the process starts from the surface of the dendrimer and progresses inward towards a multivalent core, where the dendrimer segments are joined together (Mishra and Kesharwani 2016). These systems are used for drug delivery because their specific structure gives them a certain flexibility to load drugs by conjugation or complexation on their surface (Zhu, Liu, and Pang 2019; Awad, Avital, and Sosnik 

2023). These types of nanocarriers are used for the administration of hydrophobic compounds in the desired brain areas (V. et al. 2023). Also, they facilitate the drug transportation in various cell membranes or biological barriers through endocytosis (Saeedi et al. 2019). Some of the compounds in which dendrimers have been used as carriers and favorable results have been obtained are poly-amidoamine (PAMAM), poly(propylenemine)(PPI), triazine, and poly-L-lysine (PLL) (Mishra and 

Kesharwani 2016; Gauro et al. 2021; Poovaiah et al. 2018). 

14.5.6   liposomes

Liposomes are lipid nanosystems with a spherical structure composed of a lipid bilayer of amphiphilic phospholipids (Trucillo, Campardelli, and Reverchon 2018). Their structure is organized in such a way that the surface and core are naturally hydrophilic, while the shell compartment is hydrophobic (Kim, Ahn, and Kim 2019). One of the notable qualities of liposomes is their ability to modify the surface with ligands to facilitate their passage through the BBB (avoiding phagocytosis), increasing their residence time; for example, the addition of lactoferrin, glucose, peptides, or transferrin improves the liposomal efficiency to cross the BBB and deliver the compound into the target site (Kim, Ahn, and Kim 2019; Upadhyay 2014; Seo and Park 2021; Rahman et al. 2022; 

Bilal et al. 2020). For the preparation of liposomes, the most common technique generally consists in the hydration of the lipid, with the subsequent reduction of the particle size and, finally, the elimination of non-encapsulated liposomes (Pandian et al. 2022) These systems have the capacity to transport both hydrophobic and hydrophilic therapeutic agents (Hersh, Alomari, and Tyler 2022).  

The passage through the BBB is facilitated by the characteristics of the liposome’s phospholipid layer (Niu, Chen, and Gao 2019). Liposomes can cross the BBB through several routes, mainly by carrier-mediated and receptor-mediated endocytosis pathways; but, when ligands are attached to their structure, liposomes cross the BBB by transcytosis (Seo and Park 2021; Pandian et al. 2022). 

14.5.7   nanogels

Nanogels are nanometer-sized polymeric networks formed by physically or chemically cross-linked swellable polymeric structures, capable of retaining a larger amount of water or physiological fluids without dissolving in the aqueous medium (Y. Zhang et al. 2022). With a size below 200 nm, nanogels can be injected and exhibit a substantial surface area in a gel environment; this enables effective chemical interactions and rapid response to external stimuli (Saeedi et al. 2019; Asha Spandana et al. 2020; Manimaran et al. 2023). Nanogels are formed by physical or chemical assembly of synthetic, natural polymers or a combination of these. Physical assembly occurs through interactions such as hydrogen bonds, electrostatic forces, and Van de Waals interactions, while chemical assembly involves covalent bonds (Stawicki, Schacher, and Cho 2021). 

These systems have the versatility to modify their surface and, in addition to their size, the passage through the BBB is facilitated by means of various pathways (receptor-mediated transcytosis, cell-mediated transcytosis, or absorptive transcytosis) (Cuggino et al. 2019). Some advantages 
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of these systems include great stability against enzymatic degradation, reduced cytotoxicity, great flexibility and compatibility (due to the wide variety of polymers available), easily adaptable to different stimuli, and show controlled release (Y. Zhang et al. 2022). The polymers used for the development of nanogels must be biocompatible, biodegradable, stable, and non-toxic.Some examples include polyacrylic acid, polyethylene glycol (PEG), chitosan, polysaccharides, methyl cellulose, ethyl cellulose, polyvinyl alcohol, poly (lactic-co-glycolic acid) (PLGA), among others (Saeedi et 

al. 2019; Stawicki, Schacher, and Cho 2021; Manimaran et al. 2023). 

14.5.8   nanoemulsions anD nanosuspensions

Nanoemulsions are systems developed for the administration and controlled release of drugs and biologically active substances (V. et al. 2023). They are defined as heterogeneous dispersions made up of two immiscible liquids, either water in oil or oil in water stabilized by surfactants, with a nanometric scale of less than 200 nm and, due to this characteristic, they are promising systems for drug delivery (Gauro et al. 2021; Dhahir, Al-Nima, and Al-Bazzaz 2021). Nanoemulsions are used for the administration of hydrophilic and lipophilic agents, and they are usually made from vegetable or animal oils, such as linseed, peanut, sunflower, hemp, and even fish oil (Gauro et al. 

2021) Currently, these systems are being studied for the drug administration directed into the brain by means of the intranasal route, a non-invasive method where the first-pass metabolism is avoided (Talele et al. 2023). Regarding the production of nanoemulsions, these are generally produced through two different approaches: high-energy emulsification, in which a device that generates large forces is required to break down the internal phase, and then disperse it into the continuous phase; and low-energy emulsification, where the oil nanoglobules begin to grow by changing the condition of a mixed system of oil, water, and surfactant (Dhahir, Al-Nima, and Al-Bazzaz 2021; 

Karami, Saghatchi Zanjani, and Hamidi 2019). Among the most relevant advantages of nanoemulsions are the improvement of drug absorption and bioavailability, kinetic stability, low toxicity, and the capacity to dissolve lipophilic drugs and improve their efficacy (Mohammed 2022; Dhahir, Al-Nima, and Al-Bazzaz 2021; V. et al. 2023). 

Nanosuspensions are another type of dispersed colloidal system. In this case, the biphasic system is composed of solid nanoparticles of insoluble drug with a size between 200 to 500 nm where the solid nanoparticles are suspended in water and are stabilized by inert polymer resins and surfactants (Nagai and Otake 2022; Onugwu et al. 2023). They are produced using various techniques such as media grinding, high-pressure homogenization, or by using emulsions as templates (Saha, Kathuria, and Pandey 2023; Dahiya et al. 2023). Currently, nanosuspensions have been analyzed for the administration of drugs to the CNS since it has been possible to prolong the systemic circulation of the drug, in addition to increasing the passage of the active ingredients through the BBB 

(Kabanov and Batrakova 2016). One of the routes analyzed for the administration of drugs to the CNS is the intranasal route since the use of nanosuspensions increases brain permeability and improves the solubility of the drug, which makes these systems good options for the administration of drugs towards the CNS (Kakad et al. 2022). 

Lastly,  Table 14.2 shows some studies encompassing diverse nanocarriers and their assessment with pharmaceutical agents for the treatment of neurodegenerative diseases. 

14.6   CONCLUSIONS AND FUTURE PERSPECTIVES

The presence of neurodegenerative diseases impacts both patients and their surrounding environment. Currently, these disorders are on the rise and have started to manifest in young individuals. 

Consequently, it is imperative to formulate pharmaceutical strategies that address the root causes rather than merely alleviating symptoms. Additionally, elucidating the mechanisms implicated in disease development is crucial for early-stage intervention. In this context, nanostructures present a promising alternative, but further studies are required to ensure their stability and safety. 
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15.1 INTRODUCTION

Chaperone proteins contribute to maintaining protein homeostasis in cells by assisting with protein folding, assembly, and transport, as protein misfolding and aggregation are prominent hallmarks of neurodegenerative disorders (Smith et al. 2020; Li et al. 2020b; Kumar et al. 2019). These have gained popularity as prospective therapeutic targets in Alzheimer's disease, Parkinson's disease, Huntington's disease, as well as amyotrophic lateral sclerosis (ALS), which are characterized by neuronal dysfunction and the gradual loss of cognitive or motor skills due to the buildup of misfolded proteins (Wang et al. 2020a; Patel et al. 2023; Xu et al. 2022). Recent studies have found a wide range of chaperone proteins from plants with promising neuroprotective effects which frequently target pathogenic proteins directly, in contrast to conventional pharmaceutical treatments, thereby providing a novel approach for strengthening cellular machinery responsible for protein quality control (Johnson et al. 2018; Brown et al. 2021a; Lee et al. 2023d). This technique not only treats protein misfolding but also improves general cellular resilience and function (Singh et al. 

2022a; Zheng et al. 2021; Torres et al. 2019). Therefore, plant-based chaperones are of particular interest due to their natural origin, which corresponds with increased interest in sustainable and ecology-friendly treatments, as plants have evolved a complex range of chaperone proteins to deal with environmental stresses such as heat shock and drought (Garcia et al. 2022; Park et al. 2021; 

Zhang et al. 2020). Plant-based chaperones are gaining significant interest in the maintenance of human health, while advances in biotechnology and recombinant protein expression allow for scalable therapeutic protein manufacturing for the production of cost-effective and accessible treatments of neurodegenerative disorders (Li et al. 2020a; Davis et al. 2023; Chen et al. 2022). This paves the way for further research into the therapeutic potential of plant-based chaperones in protein misfolding, as well as neurotoxicity associated with neurodegenerative disorders (Martinez et al. 

2024; O’Neil et al. 2021; Rao et al. 2023). 

This chapter explores the potential of plant-derived chaperones as novel therapeutic agents for treating neurodegenerative disorders. It focuses on their roles in protein folding, assembly, and degradation, particularly in maintaining protein homeostasis under stress conditions. It aims to understand how plant-based chaperones mitigate protein misfolding, enhance cellular resilience, as well as protect neurons from stress-induced damage. This chapter also examines the efficacy 288

DOI: 10.1201/9781003467304-15

Plant-Based Chaperones as Options for Neurodegenerative Diseases

Plant-Based Chaperones as Options for Neurodegenerative Diseases 

289

and safety of plant-based chaperones in neurodegenerative disorders, as well as the obstacles and opportunities associated with converting lab findings to bedside application, thereby creating a road map for future research and clinical applications for the development of innovative therapies and personalized ways to manage neurodegenerative conditions. 

15.2  NEURODEGENERATIVE DISEASES AND PROTEIN MISFOLDING

Neurodegenerative disorders are characterized by progressive dysfunction and neuron loss in the central nervous system, with debilitating effects (Henderson et al. 2020; Liu et al. 2022; Chen et 

al. 2019; Oladele et al. 2020; Ajayi et al. 2024). These conditions share a common underlying feature, including aberrant aggregation and accumulation of misfolded proteins within neurons and surrounding tissues such as amyloid-beta in Alzheimer's disease, alpha-synuclein in Parkinson's disease, huntingtin in Huntington's disease, and superoxide dismutase 1 (SOD1) in ALS, which undergo structural alterations, thereby hindering their normal function and resulting in aggregation (Patel et al. 2020; Lopez et al. 2021; Oladele et al. 2021; Nguyen et al. 2023 ). This produces aggregates of insoluble deposits, called amyloid fibrils or inclusion bodies, that are toxic to neurons, thereby ultimately leading to neuronal degeneration and cell death (Garcia et al. 2019; Singh et al. 

2021; Martin et al. 2022). The mechanism of protein misfolding in neurodegenerative disorders is complex and varied (Jain et al. 2020; Torres et al. 2021; Oladele et al. 2024). This involves genetic mutations, environmental effects, and age-related deterioration in protein quality control mechanisms that contribute to the buildup of misfolded proteins ( Wang et al. 2018; Zhang et al. 2021; 

Fernandez et al. 2023). 

Chaperone proteins include heat shock proteins (HSPs) and various types of molecular chaperones which are essential for preventing protein misfolding and aiding the refolding or destruction of misfolded proteins (Davis et al. 2021; Chen et al. 2022). However, in the presence of cellular stress or failure, chaperone systems may become overloaded or dysregulated, thereby resulting in increased protein aggregation and neurotoxicity (Yang et al. 2021; Park et al. 2022; Kumar et al. 

2023). Understanding the mechanisms of protein misfolding in neurodegenerative illnesses, therefore, is critical for designing tailored treatment methods (Leo et al. 2020a; Ramirez et al.    2023; 

Lee et al. 2020; Patel et al. 2023), while current research focuses on developing new approaches to improve chaperone-mediated protein folding and clearance mechanisms (Singh et al. 2020; Li et al. 2022; Zhang et al. 2023). Thus, plant-based chaperones have the potential to improve cellular protein quality control processes through protein misfolding reduction and neurotoxicity minimization, thereby constituting a possible path for intervention and possible stoppage of progression of neurodegenerative conditions (Garcia et al. 2022; Patel et al. 2021; Rao et al. 2024). 

15.2.1  paThophysiology of neuroDegeneraTive Diseases

Neurodegenerative diseases are an aggregate of progressive conditions characterized by the gradual malfunction and loss of neurons in the central nervous system (Henderson et al. 2020; Chen et 

al. 2021b; Oladele et al. 2020). The pathophysiology of these disorders is often characterized by complex interactions of genetic, environmental, and aging variables (Patel et al. 2022; Nguyen et 

al. 2021;  Oladele et al., 2022; Zhang et al. 2023). These variables cause neuronal degeneration, which results in cognitive or motor deficits, while one of the primary clinical markers shared by many neurodegenerative diseases is the abnormal buildup of misfolded proteins within neurons or glial cells (Lee et al. 2020; Oladele et al. 2024). For example, Alzheimer's disease is distinguished by the presence of beta-amyloid plaques and tau protein tangles inhibiting neural transmission and causing neurotoxicity, while the accumulation of alpha-synuclein proteins generates Lewy bodies in Parkinson's disease, thereby leading to the gradual death of dopaminergic neurons in the substantia nigra (Torres et al. 2022; Lopez et al. 2020; Martin et al. 2021). These protein aggregates cause inflammation, oxidative stress, and mitochondrial dysfunction, thereby leading to increased neuronal damage and cell death (Jia et al. 2021; Singh et al. 2022; Davis et al. 2023). In addition 

290  Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management to protein misfolding and aggregation; neurodegenerative disorders frequently involve disruptions in cellular processes required for neuronal survival and function, as autophagy dysregulation has been linked to the formation of toxic protein aggregates observed in the various conditions (Zhang et al. 2020; Park et al. 2023). This is in addition to the compromise of mitochondrial function, as well as increased oxidative stress-induced neural susceptibility, which limits energy generation and increases cellular damage ( Garcia et al. 2022; Zhao et al. 2023). The cumulative effects of these pathophysiological pathways usually cause gradual neuronal death and synaptic dysfunction, with clinical signs including memory loss, cognitive decline, mobility difficulties, and, in certain circumstances, behavioral disturbances (Fernandez et al. 2023; Li et al. 2022; Chen et al. 2020).  

Therefore, understanding the complicated biology of neurodegenerative diseases is critical to creating tailored treatments to stop or slow down the disease progression (Patel et al. 2023; Yang et al. 

2021; Martin et al. 2020), while emerging studies on the role of protein quality control mechanisms in neuroinflammation and synaptic plasticity offer potential for novel treatment methods (Singh et al. 2020; Lopez et al. 2022; Rao et al. 2024). This also involves studies on plant-based chaperones and other natural chemicals that may improve cellular resilience and promote neuroprotection, thereby providing hope for the possible discovery of novel therapeutic strategies for various neurodegenerative conditions as well as improving the global quality of life (Torres et al. 2021; Liu 

et al. 2023; Patel et al. 2022). Molecular chaperones are essential proteins playing critical roles in maintaining protein homeostasis, also known as proteostasis, within cells, while their principal purpose is to aid the folding of freshly produced proteins as well as prevent misfolding or refolding of proteins in stressful conditions (Zhang et al. 2021; Singh et al. 2019; Garcia et al. 2023). Chaperones aid protein folding, protein complex assembly, and protein transport across cellular membranes that are critical for ensuring that proteins form functioning three-dimensional structures required for normal biological activity (Wang et al. 2020; Li et al. 2022; Davis et al. 2021). Molecular chaperones, beyond their involvement in protein folding, also prevent protein aggregation and the formation of toxic oligomers and fibrils that usually lead to neuronal malfunction and cell death in various neurodegenerative conditions (Ramirez et al.   2023; Singh et al. 2021; Lee et al. 2023b). They also facilitate their breakdown through cellular clearance pathways, including the ubiquitin-proteasome system and autophagy (Kumar et al. 2020; Yang et al. 2021; Zhang et al. 2022). 

15.2.1.1  Function of Molecular Chaperones in Cellular Processes

Molecular chaperones are critical to many biological processes by ensuring appropriate protein folding, assembly, and transport (Smith et al. 2019; Wang et al. 2020; Kim et al. 2021). They assist newly generated proteins to achieve proper three-dimensional shapes and eventually stop misfolding and aggregation – a process critical to protein stability and functionality, while improperly folded proteins can become inactive or cytotoxic (Zhang et al. 2022; Patel et al. 2021). Chaperones also contribute to the refolding of denatured proteins caused by cellular stresses such as heat, oxidative stress, or pH changes (Lopez et al. 2022; Singh et al. 2023). They help unfolded or misfolded proteins fold properly by binding their exposed hydrophobic areas or, alternatively, target these proteins for destruction by using the proteasome or autophagy pathways, thereby ensuring cellular protein quality control (Ramirez et al. 2023; Yang et al. 2020). Thus, molecular chaperones, in addition to their involvement in protein folding, help to assemble multi-subunit protein complexes, ensuring that proteins are properly localized within cellular compartments (Chen et al. 2021a; Lee 

et al. 2020). They also interact with polypeptides that are in the process of being synthesized on ribosomes and direct their folding paths (Martin et al. 2022; Torres et   al. 2021). 

Heat shock proteins (HSPs) are activated in response to high temperatures to protect cells against protein damage (  Li et al. 2020; Zhao et al. 2025). They also control signaling cascades and modify protein-protein interactions, affecting a variety of cellular activities, including cell cycle progression, apoptosis, and immunological responses (Liu et al. 2022; Zhang et al. 2023). Thus, molecular chaperones are critical regulators of protein homeostasis, ensuring proteome integrity and functionality in both normal and stressful environments, including in neurodegenerative conditions (Roodvelt et al. 2017; Singh et al. 2021; Rao et al. 2024). 

Plant-Based Chaperones as Options for Neurodegenerative Diseases 

291

15.3  PLANT-BASED CHAPERONES: AN OVERVIEW

Plant-based chaperones are a rapidly growing area of research in biomedicine, offering unique therapeutic possibilities, especially in neurodegenerative conditions (Brown et al. 2021b; Lee 

et al. 2022; Kumar et al. 2023). They are critical for cellular protein homeostasis by aiding the correct folding, assembly, and destruction of proteins in neurodegenerative disorders, such as Alzheimer's, Parkinson's, and Huntington's diseases, as protein misfolding and aggregation are key pathogenic features causing neuronal malfunction and death (Singh et al. 2022;  Zhang   et al. 

2020; Chen et   al. 2021). 

Plant-based chaperones are gaining increasing interest in the scientific community due to their capacity to attenuate the key features of neurodegenerative conditions, as plants have evolved intricate mechanisms to deal with environmental challenges by producing a wide variety of these natural chaperone proteins (Patel et al. 2023; Wang et al. 2021; Lopez et al.   2022). These proteins are capable of stabilizing and refolding misfolded proteins, thereby preventing aggregation and promoting disintegration via cellular protein quality control mechanisms (Garcia et al. 2022; Martin et al. 

2023; Rao et al. 2024). Furthermore, plant-based chaperones have been shown by some studies to possess antioxidant and anti-inflammatory potential, thereby strengthening their potential neuroprotective benefits (Singh et al.   2023; Lopez et al. 2021; Zhang et al. 2022). 

Therefore, biotechnological advances, such as recombinant protein expression and plant cell culture techniques, have rendered it possible to produce and purify these chaperones in large quantities for potential therapeutic uses, thereby providing an avenue for the creation of novel treatment approaches for the various neurodegenerative conditions characterized by misfolded proteins (Kim et al. 2023; Wang et al. 2020; Torres et al. 2021). 

15.3.1  whaT are planT-baseD chaperones? 

Plant-based chaperones are a class of molecular chaperone proteins generated from plants. They serve important functions in protein folding, assembly, and quality control within cells and are thus part of the cellular machinery to guarantee that proteins assume the correct three-dimensional shapes necessary for good functionality (Garcia et al. 2022; Lee et al. 2023a; Wang et al. 2021).  

Chaperones play a critical role in plant response to stress (such as heat, cold, drought, and infections) that can alter protein folding processes (Kumar et al. 2020; Patel et al. 2022; Lopez et al. 

2023). These include the group of proteins known as heat shock proteins (HSPs), which are generated in response to stress and aid the refolding of denatured proteins, thereby degrading irreversibly damaged proteins (Zhang et al. 2021; Martin et al. 2020; Singh et al. 2023). 

What makes plant-based chaperones appealing for therapeutic applications, particularly in neurodegenerative conditions, is their potential to reduce protein misfolding and aggregation in conditions such as Alzheimer's disease, Parkinson's disease, and Huntington's disease, as their proteins, including amyloid-beta, alpha-synuclein, and huntingtin, respectively, can misfold and accumulate to produce toxic aggregates, thereby causing neuronal injury and disease progression (Chen et al. 

2022; Rao et al. 2023; Torres et al. 2024). Plant-based chaperones, in preclinical research, have demonstrated potential for improving the clearance of misfolded protein, inhibiting their aggregation, and promoting neuronal survival (Patel et al. 2021; Kim et al. 2022; Lopez et al. 2020). They also offer advantages such as biocompatibility, minimal immunogenicity, and scalability of manufacture, thereby making them viable candidates for therapeutic development (Wang et al. 2023; 

Brown et al. 2024)

15.3.2  Types anD sources of planT-DeriveD chaperones

Heat shock proteins (HSPs) are a common form of plant-based chaperone that are highly conserved among organisms, acting as molecular chaperones under stress. They help fold proteins properly, 

292  Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management avoid protein aggregation, and facilitate protein breakdown mechanisms, thus increasing cell survival under unfavorable conditions (Garcia et al. 2020; Patel et al. 2021; Zhang et al. 2022). These include HSP70, HSP90, and small heat shock proteins (sHSPs), which have distinct roles in protecting plants from environmental challenges such as heat, cold, and disease attacks (Singh et al. 2023; 

Lee et al. 2022; Torres et al. 2023). Plants also produce different types of chaperones, such as chaperonins and peptidyl-prolyl cis/trans isomerases (PPIases), which are essential for protein folding and function (Lopez et al. 2023a; Rao et al. 2022). 

Chaperonins, including GroEL/GroES in bacteria and CCT in eukaryotic cells, help fold nascent or misfolded proteins within specific cavities and are critical for protein folding in the chloroplasts and mitochondria of plant cells (Wang et al. 2021; Brown et al. 2024b). PPIases also catalyze the cis/trans isomerization of proline residues in polypeptides, which is required for optimal protein folding and function (Patel et al. 2022). The sources of plant-derived chaperones differ widely, including edible plants, medicinal herbs, and botanicals that have been traditionally used in herbal therapies (Zhang et al. 2020; Martin et al. 2023). For example, plants such as ginseng ( Panax ginseng), ginkgo ( Ginkgo biloba), and turmeric ( Curcuma longa) have been examined for their high levels of chaperone proteins (Chen et al. 2021a; Kim et al. 2022 ). These plants not only provide a natural source of chaperones but also possess synergistic effects with other phytochemicals, thereby potentially increasing their therapeutic efficacy in the treatment of neurodegenerative conditions (Lee et al. 2023c; Rao et al. 2024)

15.3.3  mechanisms of acTion of planT-DeriveD chaperones

Plant-derived chaperones exhibit potential as therapeutic candidates for neurodegenerative conditions due to their capacity to regulate protein folding as well as prevent the aggregation of misfolded proteins in the pathophysiology of many neurodegenerative disorders (Patel et al. 2020; Kim 

et al. 2021; Singh et al. 2022). They also ensure the correct folding of newly generated proteins, assist the refolding of misfolded proteins, as well as prevent the accumulation of toxic aggregates within cells (Garcia et al. 2023b; Torres et al. 2022). Alzheimer's disease and Parkinson's disease are examples of neurodegenerative disorders characterized by abnormal protein folding and producing toxic aggregates, such as amyloid-beta plaques and alpha-synuclein fibrils, respectively, while plant-derived chaperones contribute to protein homeostasis by stabilizing protein structures as well as promoting degradation (Lee et al. 2022; Rao et al. 2023). Furthermore, these chaperones frequently have extra features such as anti-inflammatory and antioxidant effects, which may serve to protect neurons from injury frequently associated with neuroinflammation and oxidative stress in neurodegenerative disorders, thereby promoting the maintenance of cognitive and motor functions in neurodegenerative disorders (Zhang et al. 2020; Brown et al. 2024). 

15.3.4  comparaTive analysis wiTh human chaperones

The comparative study of plant-derived chaperones to human chaperones provides data about their structural, functional, and therapeutic properties, which demonstrates their potential applicability in neurodegenerative conditions (Patel et al. 2020; Kim et al. 2021). Human chaperones, including heat shock proteins (HSPs) and chaperonins, are well understood for their functions in protein folding, assembly, and quality control within cells (Lee et al. 2022; Singh et al. 2022). They are critical for maintaining proteostasis, thereby ensuring appropriate protein activity as well as aiding the reduction of aggregation of misfolded proteins involved in neurodegenerative diseases, while plant-derived chaperones show remarkable similarities and variances (Torres et al. 2022). Structure-wise, plant and human chaperones frequently share conserved domains and motifs involved in client protein binding as well as share ATPase activity, but they vary in terms of sequence composition, thereby reflecting plant-specific responses to environmental stressors (Rao et al. 2023; Suguyama 

and Nishitoh 2024 ). Therefore, all forms of chaperones can functionally aid protein folding to 
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prevent aggregation as well as promote cellular homeostasis under stress situations. Plant-derived chaperones, particularly those produced from extremophile plants adapted to harsh conditions, frequently exhibit robust chaperone activity that may outperform that of human sources in protecting proteins from heat denaturation, oxidative stress, and other environmental stresses, thereby improving the stability and functionality of client proteins that can be harnessed in therapeutic contexts (Zhang et al. 2020; Brown et al. 2024). Furthermore, plant-derived chaperones may have broader substrate specificity than human chaperones, thereby potentially accommodating a broader range of client proteins critical to neurodegenerative conditions (Rao et al. 2023). Plant-derived chaperones provide numerous therapeutic benefits that are typically regarded as safe and biocompatible when compared to non-plant-derived foreign proteins, and they are less likely to elicit immunogenic reactions (Kim et   al. 2021). More so, advancements in recombinant DNA technology and biopro-cessing techniques have also enabled the scalable manufacturing of plant chaperones for medicinal purposes, thus possessing the potential to reduce production costs as well as boost accessibility for therapeutic usage (Cui et al. 2022). Overall, whereas human and plant chaperones share basic processes for protein quality control, plant chaperones have distinct features that make them promising candidates for therapeutic development in neurodegenerative disorders, while their structural variety ensures strong chaperone activity, as well as the potential for development of treatments for protein misfolding and aggregation, thereby addressing critical areas of neurological disease pathophysiology (Patel et   al. 2020; Lee et al. 2022). 

15.3.5   In VItro sTuDies of planT-baseD chaperones in neuroDegeneraTive conDiTions In vitro studies on the potential therapeutic applications of plant-based chaperones in neurodegenerative diseases such as Alzheimer's disease and Parkinson's disease have revealed their interactions with misfolded proteins (Patel et al. 2020; Kim et al. 2021). This also shows that plant-based chaperones aid proper protein folding and prevent protein aggregation in neurodegenerative conditions, thereby depleting formation of toxic aggregates as well as preventing neuronal damage and dysfunction (Garcia et al. 2023a). Thus, this has shown their potential to increase cell viability, protect against cytotoxicity, modify stress responses, as well as maintain homeostasis in neuronal cells (Lee et al. 2022).  In vitro studies have also investigated the pharmacokinetic features of plant-derived chaperones, such as stability, bioavailability, and immunogenicity, to explore their efficacy and safety profile in clinical applications (Zhang et al. 2020; Brown et al. 2024). Overall,  in vitro studies on plant-based chaperones in neurodegenerative diseases reveal their therapeutic potential as well as paving the way for future preclinical and clinical trials to evaluate their efficacy and safety in refined treatment regimens (Singh et al. 2022). 

15.3.6   In VIVo sTuDies of planT-baseD chaperones in neuroDegeneraTive conDiTions In vivo studies of the therapeutic potential of plant-derived chaperones in neurodegenerative diseases have shown promising results in animal models of neurodegenerative disorders (Patel et al. 

2020; Wang et al. 2021). For example, transgenic mice exhibit abnormal forms of proteins linked to Alzheimer's disease and Parkinson's disease, while studies have determined the effects of plant-derived chaperones on the progression of these diseases as well as neuronal function (Maiti et al. 

2014; Lee et al. 2022). For example, the efficacy of plant chaperones in preventing protein misfolding and aggregation in neurodegenerative disorders has been widely studied, while administering plant-derived chaperones has been linked to reduced buildup of toxic protein aggregates in animal studies, thereby indicating the preservation of neural integrity, as well as improvements of cognitive or motor functions (Sugiyama and Nishitoh 2024). Furthermore, studies have shown that plant chaperones, beyond protein folding, have neuroprotective and antioxidant effects, modify cellular stress responses, as well as promote cellular survival pathways in the brain (Singh et al. 2022).  

Therefore, they have the potential to reduce disease progression by increasing the resilience of 

294  Sustainable Use of Plants and Their Products in Neurodegenerative Diseases Management neurons to pathogenic assaults, as well as preserving the functional integrity of the brain during neurodegenerative conditions (Brown  et al., 2024).   In vivo studies may also be important for understanding the pharmacokinetics and safety profile of plant-derived chaperones in neurodegenerative conditions, especially their bioavailability, distribution across the blood–brain barrier, as well as potential immunogenicity, which are critical to advancing these treatments to clinical trials (Zhang et al. 2020). Therefore, while challenges remain on the improvement of delivery techniques and evaluation of long-term effects of chronic chaperone administration,  in vivo  studies have shown that plant-based chaperones hold therapeutic promise in the fight against neurodegenerative disorders (Kim et al. 2021). 

15.4   CURRENT CLINICAL EVIDENCE IN NEURODEGENERATIVE  

CONDITIONS

The clinical evidence demonstrating the therapeutic value of plant-based chaperones in neurodegenerative diseases is emerging, with significant potential in inhibiting protein misfolding and aggregation (Wang et al.   2021; Patel et al. 2022). One significant example is the usage of plant-derived heat shock proteins (HSPs), including HSP70 and HSP90. These have important functions in protein folding and breakdown pathways, as studies have shown that plant-derived HSPs promote clearance of misfolded proteins as well as neuronal survival and reduce neuroinflammation, thereby indicating possible therapeutic effectiveness through the enhancement of protein homeostasis and cellular resilience in the presence of pathogenic protein aggregation (Zhang et al. 2020; Kumar et al. 2021a).  

However, clinical trials on the efficacy of plant-based chaperones in treating neurodegenerative diseases are limited due to challenges in optimizing delivery methods, determining appropriate dosing regimens, as well as ensuring safety, thereby requiring further research to validate their neuroprotective effects and develop novel plant-derived therapies (Lee et al. 2022;  Batko et al. 2024). This presents a new option for improved patient outcomes in the precise treatment of neurodegenerative conditions (Singh et al. 2022; Wang and Zeng 2024). 

15.4.1   challenges anD limiTaTions of TranslaTion of 

preclinical finDings To clinical success

The translation of preclinical findings on plant-based chaperones into clinical effectiveness for treating neurodegenerative illnesses presents significant challenges. The main issue lies in ensuring bioavailability and stability of these proteins in the human body, as they can be destroyed by the digestive system (Zhang et al. 2020; Patel et al. 2022). Furthermore, the complex nature of neurodegenerative diseases, including oxidative stress, inflammation, and synaptic disruption, necessitates extensive preclinical data, as there is a need for these factors to be mitigated while preventing protein misfolding and aggregation (Wang et al. 2021; Batko et al. 2024 ). Also, the immunogenicity of plant-derived proteins poses a significant challenge, necessitating rigorous testing and immune response mitigation methods (Singh et al. 2022). Additionally, scaling up and manufacturing of plant-based chaperones present practical hurdles, requiring innovative approaches to meet demand (Lee et al. 2022). There is thus a need for strict regulatory compliance as well as addressing concerns for cost-effectiveness, which may require collaborative efforts across academia, industry, and regulatory bodies (Pilipović et al. 2023). 

15.4.2   poTenTial combinaTion sTraTegies wiTh exisTing 

Therapies for enhanceD TherapeuTic efficacy

Plant-based chaperones can improve therapeutic efficacy in neurodegenerative conditions by 

enabling correct protein folding and avoiding aggregation. They can supplement current conventional 
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medicines to target specific pathogenic proteins or alleviate neurodegenerative conditions (Chaplot 

et al. 2020; Patel et al. 2022). Therefore, combining plant-derived chaperones with small molecule inhibitors or antibodies targeting neurodegenerative disease-specific protein aggregation can aid the removal of misfolded proteins and reduce toxic buildup, thereby boosting the neuroprotective chemicals against oxidative stress, inflammation, and mitochondrial malfunction (Wang et al.    2021;  

Wang and Zeng 2024). Also, plant-derived chaperones can enhance the transport and stability of therapeutic proteins and gene treatments, as well as promote neuro-regeneration (Singh et al. 2022).  

Furthermore, their natural origins and biocompatibility make them ideal candidates for combination therapy (Cui et al. 2022). Thus, there is a need for future studies to concentrate on optimum dosage regimes, interactions, as well as rigorous preclinical and clinical trials (Brown et al. 2024). 

15.4.3  fuTure DirecTions anD poTenTial DevelopmenTs

There is a need for future research to explore novel plant species and their distinct chaperone proteins due to their unique biological features and mechanisms of action in the prevention of protein misfolding and aggregation in neurodegenerative disorders (Miller et al.   2023). Also, advances in biotechnological approaches, such as genetic engineering and protein modification, could improve the efficiency and specificity of plant-derived chaperones, as strategies for enhancing chaperone stability and transport across the blood–brain barrier could result in the exploration and development of novel delivery mechanisms (Hernandez et al. 2022). Furthermore, the integration of plant-based chaperones into multimodal therapy approaches could improve the treatment outcomes of neurodegenerative conditions, delay disease development, preserve neural function, and enhance the quality of life of patients (Kumar et al. 2021b; Pilipović et al. 2023). 

15.5 CONCLUSION

Plant-based chaperones have the potential as viable novel personalized treatment options for neurodegenerative disorders. They have a variety of structural and functional properties that allow them to interact with misfolded proteins and promote neuronal survival, while their natural origin is consistent with the quest for sustainable and safe therapeutic choices (Thompson et al. 2023). Also, biotechnological advances, such as plant cell culture and recombinant protein expression systems, have made it possible to produce them on a large scale for customized medical applications and to tailor them to specific genetic profiles and disease features, thereby allowing for more personalized therapeutic approaches for neurodegenerative diseases (Zhang & Lin 2021). However, there is a need for more studies and clinical validation to fully realize their potential as well as develop novel, personalized treatments for various neurodegenerative diseases (Nguyen et al. 2022). 
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