¥

e .
g nutrients

Review

The Neuroprotective Potential of Ocimum Plant Species:
Seasoning the Mind with Sweet and Holy Basil

Alexandru Vasincu !

, Rizvan-Nicolae Rusu *(2, Daniela-Carmen Ababei 1, Delia Bulea 1, Oana Dana Arcan !,

1

Toana Mirela Vasincu 27, Sorin Beschea Chiriac 3, Ionut-Raducu Popescu 409, Walther Bild +>© and

Veronica Bild 15

check for
updates

Academic Editor: Dong Yang

Received: 14 August 2025
Revised: 30 August 2025
Accepted: 4 September 2025
Published: 5 September 2025

Citation: Vasincu, A.; Rusu, R.-N.;
Ababei, D.-C.; Bulea, D.; Arcan, O.D.;
Vasincu, ILM.; Beschea Chiriac, S.;
Popescu, L-R.; Bild, W.; Bild, V. The
Neuroprotective Potential of Ocimum
Plant Species: Seasoning the Mind
with Sweet and Holy Basil. Nutrients
2025,17,2877. https:/ /doi.org/
10.3390/nul7172877

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

Department of Pharmacodynamics and Clinical Pharmacy, “Grigore T Popa” University of Medicine and
Pharmacy, 16 Universitatii Street, 700115 Iasi, Romania; alexandru.vasincu@umfiasi.ro (A.V.);
dana.ababei@gmail.com (D.-C.A.); delia.bulea@umfiasi.ro (D.B.); oana-dana.arcan@umfiasi.ro (O.D.A.);
veronica.bild@gmail.com (V.B.)

Department of Pharmaceutical Chemistry, “Grigore T Popa” University of Medicine and Pharmacy,

16 Universitatii Street, 700115 Iasi, Romania; ioana-mirela.vasincu@umfiasi.ro

Department of Veterinary Toxicology, “Ion Ionescu de la Brad” University of Life Sciences, 8 M. Sadoveanu
Alley, 700489 Iasi, Romania; sbeschea@yahoo.com

Department of Physiology, “Grigore T Popa” University of Medicine and Pharmacy, 16 Universitatii Street,
700115 lasi, Romania; ionutraducu@gmail.com (I.-R.P.); waltherbild@gmail.com (W.B.)

“Olga Necrasov” Center of Anthropological and Biomedical Research, Romanian Academy, Iasi Branch,
700506 Iasi, Romania

*  Correspondence: razvan.nicolae.rusu@gmail.com

Abstract

Neurodegenerative diseases (NDs) encompass a group of chronic conditions, character-
ized by neuronal losses in large areas of the brain, leading to cognitive and behavioral
impairments. Alzheimer’s Disease (AD), the most common form of dementia, is a pro-
gressive ND, characterized by the accumulation of amyloid 3 and tau protein, entails
cognitive decline, neuroinflammation, mitochondrial dysfunction, and blood-brain bar-
rier impairment, with oxidative stress playing a critical role in its pathogenesis. To date,
the available pharmacotherapy has shown limited efficacy, and multitarget activity of
plant-derived neuroprotective bioactive compounds is currently in focus. This review
synthesizes experimental evidence regarding Ocimum species with neuroprotective poten-
tial in AD, particularly Ocimum sanctum and Ocimum basilicum. These plants are rich in
bioactive compounds including polyphenols, flavonoids, essential oils, and triterpenoids
that synergistically scavenge reactive oxygen/nitrogen species, upregulate endogenous
antioxidant enzymes (SOD, CAT, and GPx), and reduce lipid peroxidation. Furthermore,
these extracts have demonstrated the ability to decrease -amyloid accumulation and tau
protein levels, key pathological features of AD. Even though additional research is required
to fully assess their potential as therapeutic agents for NDs, by diving into the specific
mechanisms through which they improve neurodegenerative processes, important steps
can be made towards this endpoint.

Keywords: neurodegenerative disease; Alzheimer’s disease; Ocimum sp.; oxidative stress;
lipid peroxidation

1. Introduction

Neurodegenerative diseases (NDs) are a group of chronic conditions that involve
multiple dysfunctions at motor, sensory, and perceptual levels that finally lead to cognitive
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and behavioral impairments. These diseases are progressive and characterized by neuronal
loss in large areas of the brain, mostly seen among the elderly [1,2].

Oxidative stress, glycation, aberrant protein aggregation, inflammatory processes, and
gradual neuronal death are some common features shared by NDs, including Alzheimer’s
disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), or Amyotrophic lateral
sclerosis (ALS). The brain is especially susceptible to oxidative stress because of its high
rate of oxygen consumption and weak detoxifying systems [3]. Age-related changes in
cellular activity provide predisposition pathways for a number of illnesses, including AD,
making aging the main risk factor for NDs.

The present review aims to explore the neuroprotective effects of Ocimum sp., es-
pecially Ocimum sanctum (O. sanctum) and Ocimum basilicum (O. basilicum), in AD. In
addition, it focuses on the involvement of oxidative stress in neurodegeneration and the
role of antioxidants identified in these plants in the inhibition of this pathophysiological
process. The brain is considered the most vulnerable organ to oxidative stress due to
high oxygen consumption and low regenerative capacity. By examining the mechanisms
through which these compounds exert their neuroprotective effects, this review seeks to
provide insights in the designing of possible therapeutic applications for the treatment of
neurodegenerative diseases.

2. Review Methodology

A comprehensive literature search was conducted across multiple databases, including
PubMed, Scopus, Web of Science, and ScienceDirect, using keywords such as “Ocimum”,
“Tulsi”, “Holy basil”, ”O. sanctum”, “O. basilicum”, “phytochemicals”, “neuroprotection”,
“Alzheimer’s disease”, and “oxidative stress”. Inclusion criteria comprised studies pub-
lished in English between 2000 and 2025 that focused on phytochemical analysis as well
as in vitro, in vivo, or clinical evidence highlighting the neuroprotective properties of Oci-
mum species. Exclusion criteria encompassed studies that did not specifically address
neurodegeneration or were limited to agronomic or chemotaxonomic investigations lack-
ing references to biomedical data. This enhances transparency and reduces the risk of
selection bias.

3. Mechanisms of Neurodegeneration

The current literature proposes several possible mechanisms of the neurodegenerative
process. The mitochondria have been identified as a major source of reactive oxygen species
(ROS) production, and its dysfunction over time appears to contribute to neuronal degrada-
tion and the aging process [4]. A key feature of this theory is its potential to influence both
the pace and the underlying mechanisms of aging [5]. Mitochondria represents the primary
site of cellular oxygen metabolism, predominantly originating from Complex I, via partial
reduction in the FMN (flavin mononucleotide) moiety bound to nicotinamide adenine din-
ucleotide reduced (NADH) dehydrogenase, and from Complex III, where the semi-reduced
forms of ubiquinone /ubisemiquinone/ubiquinol participate in electron transfer reactions
with molecular oxygen [6]. In line with this concept, inhibitors of mitochondrial respira-
tory complexes are routinely used to trigger oxidative stress in both in vitro and in vivo
experimental models of NDs, providing valuable tools for pharmacological investigations.

Another relevant mitochondrial contributor to ROS production is the enzyme family
of monoamine oxidases (MAOs), anchored to the outer mitochondrial membrane. MAOs
catalyze the oxidation of biogenic amine neurotransmitters—including norepinephrine,
dopamine, and serotonin (5-hydroxytryptamine)—a process that inherently generates
free radicals. MAO-B, in particular, mediates the oxidation of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) to its toxic metabolite MPP*, which exerts Complex I inhibition
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and elicits biochemical, clinical, and neuropathological alterations resembling idiopathic
PD [7].

Mitochondria are not the exclusive source of ROS relevant to neurodegeneration.
Transition metals can stimulate free radical formation, and oxidative stress markers appear
prior to pathological lesions in AD [8]. In AD brains, elevated copper levels together with
decreased iron have been linked to activation of multiple oxidative pathways, including
protein kinase C (PKC, EC 2.7.11.13), NADPH oxidases (EC 1.6.3.1), extracellular signal-
regulated kinase (ERK) 1/2 (EC 2.7.11.24), and poly (ADP-ribose) polymerase (PARP, EC
2.4.2.30), promoting oxidative neuronal necrosis [9].

4. Role of Oxidative Stress in Neurodegenerative Diseases

Oxidative stress plays a pivotal role in the pathogenesis of multiple NDs. Emerging
evidence suggests intricate interconnections between oxidative stress, neuroinflammation,
mitochondrial dysfunction, and other neurodegenerative processes, both at disease onset
and during progression [10].

The process of oxidation involves electron loss, a process that must be precisely regu-
lated within living systems to preserve redox equilibrium. However, unstable molecules
such as ROS, continuously generated during cellular metabolism, can propagate chain reac-
tions by destabilizing adjacent molecules. Overproduction of ROS contributes to aging and
degenerative pathologies, prompting the evolution of endogenous antioxidant defense sys-
tems, including superoxide dismutase (SOD), catalase (CAT), reduced glutathione (GSH),
and glutathione peroxidase (GPx). In compromised antioxidant systems, ROS accumula-
tion induces oxidative stress, triggering pro-apoptotic Bcl-2 family protein activation and
thereby initiating the programmed cell death pathway. Bcl-2 proteins regulate apoptosis by
either inhibiting (anti-apoptotic) or promoting (pro-apoptotic) mitochondrial cytochrome c
release [11].

The human brain is particularly susceptible to oxidative damage due to its high
polyunsaturated fatty acid (PUFA) content, including arachidonic and linoleic acids. Lipid
peroxidation, initiated by ROS-PUFA interactions, generates lipid peroxyl radicals that
propagate further oxidative chain reactions. Antioxidant systems mitigate this by scav-
enging free radicals and interrupting peroxidation cascades [12]. Key ROS implicated
in neurodegeneration include superoxide anion (O, ), hydrogen peroxide (H,O,), and
hydroxyl radical (HOe). Reactive nitrogen species (RNS), such as nitric oxide (NO), also
contribute by reacting with O, to form peroxynitrite (ONOO™), a potent oxidant that
decomposes into HOe [13].

The widely accepted oxidative stress theory of aging posits that age-related func-
tional decline stems from cumulative oxidative damage to lipids, DNA, and proteins by
ROS/RNS [7]. Elevated ROS/RNS levels may induce cellular senescence, characterized
by pro-inflammatory factor secretion and extracellular matrix degradation. Chronic ox-
idative stress disrupts homeostatic regulation, particularly in immune and antioxidant
systems, while simultaneously activating inflammatory pathways. This creates a self-
perpetuating cycle where inflammation exacerbates oxidative stress, further accelerating
neurodegeneration [14].

Under physiological conditions, nitric oxide (NO) enhances mitochondrial biogenesis
via cyclic GMP (cGMP)-dependent activation of peroxisome proliferator-activated receptor
gamma coactivator-la (PGC-1o). However, excessive nitrosative stress impairs mitochon-
drial respiration through S-nitrosylation of complexes I and IV in the electron transport
chain [15].

Oxidative stress is a hallmark of early neurodegenerative stages, with ROS overproduc-
tion correlating with cognitive decline and neuroinflammation. Preclinical studies suggest that
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targeted antioxidant interventions or ROS-scavenging strategies may reduce inflammatory
markers and mitigate neuronal damage [16,17]. Breaking the oxidative stress—inflammation
cycle represents a promising therapeutic avenue for halting disease progression.

5. Pathophysiology of Alzheimer’s Disease

AD is the most common disorder of the central nervous system (CNS), characterized
by the destruction of neurons and synaptic transmissions, with progressive and irreversible
evolution. Key neuropathological hallmarks include the accumulation of $-amyloid (A)
plaques and neurofibrillary tangles in the brain. These changes lead to progressive deteri-
oration of memory, cognition, and behavioral function, which represent the core clinical
manifestations of AD [18-23].

The hippocampus, a component of the limbic system, plays a central role in memory
process, especially episodic and autobiographical memory. In AD, hippocampal neurogen-
esis is disrupted due to altered neuropeptide Y signaling, which is essential for synaptic
plasticity and neuronal survival [24].

The A peptide is generated through proteolytic cleavage of the amyloid precursor
protein (APP), that occurs under the action of 3- and y-secretase, yielding A342 (42-
aminoacid peptide) and A340 peptide, which is shorter by 2 amino acids at the C-terminal
end. The aggregation of Af3 fragments leads to plaque formation, which subsequently
contributes to the cholinergic neurotransmission impairment observed in the brains of AD
patients [20]. Imbalances between A production and clearance mechanisms lead to its
accumulation, facilitating plaque formation and synaptic toxicity [18,21].

AP aggregates disrupt cholinergic neurotransmission and interact with copper (Cu®)
and zinc (Zn?") in the synaptic cleft, promoting oxidative crosslinking and amyloid pre-
cipitation [25]. While Zn?* plays a physiological role in modulating intracellular signaling
pathways, particularly those governing protein phosphorylation [26] as well as oxidative
stress defenses [27], dysregulated Zn?* homeostasis can also precipitate mitochondrial im-
pairment and activate apoptotic pathways, thereby exacerbating neuronal loss in AD [28].

Oxidative stress, neuroinflammation, tau protein phosphorylation, various neurotrans-
mitters such as cholinergic, and abnormal energy metabolism have been observed to play
an important role in the development of neuropathology of AD, characterized by impaired
cognitive function, especially memory impairment, which is an irreversible process [29-31].

A very important aspect is the blood-brain barrier (BBB), as pathological changes
in the blood-brain barrier lead to disruption of physiological functions with induction
of brain damage and contribute to many neurodegenerative diseases such as AD [32,33].
Accumulation of AP has been associated with elevated prostaglandin levels leading to
inflammatory processes and blood—-brain barrier dysfunction [34].

It is known that the incidence and prevalence of severe cognitive impairment are
increasing, as global life expectancies continue to rise. Around the world, more than
55 million people are estimated to be living with AD or other dementias as of recent years,
with this number expected to rise to over 152 million by 2050 [35]. AD currently affects
around 7.2 million Americans aged 65 and older and this number is expected to increase
to 13.8 million by 2060 without substantial medical advancements in prevention or treat-
ment [36]. Poor quality treatment leads to increased pressure on healthcare infrastructures,
imposing significant socioeconomic burdens across affected populations [37]. Developing
new methods, including multitarget-directed ligands (MTDLs) that can simultaneously
target numerous pathogenic pathways that contribute to neurodegeneration and can delay
the onset and progression of NDs, is a paramount objective with huge socioeconomic
value [38].
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6. Botanical and Ethnopharmacological Profile of Ocimum sp.

Natural compounds were the first agents used in a therapeutic purpose. Numerous
researchers suggest they possess neuroprotective effects, highlighting their potential for
managing disorders such as AD [39]. The plant species Ocimum, collectively called basil,
is considered to be the largest genera in this family and most of the species are native to
temperate regions of the globe [40]. The plant is highly distributed in Africa, South America
(Brazil) and Asia (India) [41]. For example, in India, nine species of Ocimum have been
reported and three of these are exotic: O. americanum L., O. minimum L., and O. africanum
Lour. [42]. Various authors reported between approximately 30 and 160 species of annual
and perennial herbs and shrubs [43]. However, The Plant List database includes 384 scien-
tific plant names of species rank for the genus Ocimum and only 76 of these are accepted
species names, the rest being considered as synonyms, unplaced or unassessed [44]. This
could be explained due to the high degree of polymorphism of the plants [45]. Extensive
cultivation and different environmental factors have led to morphological variations seen
in Ocimum species [46].

The most frequently cultivated Ocimum species as a source of essential oils and aro-
matic compounds [47] in some countries of Europe, America, East Asia, and Australia are
Ocimum basilicum (O. basilicum or sweet basil), Ocimum gratissimum (O. gratissimum), and
Ocimum sanctum (O. sanctum or holy basil) [48]. Ocimum americanum (O. americanum) is met
as ubiquitous species in India but also is cultivated in Indonesia due to its essential oil.
Ocimum kilimandscharicum (O. kilimandscharicum) is cultivated due to its camphor-like scent
essential oil [41].

7. Phytochemicals from Ocimum sp. with Anti-AD Potential

The phytochemical analysis of basil showed that this plant is rich in polyphenolic
compounds and flavonoids which play an important role in free radical scavenging. The
total polyphenol and flavonoid contents can vary among different Ocimum species, with
the highest concentrations found in O. basilicum and O. gratissimum, while the lowest
concentrations were found in O. canum. The high level of the active compounds was
correlated with important antioxidant activity, as measured by various radical scavenging
assays [49,50]. Usually, polyphenol content was measured in mg gallic acid equivalent
per gram of extract (mg GAE/g), while flavonoid content was measured in mg quercetin
equivalent per gram of extract (mg QE/g) [49,51].

The predominant polyphenolic compounds identified in Ocimum extracts include
sinapic acid, rosmarinic acid, methyl eugenol, eugenol, luteolin, apigenin, ocimarin,
nepetoidin, xanthomicrol, hymenoxin, luteolin-7-O-glucuronide, chlorogenic acid, salvi-
genin, apigenin-7-O-glucuronide, basilimoside, and oleanolic acid [52]. These compounds
highlighted potent radical scavenger activity. Furthermore, there is proof that indicates anti-
inflammatory activity in Ocimum extracts, demonstrated by the inhibition of lipoxygenase
enzyme and nitric oxide radical scavenging, enzymes known to be critical in regulating
inflammatory responses in various disease conditions [49,53].

Mass spectrometry coupled with liquid or gas chromatography is the most widely
used method for identifying natural compounds. For Ocimum species, various extraction
methods using different solvents such as water—ethanol, ethanol, methanol, ethyl acetate,
water, alcohol-acid, chloroform, and hexane, were used [50,52].

O. sanctum contains several phytochemicals, including flavonoids, terpenoids, pheno-
lic compounds, glycosides, tannins, saponins, alkaloids, and steroids. Additionally, it is rich
in vitamins C and A, and minerals such as zinc, iron, and calcium, but also in fatty acids or
carboxylic acids, aliphatic aldehyde, and amino acid or carbohydrate derivatives [50,54].
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O. sanctum exhibits notable inhibitory effects on lipid peroxidation that incriminate the
higher concentration of polyphenolic flavonoids and phenolics, which are strong antioxi-
dants. Studies have shown that ethanolic extract of O. sanctum significantly strengthens
antioxidant defense mechanisms [55,56], demonstrating its neuroprotective properties
against noise-induced oxidative stress. In animal models, this is demonstrated by elevated
GSH, CAT, and SOD activity [57,58].

According to experimental studies, ethanolic extracts of O. sanctum could improve
memory function in mouse models, by modifying the cholinergic pathways in the brain.
Both assays used, scopolamine-induced and aging-induced amnesia, could exhibit higher
step-down latency and suppression of acetylcholinesterase activity in human brain mi-
crovascular endothelial cells indicating a mechanism based on acetylcholine control [59,60].
The ability of the extract to combat oxidative stress through bioactive components such
as ursolic acid, rosmarinic acid, flavonoids (like luteolin and apigenin), and polyphe-
nolic compounds (like cirsimaritin and cirsilineol) further supports its neuroprotective
effects [57,58,61].

It seems that the moieties that contain phenolic -OH groups could be correlated with
antioxidant capacity. By stabilizing phenoxy radicals, electron-donating substituents (like
alkyl and hydroxyl) increase antioxidant activity, whereas electron-withdrawing groups
(like COOH) decrease efficacy. If we are referring to flavonoids, it is known that catechol
structure promotes electron donation, which strengthens radical scavenging and also
improve membrane protection [55,62].

Regarding O. basilicum, its leaf oil contains important components such as methyl
chavicol (estragole), linalool, methyl cinnamate, 1,8-cineole, and methyl eugenol. Ethanolic
or methanolic extract may include flavonoids (luteolin, catechin, vitexin apigenin, narin-
genin, and rutin), rosmarinic acid, phenols, anthocyanins, and steroids [63]. It seems
that apigenin and C-glycosylated derivatives could have some potential activity in AD
as anti-inflammatory molecules. Also, naringenin has exhibited some antioxidant activ-
ity [64]. Studies suggest that O. basilicum can mediate GABAergic neurotransmission and
reduce brain acetylcholinesterase level and oxidative stress, thereby improving cognitive
functions [65].

Studies that involved various species of Ocimum (O. minimum, O. americanum, O.
africanum, and O. basilicum) which aimed to prove their anticholinesterase activity were
developed. The preliminary results reported that O. americanum showed the highest
activity, then O. africanum followed by O. basilicum and O. minimum. The major components
identified were phenolics; rosmarinic, caftaric, and chlorogenic acids of which chlorogenic
acid demonstrated the highest activity [66].

The extracts of O. basilicum were made using various solvents such as water, ethyl
acetate, methanol, ethanol, butanol, chloroform, and diethyl-ether. These demonstrated
notable inhibition of lipid peroxidation (LPx) in liposomal models and exhibited strong free
radical scavenging activity. The essential oils of O. basilicum displayed greater antioxidant
potential than its individual constituents, suggesting a synergistic interaction among its
components that enhances hydrogen-donating capacity. The main components of the essen-
tial oil are eugenol and methyl chavicol. It seems that the introduction of methoxy groups
could increase the antioxidant capacity of eugenol. Not only the phenolic components are
the most important but also the metabolites that showed an antioxidant effect similar to
reference [67].

Tables 1 and 2 summarize the phytochemicals reported by several groups of re-
searchers in different Ocimum species that possess neuroprotective effects as well as their
chemical structures.
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Table 1. Phytochemical composition of Ocimum species with neuroprotective effects.
Phytochemical Class Identified Natural Ocimum Species Relative Abundance/Supplementary References
Compound References
O. gratissimum +[68]
O. basilicum ++[70]
. . O. canum +
Alcohols Chlorogenic acid O. kilimandscharicum + [50,51,69]
O. sanctum +[71]
O. citriodorum N/A
N O. sanctum ++[72]
Fatty acids Linoleic acid O. americanum ++[73] [50,55]
Ocimumosides O. sanctum + [49,62,74]
O. gratissimum ++
O. sanctum ++
Apigenin O. basilicum +[76] [50,58,69,75]
O. citriodorum +
O. canum +
O. gratissimum +/++[52]
O. basilicum +/++[77]
e : O. canum +
A -7-O-gl d 49,51
plgenin glucuronide O. kilimandscharicum +[52] [49,51]
O. sanctum ++/+++[52]
O. citriodorum +152]
. O. basilicum ++[78,79]
80,81
Catechin O. sanctum +++[80,82] (80,81]
C_ir§ilingql O. americanum ++[83] [50,58,74]
Cirsimaritin O. sanctum +++
Ist_)thymusm a nd O. sanctum ++ [84,85] [50,58,74]
isothymonin
O. sanctum +[86]
O. gratissimum ++[87]
Luteolin O. citriodorum ++[78] [49-51,69]
O. canum N/A
O. kilimandscharicum N/A
O. gratissimum ++[88]
; . ili 52]
Luteolin-7-O-gl d O. basilicum +[ 49-51
Flavonoids et giicaromde O. kilimandscharicum N/A[52] L !
O. sanctum +[89]
. : O. basilicum +[78,90]
N 78,91
armgenin O. citriodorum +[78] [78,91]
O. americanum +
O. basilicum ++ [81]
O. campechianum ++[92]
O. citriodorum +
. O. gratissimum ++
Rutin O. kilimandscharicum + 50,66,691]
O. selloi N/A
O. sanctum +
O. minimum +
O. africanum +
Orientin (8-C glucoside of O. sanctum /4 [93,94] [50,51,55,95]
luteolin)
O. gratissimum ++[62,68]
O. minimum +[96]
Quercetin/isoquercetin O. africanum +[97,98] [50,66]
O. basilicum +[96,98]
O. americanum +196]
Lo O. sanctum +[94] ,
Salvigenin O. gratissimum +[69] (50,741
O sanctum ++[99-102]
O. africanum +[96]
Vicenin O. minimum N/A[50,100] [50,51,55,66]
O. basilicum +
O. americanum +/0*[50,100]
i 103
Vitexin O. americanum ++[103] [50,51,74]

O. sanctum

+/N/A [50,62,104,105]
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Table 1. Cont.
Phytochemical Class Iderét;fr:;oll\:z:lural Ocimum Species Relative Abulr{léifaerrlzzlcsetslpplementary References
O. basilicum ++[106]
O. americanum +/N/A[106,107] ’
Borneol O. gratissimum +[50,108] (50,74,75]
O. sanctum +/N/A[106,107]
O. americanum ++/+++ [50,109]
Carvacrol O. gratissimum +/++[50,108] [50,74]
O. sanctum +[110,111]
O. sanctum +[108,112]
Monoterpenes . o O. basilicum +/++[112,113] ,
1,8-cineole, 3-ocimene O. gratissimum ++[50,114] [50,55,75]
O. campechianum ++[92,112]
O. americanum ++/+++ [115,116]
: O. basilicum +++ [116,117] s
Linalool O. campechianum +++[116] [50,64,74]
O. sanctum ++[110]
O. sanctum +[62,108,110,118]
. O. basilicum +[106,113,119] -
B-pinene O. gratissimum +[69,108] [50,55,60]
O. campechianum ++[120]
O. basilicum +++[121,122]
O. sanctum ++[51]
Caffeic acid O. gratissimum +[68,123] [50,51,55,58]
O. citriodorum +[124]
O. americanum ++ [125,126]
N O. americanum +++[127]
Chicoric acid O. gratissimum ++[69,128] 1501
Ellagic acid O. gratissimum +[69,129]
8 O. americanum N/A[52,130] [50,69]
Phenols
O. sanctum +++[72,86,110]
O. basilicum ++/+++[113,131]
O. americanum +[132,133]
Eugenol O. gratissimum +++[134,135] [49,50]
O. campechianum +++ [45,112,116]
O. kilimandscharicum +++ [136,137]
O. sanctum +++ [86,114]
Ferulic acid O. sanctum +[138] [50,74]
Gallic acid O. gratissimum +++ [62,139,140] [69]
e O. gratissimum +[69,141] y
Sinapic acid O sanctum +/0[142] [50,69,74]
O. americanum +++[52,143,144]
O. basilicum +++ [52,145,146]
O. campechianum +++ [52,92]
O. canum ++[52,147]
Rosmarinic acid O. citriodorum +++[52,124] [49,50,58,69]
O. gratissimum +++ [144,148,149]
O. kilimandscharicum ++[150,151]
. O. selloi +[150,152]
Phenylpropanoids O. sanctum +++ [51,153]
Methyl chavicol O. basilicum +++[117,135,154] [155]
Methyl cinnamate O. basilicum +++[117,156,157] [50,64,75]
O. sanctum +++ [135,158]
O. campechianum ++/+++[116,160]
Methyl eugenol O. gratissimum +/0[135,161] [49,50,159]
O. basilicum +/++[116]
O. canum N/A
O. basilicum ++/+++[113,131]
. . Caryophyllene O. gratissimum ++[108,135]
Sesqmterpenmds B —caryophyllene O. campechiunum ++/+++[92,112] [5075‘] /74]
O. sanctum ++[110,158]
O. gratissimum ++[69,162,163]
O. basilicum ++ [50,164]
L O. canum ++[165] y
Triterpenoids Oleanolic acid O. kilimandscharicum +/N/A[166] 149,50,58,69]
O. sanctum ++ [86]
O. citriodorum N/A[124]
Ursolic acid O. sanctum +++[167,168] [50,74]

Legend: *, depending on variety; +, detected at low levels (~0.01-0.05 mg/g); ++, moderate levels
(~0.05-0.2 mg/g); +++, high levels (>0.2 mg/g or one of the most abundant when compared to other compounds;
N/A, quantitative data is unavailable; 0, absence is reported.
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Table 2. Chemical structures of Ocimum species natural compounds with neuroprotective effects.
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8. Neuroprotective Mechanisms of Ocimum sp. Phytochemicals

Neuronal cells are particularly vulnerable to oxidative stress due to the brain’s ele-
vated oxygen consumption, which underscores the critical importance of antioxidants in
preventing or delaying neurodegeneration [169].

Recent studies have identified various compounds in spices, including O. sanctum
and O. basilicum, that exhibit positive modulatory properties in synaptic transmissions [20].
Dietary intake rich in antioxidants has been associated with a decreased risk of dementia,
with O. sanctum recognized for its antioxidant and other therapeutic properties, such
as antidiabetic, antifungal, antimicrobial, antineoplastic, cardioprotective, analgesic, and
diaphoretic effects [30]. O. basilicum is traditionally used for various nervous disorders,
but also neurodegenerative diseases. A large number of studies reveal the potential of
basil to modulate important neurotransmissions such as the GABAergic but especially the
cholinergic one by reducing brain acetylcholinesterase (AChE) activity [65,170]. The efficacy
of O. americanum L. extracts has been evaluated by their inhibitory action on cholinesterases
(AChE and butyrylcholinesterase) as well as free radical scavenging and reduction [126].

A major component of AD pathophysiology is oxidative stress, which leads to DNA
damage, lipid peroxidation, and progressive cell death. Natural antioxidants can inhibit
free radical formation through numerous mechanisms and reduce amyloid plaque accu-
mulation [171,172]. The antioxidant action of basil extract has been found to restore SOD
and metalloproteinases, chelate Fe?*, and ameliorate hydrogen peroxide-induced neuronal
damage [173,174].

The antioxidant activity of O. sanctum has been widely associated with neuropro-
tection and has been documented by numerous researchers [175]. The antioxidant and
neuroprotective activity of O. sanctum compared to that of the natural product EGb761, was
evaluated in a rat model of cerebral ischemia induced by bilateral common carotid artery
occlusion (BCCAQ), when motor dysfunction was attenuated, and the size of cerebral
infarction was reduced. ROS uptake may be due to phenolic compounds, tannins, and
flavonoids present in the O. sanctum extract [176].

In vivo studies on Wistar albino rats indicate that O. sanctum protects against cadmium-
induced toxicity by enhancing the activity of endogenous antioxidant enzymes such as SOD,
CAT, GPx, GSH, and ascorbic acid (vitamin C) [177]. These effects have been attributed
to the antioxidant properties of flavonoids, which play an essential role in membrane
protection. Compounds like orientin and vicenin from O. sanctum have demonstrated
significant in vivo antioxidant effects, reducing y-radiation-induced lipid peroxidation
in mouse liver. A significant decrease in the MDA levels beginning from 15 min to 8 h
post-irradiation compared to control mice was observed [178]. Lipid peroxidation, driven
by oxidative stress, is a critical pathway leading to neuronal membrane damage. Other
phenolic compounds, including cirsilineol, cirsimaritin, apigenin, and rosmarinic acid
also contribute to the antioxidant and neuroprotective properties of O. sanctum extract of
fresh leaves and stems [179]. Epigenol, isotimonin, and isothymusine showed antioxidant
activity as compared to butylated hydroxy toluene (BHT) and tert-butyl hydroquinone
(TBHQ) taken as standards [180]. These bioactive compounds not only neutralize free
radicals but may also modulate multiple pathways involved in oxidative damage and
neuroinflammation.

The essential oils extracted from O. sanctum leaves are particularly rich in eugenol,
carvacrol, thymol, linalool, caryophyllene, limatrol, apigenin, and ursolic acid; among these,
eugenol is considered the most therapeutically valuable [181]. These compounds show
promise as therapeutic candidates for NDs. The antioxidant properties of basil essential
oils containing these compounds were compared with other known antioxidants used as
standards, such as BHT and tocopherol, showing notable activity [174].
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The question of how eugenol through its antioxidant action reduces the inflammatory
response arises. This plant-derived bioactive compound has been shown to prevent amyloid
plaque formation in the hippocampus as well as amyloid-induced hemolysis [182,183]. It
also inhibited microsomal lipid peroxidation in rat liver mitochondria [55,184]. In fact,
neutralization of reactive oxygen and nitrogen species, and inhibition of lipid peroxidation
that prevails the antioxidant effect, are mechanisms of action which underlie the functional
and biological activity of eugenol [185].

As previously discussed, neuronal cells are particularly susceptible to oxidative dam-
age [169]. When antioxidant defense systems become impaired, the resulting oxidative
stress can contribute significantly to neurodegenerative conditions. Moreover, oxidative
stress and inflammation are mutually reinforcing phenomena. In inflamed tissues, in-
creased ROS levels are frequently observed, creating a vicious cycle that exacerbates tissue
damage [186], emphasizing the importance of antioxidants in both the prevention and
therapeutic management of neurological diseases.

Notably, O. sanctum extract has been shown to regulate neurotransmitter levels critical
for neuronal function. In a rat model of AD, the extract both alone and in combination with
levetiracetam improved cognitive function, reduced motor dysfunction, and decreased
the size of cerebral infarctions. The extract also significantly reduced tau protein and
beta-amyloid levels in the hippocampus, restoring histological and neurochemical changes
induced by Ap [187].

Cognitive dysfunction induced in animal models (rats) by the administration of
substances such as atropine or cyclosporine or by maximal electroshock, was improved
by the administration of O. sanctum extract, decreasing the brain AChE activity [188]. In
another study, an ethanolic extract of O. sanctum improved cognitive ability of rats by
acting on the cholinergic system, increasing the activity of choline acetyltransferase (ChAT)
activity, which is responsible for the synthesis of acetylcholine (ACh). Twenty-seven white
male rats in different ages, 3, 6, and 9 months, were treated with an ethanolic extract of O.
sanctum for 45 days in different doses. The evaluation of the behavioral study by the 8-arm
radial maze, in the assessment of long-term memory, showed an improvement in cognitive
ability in 6- and 9-month-old rats treated with 100 mg/kg b.w. of the extract. Moreover, in
6-month-old rats, the extract increased the expression of ChAT responsible for the synthesis
of ACh in the brain [60].

Chronic brain hypoperfusion can be caused by free radicals through the generation of
brain damage, leading to histopathological and functional disorders. The active principles
of O. sanctum such as eugenol, isotimucine, rosmarinic acid, orientin, vicenin, and apigenin,
have been shown to be able to function as potent antioxidant and neuroprotective phar-
macophores. Tested on an animal model (rats) of cerebral ischemia and hypoperfusion,
O. sanctum extract (200 mg/kg b.w./day) used for 7 days has prevented increased lipid
peroxidation and oxidative stress [176].

Another preclinical study in animal models (rats) demonstrated that O. sanctum
ethanolic extract had a neuroprotective effect by increasing the density of hippocampal
neurons. The AD model was induced using the chemical agent trimethyltin (TMT), which
causes lesions mainly in the hippocampal area, causing the rats to show certain behavioral
symptoms. The administration of O. sanctum extract suggests an increase in neuropeptide
expression and prevents neuronal apoptosis [24].

The neuroprotective effect of O. sanctum extract has been demonstrated by increasing
the viability of human embryonic kidney-293 (HEK-293) cells and maintaining the stability
of ChAT expression. For induction of the neurodegeneration and neurotoxicity model,
cell cultures were treated with TMT and pre-treatment with O. sanctum extract provided
protection against apoptosis [189].
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Not only O. sanctum demonstrated its neuroprotective effect, but also the extract
from the O. gratissimum species leaves that were administered in Wistar rats with cerebral
ischemia. The extract improved cognitive performance, especially the parameters that
define anxiety [69]. The antioxidant activity of O. gratissimum was attributed to flavonoids
and phenolic compounds that prevent the induction of oxidative stress generated by cell
damage. Blocking of enzyme systems and scavenging free radicals are the mechanisms by
which flavonoids and phenols exert antioxidant and anti-inflammatory effects [69].

Some studies suggest that O. gratissimum leaf extract proved to ameliorate the effects
of lead acetate-induced cerebellar neurotoxicity in rats. It seems that decreasing of lipid
peroxidation, reducing the levels of MDA, and increasing the activities of SOD, CAT, and
GSH in the cerebellum repairs the integrity of cerebellum cells [190,191].

For O. basilicum, particularly its polyphenolic molecules, several preclinical studies
have demonstrated their strong antioxidant [192-199] and neuroprotective effects [200,201].
The major and the most active compound isolated from O. basilicum is rosmarinic acid, a
polyphenolic molecule with strong antioxidant activity [202]. This compound is consid-
ered the main component responsible for the neuroprotective effect. Although different
mechanisms have been suggested, further studies are required to better understand its neu-
roprotective role. The synergistic action of various bioactive compounds in O. basilicum may
further enhance its neuroprotective effects, making it a promising candidate for therapeutic
applications in NDs [202].

The in vivo animal model studies have shown that scopolamine treatment can cause
degradation of the hippocampal region, but two trimethoxy flavones from O. basilicum
have improved the memory of animals, demonstrating neuroprotective action [65]. Many
neuropsychological disorders such as AD can be caused by the negative effects of the
harmful action of free radicals at the intracellular level.

Neuroprotective effects of methanolic extract of O. basilicum on an electromagnetic
field-induced neurotoxicity model has been reported. The results of the study revealed
an increase in SOD, GSH. and CAT activity, as well as a decrease in malondialdehyde
(MDA) level, that proved the positive influence on oxidative damage in brain tissues.
Also, in the studies regarding the activity of O. basilicum ethyl acetate extract in a global
cerebral ischemia and reperfusion model, researchers observed the decrease in cerebral
infarct size, lipid peroxidation and increase in GPx, and short-term memory and motor
coordination [200,203].

Linalool is a monoterpene tertiary alcohol, a key compound of many essential oils from
aromatic plants, including O. basilicum, which has demonstrated neuroprotective effects in
animal models, effects associated with antioxidant and anti-inflammatory action [172].

The neuroprotective effect of O. basilicum and O. gratissimum has been demonstrated
in vivo, as administration of extract of basil leaves, at doses of 200 and 400 mg/kg b.w., and
improved scopolamine-induced memory deficit in mice. Furthermore, basil extracts had
an antioxidant effect as well as inhibitory activity on AChE, resulting in a decrease in Ach
synthesis and affecting cholinergic neurotransmission at the central level. This disruption
of the cholinergic system is one of the mechanisms responsible for cognitive dysfunction in
memory impairment as in AD [55,65,204].

Other investigations have highlighted the neuroprotective potential of O. africanum in
experimental models of cognitive impairment. In a pivotal study employing scopolamine-
induced memory deficits in rodents, administration of O. africanum volatile oil significantly
increased latency time in the passive avoidance test, indicating improved memory retention.
Concurrently, a notable reduction in AChE activity within brain tissue was observed,
suggesting enhancement of central cholinergic neurotransmission, an effect associated with
improved cognitive performance [200,203].
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Recent data from the literature regarding the effects of Ocimum sp. in neurodegenera-
tion, especially AD, is presented in Tables 3-5.

Table 3. The effects of O. sanctum in neurodegeneration.

Ocimum Species Dlseassi’lz/i?:sel and Ne&zzf::f:;_tve Neuroprotective Effect References
Prevents lipid Neuroprotective
O. sanctum Rat model of noise stress croxida tionpan d properties against [55,56]
ethanolic extract induction p oxidative stress noise-induced oxidative !
stress
O. sanctum Attenuates motor
m'e thanolic Rat model of cerebral dysfunction Improves cognitive [176]
extract ischemia Reduces the size of function
cerebral infarction
Enhances the activity of
O. sanctum . . endogenous antioxidant Protects against
hydroalcoholic extract Wistar albino rats enzymes (SOD, CAT, GPx, cadmium-induced toxicity (1771
GSH, and ascorbic acid)
O. sanctum extract and Significantly decreases eroifiiltli%er? rlgr:ddiate d
isolated Mouse liver MDA levels before p through antioxidant [178]
flavonoids y-radiation &
effects
Prevents of amyloid
plaque formation and Improves cognitive [182,183]
o " amyloid-induced performance ’
- sanctum hemolysis
derived
eugenol Prevents oxidative
Rat liver mitochondria Inhibits rmc.roso.mal lipid . dam.age and . [55,184]
peroxidation mitochondrial dysfunction
in neurons
| tau protein and
bem-aﬁgi’o;f;;\;eiz in the Restores neurochemical
Restores histological and Im roC\Ifl:sn((:goesnitive
neurochemical changes P func tiO%l
O. sanctum extract Rat model of AD induced by AP [187]
Regulates Reduces motor
neurotransmitter levels Decfeyassffl:l?}:lgir;e of
(the extract both alone and . .
in combination with cerebral infarctions
levetiracetam)
Rat model of cognitive . .
S Improved cholinergic
dysfunction induced by . .. s
. . . | brain AChE activity — 1 neurotransmission
O. sanctum extract administration of atropine, . " [188]
cyclosporine, or by synaptic Ach Improved cognitive
maximal electroshock performance
Behavioral improvement
O. sanctum extract Animal model 1 ChAT activity .—> T ACh  (radial maze performance) [60]
synthesis Enhance of memory
function
1 in the density of Preservation of neuronal
O. sanctum Rat model of AD induced hippocampal neurons structure anq density
. . . Enhanced resistance of [24]
ethanolic extract by TMT 1 in neuropeptide . .
expression brain cells to neurotoxic
p factors exposure
T of cell viability after
TMT . . .
O. sanctum HEK-293 cells exposed to eXPOSUTE Anti-apoptotic activity [189]
extract ™T Maintgins ChAT Cell-protective role
expression

Legend: 1, increase; |, decrease; —, results in.
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Table 4. The effects of O. basilicum in neurodegeneration.
Ocimum Species Disease M?del and Neuroprot.e ctive Neuroprotective Effect References
Species Mechanism
e Global cerebral ' mee rebral 1.r1far.c t stze Improves short-term
O. basilicum ethyl . . J lipid peroxidation in
ischemia and L memory and motor [200,203]
acetate extract . brain tissue o
reperfusion model . coordination
1 GPx activity
1 levels of antioxidant
O. basilicum Electromagnetic enzymes (SOD, GSH, Positive influence on
methanolic field-induced CAT) oxidative damage in brain [200,203]
extract neurotoxicity model | levels of MDA (marker tissues
of lipid peroxidation)
1 of AChE activity in
Mouse model of brain tissue — | of ACh .
. . . Protects the hippocampus
. scopolamine- synthesis — affecting .
O. basilicum . . . Ameliorates memory [55,65,204]
induced memory cholinergic .
- .S deficits
deficit neurotransmission at the
central level
Reduces neuronal damage
Antioxidant action Supports cognitive
O. basilicum ACHhE inhibition — | ACh function, memory [55,65,204]
synthesis Counteracts memory

impairment

Legend: 1, increase; |, decrease; —, results in.

Even though clinical trials regarding the beneficial effects of Ocimum sp. are increasing,
further research into its efficacy in neurodegenerative diseases is required. Jamshidi
and Cohen have highlighted that a series of clinical studies using Ocimum sp. reported
improvements in the participants’ mood, cognitive function, regardless of aspects such as
gender, sex, formulation, or dose [205].

The neuroprotective, cognition-enhancing and stress-relieving effects of OS have been
studied by Sampath et al., in a placebo-controlled clinical trial. In the study, 70% ethanolic
extract of Ocimum sanctum (EtOS) was used, given as capsules (300 mg/day) to 40 healthy
participants, for 4 weeks. The authors have highlighted the beneficial effects of EtOS
compared to placebo on short-term memory, central executive functions of cognition such
as information processing and retrieval, cognitive flexibility, and attention [206].

Another randomized, placebo-controlled study conducted by Saxenta et al. has re-
ported positive findings. A total of 158 participants received capsules of OciBest (extract
of the whole plant of O. tenuiflorum which contains 400 mg of actives) in a total dose
which corresponds to 1200 mg of actives, for a 2-week period. The administration of the
extract determined a significant decrease in the intensity of forgetfulness to about one-third
observed in the placebo group, while also providing effective relief from frequent feeling of
fatigue, being 39% more effective in the management of stress symptoms, compared to the
placebo group [207].

In another clinical trial conducted by Bhattacharyya et al. in which 35 participants
received 500 mg of O. sanctum plant extract as capsules, twice a day for 60 days, the authors
reported an improvement in attention as well as stress and anxiety. However, it should be
stated as a limitation that this study had no placebo control [208].

In an 8-week randomized, double-blind, placebo-controlled study conducted by Lo-
presti et al., the administration of an Ociumum tenuiflorum extract (250 mg/day) determined
important improvements in self-report measures of perceived stress and sleep quality, also
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reducing stress response after exposure to an acute stressor and reduced chronic cortisol

excretion [209]. This is important, since psychological stress increases the activity of the

hypothalamic—pituitary—adrenal axis and thus the level of glucocorticoid hormones and it

may also determine structural and functional damage to the hippocampus, also influencing

learning and memory processes [210]. Additionally, the association between sleep and

cognitive function is widely acknowledged, duet to the role of sleep in learning, memory,

and synaptic plasticity as well as waste clearance from the brain [211].

Pertinent to safety, the authors have reported no serious adverse events during the

trials we have mentioned, suggesting that the extracts that were used are considered safe.

Table 5. The effects of other Ocimum sp. in neurodegeneration.

Ocimum Species Disease M?del and Neuroprotective Mechanism Neuroprotective References
Species Effect
Antioxidant activity — free Reduces oxidative
. . stress, neuronal
radicals scavenging .
. . . protection
. Wistar rats with Anti-inflammatory effects — .
O. gratissimum ) ) . Limits [69]
cerebral ischemia blocking enzyme systems . .
. - . neuroinflammation
involved in the inflammatory I,
Enhances cognitive
process
performance
1 lipid peroxidation
Lead acetate-induced J MDA level Ameliorates
O. gratissimum cerebellar 1 antioxidant defense — 1 neurotoxicity in the [190,191]
neurotoxicity in rats  SOD, CAT and GSH levels in cerebellum
the cerebellum
Mouse model of i of AChE activity in bra‘f‘ Protection of the
scopolamine- tissue — | of Ach synthesis hippocampus
O. gratissimum . — affecting cholinergic . [55,65,204]
induced memory o Ameliorates memory
- neurotransmission at the . .
deficit deficits
central level
Inhibits AChE activity in
Mouse model of brain fclss.ue -1 Ach activity ~ Improves learnlpg
scopolamine- Antioxidant activity — | and memory deficits
O. africanum . oxidative stress Neuroprotective [200,203,212]
induced memory . .
- Improves performance in effects against
deficit . . o
learning/memory behavioral ~ oxidative damage
tests
Antioxidant activity — Neuroprotective
Wistar rats upﬁ;ﬁiﬁi:fg?&iﬁ? i(iSH effects in cognitive [103,126]
O. americanum & impairment models
pathways
Anti-inflammatory activity Suppresses neural [126,213]
inflammation
Improved
poCAOII gy OB o
O. kilimandscharicum RSP Modulation of . . [200,214]
reperfusion injury in . Reduced infarct size
. . : neurotransmitter systems
Swiss Albino mice Enhanced

antioxidant defenses

Legend: 1, increase; |, decrease; —, results in.
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9. Comparative Analysis of Phytochemical Profile and Neuroprotective
Actions of Ocimum Species

The six species studied (O. sanctum, O. basilicum, O. gratissimum, O. africanum, O.
americanum, and O. kilimandscharicum) have distinct phytochemical profiles and varying
neuroprotective effects. The neuroprotective effects of O. sanctum are mainly attributed
to eugenol, rosmarinic acid, orientin, and vicenin. It exhibits antioxidant effects and
cholinergic upregulation (TChAT activity, JAChE) in various models of AD and ischemia.
Significantly, O. sanctum diminishes A and tau damage in rat models of AD [171,172,180].

O. basilicum is rich in rosmarinic acid, linalool, and methyl chavicol, that confers
significant antioxidant protection (JMDA, 1SOD, TCAT, and 1GPx), but a relatively weaker
direct cholinergic modulation than O. sanctum [170]. Experimental evidence demonstrates
that post-ischemic treatment with plant leaf extract results in marked improvements in
memory and motor coordination, as well as a significant reduction in cerebral infarct
size [215,216].

O. gratissimum contains elevated levels of caffeic acid, ellagic acid, and eugenol [217]. It
is characterized by antioxidant and anti-inflammatory properties, resulting in inhibition of
LOX/COX and NO generation. In the test of lead acetate-induced cerebellar neurotoxicity
in rats, it ameliorates neurotoxicity in the cerebellum [190,191].

O. africanum demonstrates significant anti-AChE activity, indicating its potential for
memory preservation in scopolamine-induced memory deficit models [212]. O. americanum
has been reported to contain chlorogenic acid and rosmarinic acid, with demonstrated
potent anti-AChE activity according to multiple phytochemical and pharmacological stud-
ies [50,143]. Comparative analyses indicate that O. americanum has greater cholinesterase
inhibition than O. basilicum, evidenced by lower ICsy values and enhanced anti-AChE
activity in both methanolic and essential oil extracts [66].

Regarding O. kilimandscharicum, it is abundant in camphor and borneol. The extracts
have been subjected to limited neuropharmacological research. Nonetheless, preliminary
investigations show that extracts of O. kilimandscharicum leaf can augment antioxidant
defenses and reduce ischemia/reperfusion-induced brain injury in murine models [214].

Various chemical classes within the Ocimum sp. have distinct contributions to neuro-
protection. Phenolic acids (rosmarinic acid, caffeic acid, and chlorogenic acid) are potent
ROS scavengers, lipid peroxidation inhibitors, and metal chelators. Notably, rosmarinic
acid has been shown to diminish A3 aggregation in vitro, directly inhibiting the formation
of toxic A3 oligomers and fibrils through its binding to the 3-sheet structure [218].

Flavonoids (apigenin, luteolin, orientin, vicenin, and quercetin) exert antioxidant
properties, and also modulate key neurobiological signaling and inflammatory pathways
relevant to neurodegenerative disease, such as PI3K/Akt and MAPK (including ERK1/2
and p38) [219].

Terpenoids and essential oils (eugenol, linalool, carvacrol, and borneol) demonstrate
notable radical scavenging activity and directly influence neurotransmitter systems; for
instance, eugenol potently inhibits AChE and MAO-B and also shows anti-aggregation
activity against AP [220,221]. Linalool exerts anxiolytic and anti-inflammatory abilities
primarily by modulating the GABAergic pathway [222]. Triterpenoids from Ocimum sp.,
specifically ursolic acid and oleanolic acid, are recognized for their ability to cross BBB and
exhibit anti-inflammatory and anti-apoptotic properties [223].

10. Conclusions

The antioxidant and neuroprotective effects of different species of Ocimum—particularly
O. sanctum and O. basilicurn—are mainly attributed to their rich content of flavonoids, phe-
nolic compounds, and essential oils. These bioactive compounds act synergistically to
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improve endogenous antioxidant enzyme activity, scavenge free radicals, and inhibit lipid
peroxidation, thus protecting neuronal cells from oxidative damage and supporting cogni-
tive health.

Notably, these plants have demonstrated therapeutic potential in different cellular
and animal models of neurodegenerative disorders including AD, in which they have been
shown to improve cognitive deficits and reduce pathological characteristic markers such
as tau protein and beta-amyloid accumulation. Their efficacy was also highlighted in a
number of clinical studies, in which they were shown to improve cognitive processes.

Nonetheless, further research is necessary in order to clarify the precise molecular
mechanisms involved and to explore their potential as therapeutic agents in neurodegener-
ative diseases. Specifically, further work should aim to conduct randomized, double-blind,
placebo-controlled trials in adults with a certain degree of cognitive impairment, to ad-
dress pharmacokinetics, and bioavailability as safety, as well as to quantify synergistic
interactions among Ocimum active compounds. This integrated approach will highlight the
beneficial effects of Ocimum based interventions on neurodegenerative disorders, such as
Alzheimer’s diseases.
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Abbreviations

The following abbreviations are used in this manuscript:

Ach Acetylcholine

AchE Acetylcholinesterase

AD Alzheimer’s disease

ALS Amyotrophic lateral sclerosis

APP Amyloid precursor protein

Ap B-Amyloid

BBB Blood-brain barrier

BCCAO Bilateral common carotid artery occlusion
BHT Butylated hydroxy toluene

CAT Catalase

cGMP Cyclic GMP

ChAT Choline acetyltransferase

Cu* Copper

ERK Extracellular signal-regulated kinase
FMN Flavin mononucleotide

GAE Gallic acid equivalent

GPx Glutathione peroxidase
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GSH Reduced glutathione

H,0, Hydrogen peroxide

HD Huntington’s disease

HEK-293 Human embryonic kidney-293

HOe Hydroxyl radical

LPx Lipid peroxidation

MAO Monoamine oxidase

MDA Malondialdehyde

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MTDL Multitarget-directed ligand

NADH Nicotinamide adenine dinucleotide reduced
ND Neurodegenerative disease

NO Nitric oxide

O. basilicum  Ocimum basilicum
O. sanctum Ocimum sanctum

Oy~ Superoxide anion

ONOO™ Peroxynitrite

PARP Poly (ADP-ribose) polymerase
PD Parkinson’s disease

PGC-1a Peroxisome proliferator-activated receptor gamma coactivator-1o
PKC Protein kinase C

PUFA Polyunsaturated fatty acid

QE Quercetin equivalent

RNS Reactive nitrogen species

ROS Reactive oxygen species

SOD Superoxide dismutase

TBHQ Tert-butyl hydroquinone

TMT Trimethyltin

Zn2* Zinc
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