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Therapeutic actions of terpenes in neurodegenerative disorders and
their correlations with the regulation and remodeling of the
extracellular matrix
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Abstract: Neurodegenerative diseases are a major public health challenge, mainly affecting the elderly population and
compromising their cognitive, sensory, and motor functions. Currently, available therapies focus on alleviating
symptoms and slowing the progression of these conditions, but they do not yet offer a definitive cure. In this scenario,
terpenes emerge as promising natural alternatives due to their neuroprotective properties. These compounds can
reduce the formation of protein aggregates, neutralize free radicals, and inhibit pro-inflammatory enzymes, which are
crucial factors in the development of neurodegenerative diseases. In addition, terpenes also play an important role in
the regulation and remodeling of the extracellular matrix, a key target for improving neuronal functions. Substances
such as linalool, pinene, and eugenol, among others, have potential therapeutic effects by modulating inflammatory
and oxidative stress processes, the main factors that contribute to the progression of these diseases. Studies suggest
that these compounds act on signaling pathways that regulate the extracellular matrix, improving neuronal integrity
and, consequently, cognitive and motor function. This work aims to review the potential of terpenes in the treatment
of neurodegenerative disorders, with emphasis on their ability to regulate oxidative stress and inflammation, as well as
to remodel the extracellular matrix. The interaction between these mechanisms points to the promising use of

terpenes as an innovative and natural therapeutic approach to combat these diseases.

Introduction processes [4,5]. Mainly related to aging, the appearance of
NDs is also associated with external stimuli such as
Neurodegenerative diseases are debilitating ~ smoking, and exposure to pesticides and heavy metals [4].

pathophysiological conditions that result in progressive
degeneration and/or death of nerve cells. Neurodegenerative
diseases (NDs) represent a group of neuronal disorders in
which the degeneration of nerve cells leads to the loss of
motor, sensory, and neurological functions [1-3]. The
progression of neurodegenerative diseases can lead to motor
dysfunctions (ataxia) or mental functioning (dementia). The
mechanisms of progression of these diseases show that
neurodegeneration may be associated with changes in
protein structure, oxidative stress, and neuroinflammatory

More than 3 billion people live with some neurological
disorder [6], and there are projections of 75 million new
cases of Alzheimer’s Disease (AD) by 2030 [7]. In addition
to AD, other neuronal disorders such as Parkinson’s Disease
(PD), Huntington’s Disease (HD), and Amyotrophic Lateral
Sclerosis (ALS) represent a major public health problem.
There is still no cure for these diseases and treatments
currently include medications and non-drug approaches
that aim to reduce symptoms and progression of neuronal
damage [8].

Neurodegenerative diseases such as Alzheimer’s,
Parkinson’s, and Huntington’s share biochemical pathways,
especially those related to protein homeostasis, oxidative
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stress, and inflammation. In Alzheimer’s, the deposition of
beta-amyloid plaques and the formation of neurofibrillary
tangles of hyperphosphorylated tau protein are central
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mechanisms in neuronal dysfunction, resulting in synaptic
damage and cell death [9]. In Parkinson’s, the affected
pathway involves the accumulation of alpha-synuclein,
which leads to the formation of Lewy bodies and the
progressive loss of dopaminergic neurons in the substantia
nigra [10]. In Huntington’s disease, the mutation in the
HTT gene results in the production of mutant huntingtin,
forming toxic protein aggregates that affect axonal transport
and mitochondrial function, exacerbating neurodegeneration
[11,12].

The extracellular matrix (ECM) in the brain plays a key
role in regulating synaptic plasticity and maintaining tissue
homeostasis. In Alzheimer’s disease, there is remodeling of
the ECM, with excessive deposition of proteoglycans, which
bind to beta-amyloid, favoring its aggregation and
deposition in the brain parenchyma, exacerbating disease
progression [13]. Furthermore, ECM degradation affects
synapse integrity and neuronal plasticity, promoting the
cognitive decline associated with the disease [13-15]. These
changes suggest that the ECM is not only a structural
support but also an active mediator in the pathogenesis of
Alzheimer’s disease.

In Parkinson’s disease, changes in the ECM include a
decrease in structural components such as collagen and
laminin, which directly affects the survival of dopaminergic
neurons [16]. Inadequate regulation of matrix
metalloproteinases (MMPs), which degrade the ECM, is
another critical factor, leading to a pro-inflammatory
environment that aggravates neuronal degeneration [17].
The interaction of alpha-synuclein with ECM components,
such as laminin, promotes its aggregation, which accelerates
the degenerative process in Parkinson’s [18-21].

In Huntington’s disease, the ECM also undergoes
changes that compromise synaptic signaling and increase
excitotoxicity, one of the causes of neuronal death
exacerbated by the disease. Proteoglycans such as
chondroitin sulfate play a significant role in the progression
of synaptic dysfunction, influencing neuronal plasticity and
regeneration [22-24]. Furthermore, the ECM modulates the
activity of neurotrophic factors, such as brain-derived
neurotrophic factor (BDNF), which is crucial for neuronal
survival and is decreased in Huntington’s disease [25-27].
Thus, changes in the ECM are directly linked to the
acceleration of neuronal degeneration in these diseases.

In the search for safe and effective substances that
complement or replace traditional treatments and help
improve patients’ quality of life, terpenes, secondary
metabolites found in medicinal plants, stand out because
they have a neuroprotective function and are capable of
interacting with neurotransmitters and signaling molecules
considered therapeutic targets in the treatment of
neurological disorders [28]. Terpenes such as pinene,
linalool, and eugenol are substances with high antioxidant
and anti-inflammatory potential and can be used as a
therapeutic strategy in neurodegenerative diseases [29,30].

The extracellular matrix (ECM) also emerges as an
important target for the development of therapies that aim
to preserve brain function and slow the progression of these
conditions, since this complex network of proteins and
polysaccharides is responsible for the structural integrity of
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brain tissue and regulation of cell signaling [31]. In this
article, we discuss data on the investigation of terpenes as
potential ~ preventive and  therapeutic agents in
neurodegenerative diseases, focusing on their mechanisms of
antioxidant and anti-inflammatory action and modulation
of ECM composition.

Main Text

Major neurodegenerative diseases

The major neurodegenerative diseases include Alzheimer’s
disease (AD), Parkinson’s disease (PD), amyotrophic lateral
sclerosis (ALS), and Huntington’s disease (HD), which are
characterized by progressive and irreversible degeneration of
the nervous system, resulting in loss of neuronal function
[32-34].

Alzheimer’s disease, the most common of all, is
characterized by the accumulation of extracellular plaques of
beta-amyloid and intracellular neurofibrillary tangles of
hyperphosphorylated tau protein [35]. These abnormalities
lead to synaptic dysfunction, inflammation, and neuronal
death, particularly in brain regions associated with memory
and cognition, such as the hippocampus and cerebral cortex
[36]. Approximately 50 million people live with dementia,
with AD accounting for 60%-70% of cases [37]. The
incidence increases with age, affecting approximately
5%-10% of people over 65 years of age and up to 50% of
people over 85 years of age [38-42].

PD, marked by the progressive loss of dopaminergic
neurons in the substantia nigra of the brainstem, results in a
reduction in dopamine levels in the striatum, with the
accumulation of Lewy bodies [43]. Lewy bodies are clumps
of alpha-synuclein protein that normally performs several
cellular functions, but in PD, it aggregates abnormally,
forming these accumulations within the cytoplasm of
neurons, a hallmark pathological feature that is used for the
postmortem diagnosis of PD. In addition to Lewy bodies,
this neurological condition involves other pathological
processes, such as mitochondrial dysfunction, oxidative
stress, and inflammation. These processes contribute to
neuronal death and disease progression [44]. The annual
incidence rate of Parkinson’s disease is about 13.5/100,000
and may affect 2%-3% of the population over 65 years of
age [45,46].

ALS involves the progressive degeneration of motor
neurons in the brain and spinal cord, but the exact cause is
unknown, as it involves a combination of genetic and
environmental factors [47]. Proposed mechanisms include
oxidative stress, mitochondrial dysfunction, accumulation of
misfolded proteins, and excitotoxicity [48]. The worldwide
prevalence of this disease is 2 to 5 people per 100,000
population and the incidence is approximately 2 cases per
100,000 people per year [49]. HD is caused by a mutation in
the HTT gene, which results in an abnormal expansion of
CAG trinucleotides [50]. This leads to the production of a
mutant huntingtin protein, which accumulates in neurons,
causing dysfunction and cell death, especially in the
striatum and cerebral cortex. Proteostatic dysfunction and
neuroinflammation are also important features [51].
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TABLE 1

Cellular mechanisms associated with the main neurodegenerative diseases

Disease Aggregated proteins Neuronal-area neurons Cellular mechanisms

Alzheimer Beta-amyloid and tau [35]. Areas related to memory. Synaptic dysfunction, inflammation [36].

Parkinson Alpha-synuclein [43]. Dopaminergic neurons in the Oxidative stress, mitochondrial
substantia nigra. dysfunction [52].

Huntington Mutant huntingtin [50]. Neurons in the striatum and  Proteostatic dysfunction,

cerebral cortex.

Amyotrophic lateral
sclerosis (ALS)

Various proteins, including TDP-
43 and SOD1 [48].

Motor neurons in the brain
and spinal cord.

neuroinflammation [51].

Oxidative stress, mitochondrial
dysfunction, excitotoxicity [47].

Table 1 highlights the main cellular mechanisms
associated with major neurodegenerative diseases, such as
Alzheimer’s, Parkinson’s, Huntington’s, and Amyotrophic
Lateral Sclerosis (ALS). These diseases are characterized by
the aggregation of specific proteins that accumulate in
neurons, resulting in cellular dysfunction and, eventually,
neuronal death. In Alzheimer’s, for example, beta-amyloid
and tau proteins accumulate in areas of the brain related to
memory, causing synaptic dysfunction and inflammation
[35,36].

In Parkinson’s disease, the aggregation of alpha-
synuclein in dopaminergic neurons of the substantia nigra
leads to oxidative stress and mitochondrial dysfunction,
which results in the death of these cells, affecting the motor
control of patients [43,52]. In Huntington’s disease, the
mutant huntingtin protein accumulates in neurons of the
striatum and cerebral cortex, promoting proteostatic
dysfunction and neuroinflammation, and contributing to
cognitive and motor decline [50,51].

Amyotrophic lateral sclerosis (ALS) involves the
aggregation of several proteins, such as TDP-43 and SODI,
which affect motor neurons in the brain and spinal cord,
causing oxidative stress, mitochondrial dysfunction, and
excitotoxicity [47,48]. In all these cases, the accumulation of
defective proteins and the resulting cellular damage are
central to the pathology of neurodegenerative diseases,
illustrating the importance of understanding these processes
for the development of therapies.

Main terpenes used in neurodegenerative diseases

The treatment of neurodegenerative diseases currently
involves the use of drugs that act as inhibitors of enzymes
related to neurodegenerative processes. In the treatment of
AD, for example, acetylcholinesterase inhibitors and
glutamate receptor antagonists such as memantine are used,
while in PD, drugs that increase the synaptic availability of
dopamine are used [53]. These therapeutic approaches,
however, do not yet cure the diseases, representing only
symptom management.

In the search for substances that act in the prevention or
treatment of neuronal disorders, medicinal plants, and their
derivatives stand out as a choice that can overcome the
limitations of conventional treatments [54]. Natural
products have been gaining prominence because they
contain phytochemical compounds capable of acting in the
maintenance of chemical substances present in neurons and

interacting with receptors or structures involved in
antioxidant and anti-inflammatory processes [55].

Terpenes have been investigated in preclinical studies
due to their therapeutic potential in neurodegenerative
diseases, such as Alzheimer’s, Parkinson’s, and other
conditions involving neuronal degeneration [56]. Studies
with animal models have shown that compounds such as

limonene, camphene, and borneol have significant
neuroprotective effects [57,58]. These compounds act
primarily through antioxidant and anti-inflammatory

mechanisms, which are crucial to combat oxidative stress
and chronic inflammation associated with the progression of
these diseases [56-58].

The phytoconstituents of plants are secondary
metabolites that have a protective action against herbivores,
temperature conditions, and light. These active principles
are the ones that exhibit therapeutic activity in the human
body [59,60]. The bioactivity of substances present in
medicinal plants, such as terpenes and flavonoids, justifies
their widespread use in the production of medicines derived
or synthesized from these natural products and with
effective action in the treatment of neurodegenerative
disorders [61].

Terpenes are secondary metabolites that contain more
than 30,000 compounds derived from isoprene (C5HS8) [62].
The inclusion of functional groups in the hydrocarbon
chains of isoprene derivatives gives rise to terpenoids.
Terpenes and terpenoids can be classified according to the
number of carbons per molecule, with monoterpenes (C10),
sesquiterpenes (C15), and diterpenes (C20) being the most
abundant in medicinal plants [63]. This class of substances
has antimicrobial, anti-inflammatory, antioxidant, and
neuroprotective activity [64,65].

Terpenes synthesized in the Cannabis sativa L. plant are
notable for their broad neuroprotective activity and are
considered in the development of medicinal formulations
aimed at neurodegenerative diseases. In a study with
terpenoids from C. sativa, Laws III and Smid in 2024
identified a significant neuroprotective effect of a-pinene
and B-pinene against exposure to amyloid f, associated with
an inhibition of AP1-42 fibrillization and density [66]. a-
pinene, linalool, phytol, and trans-nerolidol isolated from
the same plant also showed immunomodulatory activity,
suggesting the possibility of using these active principles as
anti-inflammatory ~ substances in the treatment of
neurodegenerative disorders [29].
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In a study of an inflammatory model induced in animals
by trimethyltin, the extract of C. longa showed
neuroprotective activity. Doses of 200 mg/kg of this extract
showed inhibitory activity of oxidative stress, reducing the
levels of malondialdehyde (MDA) in the brain and blood
plasma, increasing the levels of reduced glutathione (GSH)
and enzymatic activity of superoxide dismutase (SOD) and
glutathione peroxidase (GPx) [67]. Analysis of the aqueous
and ethanolic extracts of C. longa shows the presence of
terpenes such as carvotanacetone, thymol, eugenol, pB-
pinene, 2,8-epoxy-5-hydroxybisabola-3,10-dioen9-one and
2-methyl-hept-2-ene-4-one [68,69].

Other terpenes, isolated or associated with other
constituents in plant extracts, exhibit anti-inflammatory,
antioxidant, and neuroprotective activity. Table 2
summarizes the mechanisms involved. The table presents
several terpenes and their respective neuroprotective
properties, demonstrating how these compounds can play a
crucial role in the prevention and treatment of
neurodegenerative diseases. Each terpene has a distinct
mechanism of action, ranging from anti-inflammatory
activities, antioxidant activities, and modulation of oxidative
stress biomarkers. These activities are particularly important
because inflammation and oxidative stress are closely linked
to neurodegeneration.

DPPH (2,2-diphenyl-1-picrylhydrazyl) method (2,2-
diphenyl-1-picrylhydrazyl assay); NOD-like receptor protein
3 (NLRP3); NSC-34 cells (Motor Neuron-Like Cells); FRAP
(Ferric Reducing Antioxidant Power), ABTS (2,2'-Azinobis-
(3-ethylbenzothiazoline-6-sulfonic acid)) and CUPRAC
(upric Reducing Antioxidant Power) test.

Diterpene and triterpene compounds extracted from
Schefflera rubriflora demonstrate anti-inflammatory activity
by moderating the pro-inflammatory cytokines TNFa and
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IL-6, which may reduce inflammation in the central nervous
system [70]. Aucubin, an isolated compound, also stands
out for its ability to reduce oxidative stress and
inflammation, especially in models of induced brain injury
[71]. These mechanisms are essential to attenuate the
progression of neuronal damage that can lead to
neurodegenerative diseases.

Lupeol and campesterol, both extracted from the stem
bark of Lannea humilis, show significant antioxidant
activity, reducing oxidative stress by 70% and 75%,
respectively, by the DPPH method [64]. Additionally, 3p-
trans-p-coumaroyl acid and its derivatives, extracted from
Osmanthus  fragrans leave, exhibit anti-inflammatory
activities that inhibit nitric oxide production and reduce the
levels of pro-inflammatory cytokines, such as TNFa, IL-6,
and IL-8 [72]. These antioxidant and anti-inflammatory
properties may protect neurons from degeneration caused
by chronic inflammatory processes.

Ginkgolide B, derived from Ginkgo biloba, is notable for
its ability to reduce neuroinflammation by blocking the
activation of the NLRP3 inflammasome, a crucial
component of the inflammatory response. In addition, it
promotes the polarization of microglia to an M2 state,
which is associated with inflammation resolution and
neuroprotection [73]. Another important compound is f-
caryophyllene, which has antioxidant and anti-inflammatory
activity and negatively acts on the nuclear factor kappa B
(NF-kB) pathway, a key regulator of the inflammatory
response [77]. These effects suggest that these terpenes may
modulate important cellular pathways involved in chronic
inflammation associated with neurodegenerative disorders.

In addition to antioxidant and anti-inflammatory
activities, other terpenes such as eugenol, linalool, carvacrol,
and a-terpineol, isolated from various plant sources, exhibit

TABLE 2

Neuroprotection mechanisms of terpenes

Terpenes Neuroprotection mechanisms Source Ref.
Undescribed diterpenes and triterpenes Anti-inflammatory activity by moderate inhibition Ethanolic extract and [70]
of tumor necrosis factor a (TNFa), interleukin-6  fractions of the leaves and
(IL-6) twigs of Schefflera rubriflora
Aucubin Reduction of oxidative stress and inflammation in a Isolated [71]
brain injury model
Lupeol and campesterol Antioxidant activity of 70% and 75% by the DPPH Hexane extract of the stem  [64]
method bark of Lannea humilis
3p-trans-p-coumaroyloxy-2a-hydroxyl-urs-12-  Anti-inflammatory activity evidenced by inhibition Extract of the leaves of [72]
en-28-oic acid; 3p-cis-p-coumaroyloxy-2a- of nitric oxide production and levels of pro- Osmanthus fragrans
hydroxyl-urs-12-en-28-oic acid; 3-O-cis- inflammatory cytokines: TNFa, IL-6, and IL-8
coumaroylmaslinic acid
Ginkgolide B Reduces neuroinflammation by blocking the Ginkgo biloba (73]
activation of the NOD-like receptor protein 3
NLRP3 inflammasome and promoting the
polarization of microglia to the M2 state
Lupeol Anti-inflammatory activity in vivo and in silico by ~Extract and fractions of [74]

significantly reducing the levels of cytokines TNF-a, leaves of Crateva adansonii

IL-1, and IL-6

(Continued)



TERPENES IN NEURODEGENERATION AND ECM REGULATION 113

Table 2 (continued)

Terpenes

Neuroprotection mechanisms

Source Ref.

1,8-cineole; limonene; a-terpineol

biomarkers

a-bisabolol and B-caryophyllene

B-caryophyllene

Neuroprotective activity of NSC-34 cells against

Antioxidant and anti-inflammatory activity and

Anti-inflammatory activity by inhibition of TNFa, Major components of [75]
IL-6; regulatory activity of oxidative stress

Callistemon citrinus

Predominant terpenes in C. [76]

negative modulation of nuclear factor kappa B (NF-

kB) and TGF-f1

neurotoxic amyloid sativa
Isolated (771
Isolated [30]

Eugenol, eucalyptol, linalool, and carvacrol

Antioxidant activity evidenced by DPPH, FRAP,

ABTS, and CUPRAC tests; inhibition of
acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE)

multiple neuroprotective activities. These compounds inhibit
enzymes related to oxidative stress and demonstrate
properties that may protect neurons against the toxicity of
amyloid B, a major causative agent of diseases such as
Alzheimer’s [30]. The combined action of these compounds,
regulating both inflammation and oxidative stress, is
promising for the treatment of neurodegenerative diseases,
in which these processes play critical roles.

Chronic inflammation and oxidative stress are central
pathological processes in conditions such as Alzheimer’s,

Parkinson’s, and ALS, and the ability of terpenes to
modulate these processes suggests that they may be used as
natural therapeutic agents. By inhibiting pro-inflammatory
cytokines, reducing oxidative stress, and protecting neurons
against toxins, these compounds offer a promising approach
to mitigating the progression of these diseases.

Fig. 1 shows the therapeutic actions of terpenes in four
neurodegenerative diseases. In PD, represented by a
dopaminergic neuron with Lewy bodies, terpenes show

Parkinson's
Disease

dopaminergic neuron with
Lewy bodies

Neuronal protection:
Preserved dopaminergic
neurons
Combats oxidative stress.

Antioxidant activity:
Reduction of free radicals

Reduction of
neuroinflammation:
Reduction of inflamed glial
cells

Reduction of the inflammatory

process.

Huntington's
Disease

.‘/

brain with neuronal loss

neuroprotective  activity, combating oxidative stress,
Amyotrophic Alzheimer's
Lateral Sclerosis Disease

degenerated motor neuron
and atrophied muscle fibers

Hypothesis of therapeutic action of terpenes

Neuroprotection:
Increased neuron survival.

Inhibition of apoptosis:
Decreased neuron
fragmentation
Increased resistance to cell
death.

Reduction of oxidative stress:

Neutralization of free radicals.

Protection of motor neurons:
Preserved motor neurons
(Delayed progression of
neurodegeneration)

Reduced neuroinflammation:
Reduced inflammation in glial
cells surrounding motor
neurons

Decreased oxidative stress:
Reduced and/or neutralized
free radicals

FIGURE 1. Therapeutic actions of terpenes in neurodegenerative diseases. By Canva.

P}(

Brain with beta-amyloid plaques
and neurofibrillary tangles.

Prevention of protein
aggregation:
Reduction of beta-amyloid
plaques.

Antioxidant activity:
Neutralization and reduction
of free radicals.

Reduction of inflammation:
Reduction of inflammation in
microglial cells.
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reducing free radicals, and decreasing glial inflammation. In
HD, which is characterized by neuronal loss in the striatum,
terpenes increase neuronal survival, inhibit apoptosis, and
neutralize oxidative stress, protecting brain tissue. In ALS,
where motor neuron degeneration and muscle atrophy
occur, terpenes  preserve motor neurons, delay
neurodegeneration, and reduce glial inflammation and
oxidative stress. In AD, illustrated by beta-amyloid plaques
and neurofibrillary tangles, terpenes prevent protein
aggregation, exert strong antioxidant activity, and reduce
microglial inflammation, combating disease progression.

According to the literature, terpenes can be considered
potential antioxidant and anti-inflammatory agents in
several neurodegenerative diseases, evidencing their
multifaceted action in the brain and their possible
therapeutic application [28,78,79]. These actions suggest
that terpenes may be promising in attenuating neuronal
damage and improving the quality of life of patients with
neurodegenerative diseases.

Limonene, a terpene present in citrus fruit essential oils,
has shown efficacy in reducing inflammation in animal
models of lung injury and colitis, in addition to reducing
brain inflammation associated with neurodegenerative
diseases. In studies with Alzheimer’s models, limonene
helped to reduce the accumulation of beta-amyloid plaques,
one of the pathological characteristics of this disease [57,58].
Similarly, borneol has shown a potential to reduce
neurotoxicity by modulating pathways such as NF-kB and
mitogen-activated protein kinase (MAPK), which are central
to the inflammatory process [80-82].

Neurodegenerative diseases are associated with aging or
external and environmental factors. Studies with neuronal
models indicate that increased levels of oxidative stress,
chronic neuroinflammation, and accumulation of aggregated
proteins lead to the onset of these diseases [83]. Considering
the great influence that oxidative and inflammatory
processes have on the worsening of neuronal disorders, a
good strategy for the development of new therapies is the
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search for molecules that act as antioxidants and inhibitors
of pro-inflammatory enzymes.

Fig. 2 summarizes the main therapeutic properties of
terpenes, focusing on their antioxidant, anti-inflammatory,
and neuroprotective activities. Terpenes demonstrate the
ability to capture reactive oxygen species (ROS) and free
radicals, in addition to inhibiting enzymes involved in
oxidative stress, such as NADPH oxidase and xanthine
oxidase [30,64,77]. This antioxidant effect is crucial to
protect nerve cells from damage caused by oxidative stress,
which is directly associated with cellular aging and several
neurodegenerative diseases.

Terpenes inhibit inflammatory cytokines such as TNF-a,
IL-6, and IL-8, which are key mediators in the inflammatory
process. Chronic inflammation in the central nervous
system is a common feature in neurodegenerative diseases,
and modulation of this response by terpenes may contribute
to reducing disease progression [70,72,74,75,77]. The
neuroprotective activity of terpenes involves the inhibition
of the enzymes acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE), in addition to the reduction
of fibrillation and the accumulation of aggregated proteins,
processes that are critical in the preservation of neuronal
function and in the prevention of diseases such as
Alzheimer’s and Parkinson’s.

The presence of reactive oxygen species, ROS, is
important for the maintenance of physiological processes
essential to human health, but when present in high
concentrations, free radicals and these reactive species can
trigger oxidative stress [84]. In oxidative stress, species such
as superoxide, hydrogen peroxide, and hydroxyl and
hydroperoxyl radicals can cause damage to DNA, proteins,
and lipids, resulting in damage to motor and brain
functions [85].

The in vitro antioxidant action of several classes of
terpenes has been demonstrated by the ability of these
phytoconstituents to eliminate free radicals and reactive
oxygen species, in addition to inhibiting enzymes associated

TERPENES

Capture Inhibition
of ROS of NADPH
and free oxidase and
licals xanthine
oxidase

NEUROPROTECTIVE

Inhibition
of TNF-a,
IL-6 and
IL-8

Inhibition
of AChE
and BChE

accumulation of

Reduction of
fibrillation and

aggregated
proteins

FIGURE 2. Therapeutic actions of terpenes: the role that terpenes play as well as the role of candidate molecules for neuroprotection.
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OH

CH3

7, CHz

Terpenes ,\/
ANTIOXIDANT ACTIVITY

CAPTURE OF ROS AND
FREE RADICALS

Oxidative stress

MDA
Lipid peroxidation

Autophagy and Apoptosis

Protein agregation

neurological disorders

FIGURE 3. Antioxidant activity of terpenes: action in reducing oxidative stress in neurological diseases. By Canva.

with the production of free radicals such as NADPH oxidase
and xanthine oxidase, restoring the endogenous antioxidant
system, highlighting the regulation of the Nuclear factor
erythroid-2-related factor 2 (Nrf2) signaling pathway [86,87]
(Fig. 2). Some terpenes have an unsaturated allylic portion
in their structure that gives these substances a high potential
for auto-oxidation, justifying their antioxidant capacity and
free radical scavenging properties [88,89].

The antioxidant action of terpenes modulates the levels
of ROS and free radicals, thus reducing oxidative stress
(Fig. 3). Oxidative stress is associated with several
pathological processes, such as lipid peroxidation (measured
by increased MDA), autophagy, and cellular apoptosis, in
addition to protein aggregation, factors that contribute to
the progression of neurological diseases. By inhibiting these
processes, terpenes demonstrate neuroprotective potential
and may prevent or delay the development of neurological
disorders caused by the accumulation of oxidative stress.

Neuroinflammation is one of the three factors in the
worsening of neurodegenerative diseases [90]. Although the
inflammatory response is an effective strategy of the
immune system in protecting the brain, the dysregulation of
this process can result in significant impacts on the central
nervous system. An example of this imbalance is the high
levels of pro-inflammatory cytokines associated with the
activation of microglia and the consequent increase in the
permeability of the blood-brain barrier, facilitating the entry
of toxins and accelerating the progression of diseases such
as Alzheimer’s [90,91].

Terpenes can also act to reduce inflammatory processes,
which are closely associated with the worsening of
neurodegenerative  diseases (Fig. 4). In the anti-
inflammatory action of these phytoconstituents, inhibition
of pro-inflammatory cytokines is observed through
suppression of the MAPK pathway in neurons, negative
regulation of inflammatory chemokines such as CXCL10

and CXCL1, in addition to influencing macrophage
polarization and inflammasome modulation [92-94].

Terpenes have been widely studied as alternative
treatments for a variety of inflammatory conditions,
including asthma, arthritis, and skin inflammation, as well
as neuroinflammation associated with neurodegenerative
diseases such as Alzheimer’s and Parkinson’s [79,95,96].
Inflammation is a key pathological factor in the progression
of these diseases, driven by microglial cells, which release
pro-inflammatory cytokines and ROS in response to injury
or pathogens [97,98]. Studies have shown that terpenes such
as Linalool and D-limonene are effective in suppressing this
inflammatory ~ response,  exhibiting  neuroprotective
properties through the inhibition of inflammatory pathways
such as NF-«xB activation and nuclear translocation [78].

D-limonene, for example, has been associated with the
reduction of inflammatory cytokines such as IL-1 and
TNF-a, which are linked to neuroinflammation and
depression [78]. Furthermore, studies in mice reveal that D-
limonene has antidepressant effects due to the decrease in
nitrite levels in the hippocampus, suggesting a direct impact
on neuroinflammation [99]. Other terpenes, such as
ginkgolides extracted from the Ginkgo biloba tree, also show
promising antioxidant and anti-inflammatory effects,
protecting neurons from synaptic damage and rescuing
neuronal function in Alzheimer’s models, as evidenced by
studies with ginkgolide A and B [100]. These compounds
are especially effective in downregulating the Toll-like
receptor 4/NF-kB pathway, a central mechanism in
neuroprotection [78,100].

Extracellular matrix in neurodegenerative diseases

The extracellular matrix (ECM) is a complex network of
proteins that fills the space between cells in multicellular
tissues and is formed mainly by collagens, glycoproteins,
and proteoglycans [101]. The ECM plays several roles such
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as structural support, regulation of cell functions, and
signaling, and may be associated with the modulation and
regulation of molecules in the brain [20].

The ECM in the central nervous system (CNS) plays a
key role in the structural support and regulation of cellular
processes such as synaptic adhesion, proliferation, and
plasticity. The ECM is composed of glycoproteins such as
laminin and tenascin, proteoglycans such as chondroitin
sulfate proteoglycans (CSPGs), and agrin, collagen, and
hyaluronan, forming a microenvironment that influences
neuronal development and function [102,103]. These
components are essential for maintaining synaptic stability
and plasticity, with CSPGs, for example, playing critical
roles in inhibiting axonal regeneration after injury [104].

Changes in the ECM and its components can affect the
function and survival of neurons, influencing the pathology
and progression of neurodegenerative diseases. In diseases
such as Alzheimer’s, there is an increase in the expression of
specific proteoglycans that can interfere with synaptic
plasticity and neural regeneration. Heparan sulfate
proteoglycans (HSPGs) have their expression patterns
associated with neuroinflammation in diseases such as AD,
where they have been identified in beta-amyloid plaques
[105]. The chemical structure of proteoglycans explains their
vast capacity to interact with other proteins since they
contain molecules of variable length with different degrees
and positions of sulfation [106].

ECM  dysregulation is widely observed in
neurodegenerative diseases such as Alzheimer’s and
Parkinson’s. In Alzheimer’s disease, CSPGs accumulate

around amyloid plaques, which prevents the -effective
clearance of these plaques, contributing to neurotoxicity and
synaptic dysfunction [107]. Similarly, in Parkinson’s disease,
abnormal ECM remodeling, including increased collagen
production and laminin dysfunction, is associated with
degeneration of the substantia nigra and loss of
dopaminergic neurons [108-110]. These changes in the
ECM impair synaptic plasticity and promote progressive
neuronal loss.

The ECM also interacts directly with neuroinflammation
processes, a crucial aspect in many neurodegenerative
diseases. During neuroinflammation, immune cells such as
microglia and astrocytes are activated and release matrix
metalloproteinases  (MMPs),  which  degrade ECM
components [110-113]. In multiple sclerosis and
Alzheimer’s disease, increased MMP activity results in ECM
degradation, promoting a cycle of chronic inflammation and
neurodegeneration [114-116]. These mechanisms show that
the ECM is not only a structural support but also actively
participates in disease progression by interacting with

immune cells and contributing to the inflammatory
environment.
Neuroinflammation, common in many

neurodegenerative diseases, can lead to the degradation of
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the ECM through the activation of enzymes such as MMPs.
Degradation of the ECM can result in loss of structural and
functional support for neurons. A study showed that the
metalloproteinases MMP-3 and MMP-9 influence the
aggregation behavior of the tau protein, implying a potential
role in neurodegeneration [117]. Modulation of MMPs, as
well as interventions to restore the ECM, have shown the
potential to reduce neuroinflammation and promote
neuronal regeneration [118-121]. For example, inhibition of
MMPs in animal models resulted in reduced ECM
degradation and reduced neuroinflammation [102,110].
Furthermore, ECM-based biomaterials are being investigated
as a strategy to provide structural support to damaged
neural tissue, facilitating axonal regeneration [113,122].

The accumulation of misfolded and aggregated proteins
in the extracellular spaces can also lead to cellular
dysfunction and neuronal death, contributing to the
progressive decline of motor and cognitive functions, and
leading to the onset and worsening of neurodegenerative
diseases. Misfolded protein variants are transferred from an
affected brain region to a healthy region, inducing the
incorrect folding of other proteins [85,106].

Inadequate folding of tau and beta-amyloid (AP)
proteins and disorganization of the ECM, for example,
characterize in part the typical pathology of AD [123], while
the proteins a-synuclein and TDP-43 are associated with the
development of PD and ALS, respectively [124].
Understanding the role of the ECM in neuronal disorders
allows the development of new therapeutic strategies that
seek to restore or alter its composition and function,
potentially improving neuronal performance or slowing
disease progression [106]. New substances are being
investigated for the treatment of these conditions, as they
include mechanisms for reducing oxidative stress and anti-
inflammatory action, which suggests that they can preserve
the integrity and stability of the ECM, in addition to acting
indirectly to improve synaptic function [125].

The ECM is essential in neurodegeneration, influencing
synaptic  plasticity, = neuronal  regeneration, and
neuroinflammation. Dysregulation of its components, such
as CSPGs and collagen, is associated with Alzheimer’s and
Parkinson’s. The interactions between the ECM and
neuroinflammation remain a promising field of
investigation, with studies suggesting that modulation of the
ECM may provide novel therapeutic approaches to
attenuate the progression of these diseases.

Action of terpenes in the regulation and remodeling of the
extracellular matrix

The Extracellular Matrix (ECM) is a three-dimensional
network composed of fibrous proteins, glycoproteins, and
proteoglycans, which provide structural and functional
support for cells. The ECM plays a very important role in
the regulation of several cellular processes, including cell
proliferation, migration, differentiation, and survival [102].
Dysfunctions in the ECM are associated with several
pathologies, including neurodegenerative diseases such as
Alzheimer’s and Parkinson’s [102].
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Terpenes are a diverse class of natural compounds,
known for their biological properties, including anti-
inflammatory, antioxidant, and neuroprotective activities
[126]. Terpenes, such as linalool and nerolidol, have been
shown to have modulatory effects on the ECM, primarily
through the regulation of enzymes that degrade matrix
components, such as matrix metalloproteinases (MMPs).
Dysregulation of these enzymes and proteins can lead to
ECM imbalances, contributing to the progression of
neurodegenerative diseases [127]. Linalool, for example, has
been shown to inhibit the expression of MMPs, reducing
ECM degradation and promoting a more stable and less
inflammatory cellular environment [126].

In addition, terpenes can influence the expression of
ECM proteins, such as collagen and laminin, which are
essential for the structural and functional integrity of the
matrix. The interaction between terpenes and the ECM can
have both positive and negative effects on neurodegenerative
diseases. On the positive side, modulation of the ECM by
terpenes can reduce inflammation and oxidative stress, two
critical factors in the pathogenesis of neurodegenerative
diseases. For example, linalool has been shown to reduce the
production of ROS and protect neuronal cells against
oxidative damage [128]. This neuroprotective effect is
particularly relevant for diseases such as Alzheimer’s, where
oxidative stress plays a central role in disease progression
[129].

Fig. 5 illustrates the interaction of three terpenes
(linalool, limonene, and nerolidol) with ECM components,
such as collagen and fibronectin, in addition to their
modulatory actions on inflammatory factors and MMPs.
According to the literature, linalool acts as an inhibitor of
MMP-2 and MMP-9, which are enzymes responsible for the
degradation of collagen and other ECM components. The
inhibition of these enzymes suggests that linalool may help
preserve the integrity of the ECM, preventing cellular
damage and exacerbating inflammation, which is relevant in
neurodegenerative conditions [127,130-132]. Limonene, in
turn, is shown to stimulate the synthesis of collagen and
fibronectin, both essential for the maintenance of ECM
structure and function [99,133,134]. These protective effects
on the ECM may be related to limonene’s ability to promote
cell regeneration and healing [57,133-135].

Nerolidol, in turn, is shown to inhibit pro-inflammatory
cytokines such as IL1p and TNFa, molecules that play critical
roles in the exacerbated inflammatory response in several
diseases, including neurodegenerative ones [29,136-138]. By
reducing the activity of these cytokines, nerolidol can
mitigate the inflammatory process that aggravates ECM
degradation and contributes to neuronal dysfunction
[127,139]. Thus, the figure summarizes the anti-
inflammatory and protective effects of natural terpenes on
the extracellular matrix and suggests their therapeutic
potential to prevent the progression of neurodegenerative
diseases.

The antioxidant effects of terpenes are crucial
in protecting against oxidative stress, a key factor in
neurodegenerative diseases. Oxidative stress results in



118

RENATA DA SILVA CARNEIRO et al.

CAPTION
© mmmITION

:FAVORS/INCREASE —— ACTION

FIGURE 5. Interactions of terpenes with the extracellular matrix: effects on collagen, fibronectin and inflammation. The figure suggests the
interactions represented by the compounds limonene, linalool, and nerolidol with components of the extracellular matrix, in addition to
highlighting the effects on collagen, fibronectin, and inflammatory molecules (MMP, TNFa, and IL1B). By Canva.

cellular damage and ECM dysfunction, contributing to the
progression of diseases such as Alzheimer’s and Parkinson’s
[123]. Compounds such as (R)-(-)-linalool have been shown
to significantly reduce the production of ROS, thereby
protecting neuronal cells from oxidative damage [126].

Neuroinflammation is a central process in the
pathogenesis of many neurodegenerative diseases. Terpenes
such as nerolidol have been shown to modulate the
inflammatory response by reducing glial cell activation and
the production of pro-inflammatory cytokines [140,141].
This modulation of inflammation may result in a less
damaging environment for neurons and, consequently, in
the preservation of ECM integrity.

Terpenes can interact with several receptors and
signaling pathways that regulate the ECM [131]. These
interactions can alter the expression of ECM components,
such as collagen and fibronectin, influencing the structure
and function of the matrix. The use of terpenes as
therapeutic agents in neurodegenerative diseases has shown
promising results. Studies indicate that compounds such as
limonene and linalool can not only protect against
neurodegeneration but also promote neural regeneration
and synaptic plasticity [57,58,126,128,129]. This suggests

that terpenes may play a dual role in the protection and
repair of damaged neural tissues.

Despite the potential benefits, the therapeutic application
of terpenes faces several challenges [136]. Furthermore, the
appropriate dosage and route of administration must be
carefully determined to maximize therapeutic benefits and
minimize potential adverse effects. Future research should
focus on a detailed understanding of the molecular
mechanisms by which terpenes modulate the ECM and their
interaction with neural cells. Rigorous clinical trials are
needed to validate the effects observed in preclinical models
and establish effective and safe therapeutic protocols [126].

The integration of terpenes with other therapeutic
approaches, such as antioxidants and anti-inflammatories,
may enhance the beneficial effects on the ECM and neurons
(Fig. 6). This multimodal approach may offer a more
comprehensive and effective strategy for the treatment of
neurodegenerative diseases [142]. Terpenes have significant
potential in modulating the ECM and treating
neurodegenerative diseases. The complexity of their
interactions with the ECM and the underlying cellular
processes requires a careful and evidence-based approach to
their therapeutic application. Continued research in this
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field may provide new perspectives for the development of
effective and safe treatments for neurodegenerative diseases.

The treatment of neurodegenerative diseases involves the
use of drugs such as acetylcholinesterase inhibitors (in the case
of Alzheimer’s) and levodopa (for Parkinson’s), which help
control symptoms but do not stop the progression of the
disease [143-146]. Furthermore, the low bioavailability of
some drugs, due to their difficulty in crossing the blood-
brain barrier, limits their effectiveness. In the search for
more effective solutions, the use of terpenes, natural
compounds found in plants, may be useful in combination
therapy to improve the bioavailability and effectiveness of
traditional treatments.

Terpenes are bioactive compounds known for their anti-
inflammatory, antioxidant, and neuroprotective properties. f3-
Caryophyllene, for example, can modulate the NF-xB
signaling pathway, which is involved in the inflammatory
response in the brain, and the MAPK pathway, which plays
a crucial role in regulating cell survival and apoptosis
[77,147]. Other terpenes mentioned above may act in a
similar way. These properties make terpenes promising for
combination treatment, as they can not only enhance the
efficacy of traditional drugs but also offer therapeutic
benefits of their own.

Terpenes can improve the bioavailability of
neuroprotective drugs. Due to their lipophilic nature,
compounds such as limonene and myrcene can facilitate the
passage of drugs across the blood-brain barrier, increasing
the concentration of these drugs in the central nervous
system. Limonene, when combined with donepezil (a drug
commonly used in the treatment of Alzheimer’s), increased
drug levels in the brain of animal models, improving
neuroprotective efficacy [148]. This synergy can reduce the
required dosage of traditional drugs, minimizing side effects
(Fig. 7).

Fig. 7 shows a diagram describing the action of combined
therapies using terpenes and drugs in the treatment of
neurodegenerative diseases. Based on the literature, we can

Combined therapy
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suggest the possibility of combined therapies in patients
with neurodegenerative diseases, considering different types
of terpenes associated with drugs commonly used to control
the progression of neurodegenerative diseases. These
therapies can modulate inflammation, where the production
of inflammatory cytokines, such as TNF-a, IL-1, IL-6, IL-8,
IL-12 and IL-23, is regulated. This inflammatory modulation
contributes to the reduction of the inflammatory process
that aggravates neurodegeneration.

The modulation of the ECM occurs, with action on
MMPs, specifically MMP-3 and MMP-9. These enzymes are
responsible for the degradation and remodeling of the ECM,
which is composed of collagen, fibronectins, and laminins,
important structures for tissue integrity and communication
between cells. This regulation promotes the protection of
neurons and muscle fibers, preventing degeneration caused
by inflammatory and oxidative damage. As a result, ECM
modulation and neuronal and muscle protection lead to the
recovery of motor and neural functions in patients, partially
restoring the functionality lost due to neurodegenerative
diseases.

In addition to modulating inflammation and improving
bioavailability, terpenes have also demonstrated direct
effects on pathological processes associated with
neurodegenerative diseases. B-caryophyllene has been shown
to reduce the accumulation of beta-amyloid plaques, a
hallmark of the disease, and to promote neurogenesis
through the activation of CB2 receptors linked to the
endocannabinoid system [147,149,150]. In Parkinson’s,
myrcene has been shown to reduce oxidative stress and
protect dopaminergic neurons, suggesting a beneficial action
in slowing disease progression [151].

Although preclinical evidence is promising, further
clinical trials are needed to determine the efficacy and safety
of the combined use of terpenes and conventional drugs in
humans. The potential of terpenes as adjuvants in
combination therapies opens a new perspective in the
treatment of neurodegenerative diseases, offering a more
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comprehensive approach to address the multiple pathological
mechanisms involved in these conditions.

Conclusion

Natural terpenes derived from plants have demonstrated
significant therapeutic potential in modulating the ECM, a
key component in cellular homeostasis and tissue integrity.
The ECM plays a vital role in neurodegeneration since its
degradation and remodeling are associated with
inflammation and cellular dysfunction, especially in diseases
such as Alzheimer’s and Parkinson’s. Alterations in the
composition and organization of the ECM are associated
with the progression of neurodegenerative diseases.
Terpenes are substances that act in the regulation and
remodeling of the matrix, inhibiting the expression of
enzymes that degrade its components, in addition to
influencing the expression of proteins such as collagen and
laminin that contribute to the preservation of the structural
and functional integrity of the ECM.

Terpenes such as B-caryophyllene and limonene have
shown the ability to regulate the activity of enzymes
responsible for ECM remodeling, such as MMPs, reducing
inflammation and preventing the degradation of the blood-
brain barrier. Furthermore, terpenes can interact with
cellular receptors such as cannabinoid receptors, modulating
signaling pathways that promote tissue regeneration and
repair. These plant-derived compounds also exhibit potent
antioxidant and anti-inflammatory activity, evidenced by
their ability to inhibit pro-inflammatory cytokines and those
associated with the production of free radicals. In this
context, terpenes stand out as neuroprotective substances,
which suggests their potential in the development of new
drugs aimed at the prevention and progression of
neurodegenerative diseases.

Future research directions include conducting clinical
trials to test the efficacy of these compounds in humans and
exploring combinations of terpenes with traditional
neuroprotective drugs. Modulation of the ECM by terpenes
offers a promising new therapeutic avenue that may not
only protect neurons from degeneration but also promote
cellular regeneration in damaged areas of the brain. If
successful, these approaches could significantly impact
clinical practice, enabling more effective management of
neurodegenerative diseases, with less invasive therapies and
reduced side effects, offering new hope for patients and
improving their quality of life.
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