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 Abstract: Alzheimer's and Parkinson's are neurodegenerative disorders that affect a great number of 
people around the world, seriously compromising the quality of life of individuals, due to motor and 
cognitive damage. In these diseases, pharmacological treatment is used only to alleviate symptoms. 
This emphasizes the need to discover alternative molecules for use in prevention. Using Molecular 
Docking, this review aimed to evaluate the anti-Alzheimer’s and anti-Parkinson’s activity of linalool 
and citronellal, as well as their derivatives. Before performing Molecular Docking simulations, the 
compounds’ pharmacokinetic characteristics were evaluated. For Molecular Docking, 7 chemical 
compounds derived from citronellal, and 10 compounds derived from linalool, and molecular targets 
involved in Alzheimer's and Parkinson's pathophysiology were selected. According to the Lipinski 
rules, the compounds under study presented good oral absorption and bioavailability. For toxicity, some 
tissue irritability was observed. For Parkinson-related targets, the citronellal and linalool derived com-
pounds revealed excellent energetic affinity for α-Synuclein, Adenosine Receptors, Monoamine Oxidase 
(MAO), and Dopamine D1 receptor proteins. For Alzheimer disease targets, only linalool and its deriva-
tives presented promise against BACE enzyme activity. The compounds studied presented high proba-
bility of modulatory activity against the disease targets under study, and are potential candidates for 
future drugs. 
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1. INTRODUCTION 

 Neurodegenerative diseases (NDD) affect a large number 
of individuals worldwide. These disorders result from the 
progressive neuronal loss, and affect important brain regions, 
causing neurophysiological changes with direct impacts on 
motor and cognitive mechanisms [1]. The etiological basis of 
these diseases is multifactorial. In addition to the expression 
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of specific genes responsible for NDD, exposure to environ-
mental agents also influences the extent and severity of the 
resulting neurodegenerative processes [1-4]. 

 The pathophysiological mechanisms that culminate in 
programmed cell death over time are due to molecular 
changes in protein dynamics, and dysfunctions in the ubiqui-
tin-proteasome-autophagy system, with exacerbation of oxi-
dative and neuroinflammatory processes [5]. 

 Neurodegeneration in Alzheimer's disease begins with 
proteolytic cleavage of amyloid precursor protein (APP), and 
results in the production, aggregation, and deposition of β-
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amyloid substance (Aβ), and senile plaques. Alzheimer's 
disease (AD) presents a series of clinical manifestations, 
including impairments in cognition, learning, memory and 
reasoning. Parkinson's disease (PD) is characterized by mo-
tor disorders, bradykinesia, rigidity, resting tremors, and in 
more advanced cases, postural instability. Both diseases are 
marked by a high incidence of morbidity and mortality [6, 
7]. Pharmacological therapy for these comorbidities is una-
ble to completely delay or reverse their progression, being 
effective only for the relief of some of the symptoms in-
volved in dementia, depression, and autonomic dysfunction 
[8]. 
 Pharmacological therapy for these comorbidities remains 
unable to completely delay or reverse their progression, and 
is only effective for symptomatic relief. Given their high 
prevalence, AD and PD are considered principal causes of 
psychosocial disability; they grow exponentially and are 
associated with a lack of treatment [6-8]. Though investiga-
tions into natural substances (such as monoterpenes) which 
can modulate neurodegenerative disease are extremely im-
portant, developing effective treatments remains difficult. 
 Linalool and citronellal derivatives (monoterpene phyto-
chemicals) present neuroprotective effect with anti-
inflammatory and antioxidant related activity [9-11]. This 
makes these compounds potentially useful as pharmacologi-
cal agents in preventing neurodegenerative mechanisms. Our 
study sought to evaluate the anti-Alzheimer’s and anti-
Parkinson’s potential of linalool and citronellal derivatives 
through a review of the literature, together with computa-
tional prospection and molecular docking techniques. Final-
ly, pharmacokinetic predictions were developed using in 
silico methodologies to optimize the discovery process, 
while identifying potential ADMET failures. 

1.1. Essential Oils and Monoterpenes as Potential Phar-
macological Agents 

 The use of essential oils (EO) is widespread; phytocom-
plexes (originating from primary or secondary plant metabo-
lism) are present in most of the products used today, being 
principal ingredients in cosmetics, body and hair perfumes, 
hygiene products, oral antiseptic solutions, and toothpaste. 
Phytocomplexes are also used in aromatherapy, which is 
based on the use of essential oils and their ability to be easily 
absorbed by the skin and relieve many  disease symptoms 
especially those that affect the central nervous system [12]. 
 EOs are odorific substances formed during plant second-
ary metabolism to protect against predatory attacks and pol-
linating agents. Their components are formed through three 
biosynthetic pathways: (I) the methylerythritol phosphate 
(MEP) pathway, yielding monoterpenes and diterpenes; (II) 
the mevalonic acid pathway, giving rise to sesquiterpenes; 
and (III) the shikimic acid pathway, leading to the formation 
of phenylpropanoids. These compounds are responsible for 
the majority of biological properties found in aromatic and 
medicinal plants  [13]. 
 Monoterpenes, constituting 90% of essential oils, are 
volatile and aromatic, and belong to a diverse group of 
chemical compounds which are the subject of many studies. 
They present a huge variety of structures and, thus, biologi-

cal activities, among them: sedative, anticonvulsant, hypnot-
ic, hypothermic actions, antispasmodic, vasorelaxant, and 
antinociceptive effects [14]. 
 Monoterpenes such as limonene, citral, citronellal, euge-
nol, menthol, safrole and linalool are known to have anxio-
lytic [15], antidepressant [16], anticonvulsant [15, 17] and 
antinociceptive effects [18], and therefore are the focus of 
many studies to develop new drugs with greater efficacy, 
selectivity, and safety [19]. 

1.1.1. Linalool and Derivatives 

 Linalool is an open-chain monoterpene existing in two 
enantiomer forms (R)-(-)-linalool and (S)-(+)-linalool. Enan-
tiomers are molecules that are mirror images of each other 
and are not superimposable, either by rotation or translation. 
Therefore, enantiomers often present differences in pharma-
cological activity [20]. Linalool is a common point in the 
biosynthesis of alcohol and aldehyde derivatives formed by 
the enzymatic action of linalool synthase-(linalool acetate 
and linalool oxides), and cytochrome P-450 enzymes-(8-
oxolinalol, 8-hydroxylinalool and 8-carboxylinalool) [15, 
21]. Linalool also undergoes acetylation processes that when 
followed by oxidations, give rise to metabolites such as  
8-hydroxylinalyl acetate, 8-oxolinalyl acetate, and 8-
carboxylyl acetate [16]. Whether by synthesis or biosynthe-
sis, tetrahydrolinalool can be obtained as a final product 
through linalool dehydrogenation reactions [17, 19] (Fig. 1). 
 Linalool can be extracted from aromatic plants, such as 
those of the genera Lavandula, Ocimum, and Eucalyptus, 
among others. Due to its fragrance, linalool and its deriva-
tives are commonly used in the perfume industry [19, 22]. 
Currently, research has shown that due to their low molecu-
lar weight and high lipophilicity, these compounds cross the 
blood brain barrier and, therefore, can be used in pharmaceu-
tical therapy to promote behavioral and cognitive changes 
and sleep. Linalool and its derivatives have become potential 
agents for the treatment of neurological and psychiatric dis-
eases by modulating different brain circuits [9, 23-25].  
 Evidence has shown that linalool plays neuroprotective 
roles, minimizing neuroinflammation and oxidative stress in 
neurodegenerative disorders such as Parkinson's and Alz-
heimer's [9, 26]. Studies suggest that linalool increases mito-
chondrial respiration by protecting against glutamatergic 
hyperstimulation and reduces apoptotic processes [27, 28]. In 
vitro research with linalool reinforces its central anti-
inflammatory potential, suppressing inflammatory signals 
induced by the NF-kB pathway, and reducing the production 
of cytokines, nitric oxide, and reactive oxygen species [29, 
30]. 
 In Alzheimer's models using transgenic mice, it was pos-
sible to show that linalool at a dose of 25 mg/kg improved 
cognitive parameters such as learning and memory in the 
Morris water maze test. In the same study, the animals treat-
ed with linalool presented significantly decreased amyloid 
burden, tautopathy, and neuroinflammation in areas such as 
the hippocampus and amygdala [31]. Similar research cor-
roborates these findings; treatment with linalool improves 
characteristic symptoms of AD, decreasing oxidative stress 
markers induced by chronic administration of D-galactose 
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Fig. (1). Linalool and derivatives. L1 - a monoterpene alchohol (3,7-dimethyl-1,6-octadiene-3-ol), L2 - linalyl acetate (3,7-dimethylocta-1,6-
dien-3-yl acetate); L3 - L5 - linalyl acetate derivatives (acetylated at carbon 3). L3 - 8-hydroxylinalyl acetate (E) -8-hydroxy-3,7-dimethylocta-
1,6-dien-3-yl acetate); L4 - 8-oxolinalyl acetate, (E) -3,7-dimethyl-8-oxoocta-1,6-dien-3-yl acetate); L5 - 8-carboxylinalyl acetate (E) -6-acetoxy-
2,6-dimethylocta-2,7-dienoic acid). Compounds L6-L10 are linalool derivatives substituted at carbon atom 8. L6- 8-hydroxylinalool (E)-2,6-
dimethylocta-2,7-diene-1,6-diol); L7-8-oxo-dihydrolinalool (E)-6-hydroxy-2,6-dimethyloct-2-enal; L8 - 8-oxolinalool (E)-6-hydroxy-2,6-
dimethylocta-2,7-dienal); L9- 8-carboxylinalool (E)-6-hydroxy-2,6-dimethylocta-2,7-dienoic acid) and L10 -Tetrahydrolinalool (3,7-
dimethyloctan-3-ol). 
 
and aluminum trichloride [32]. Mechanisms also involve 
decreased acetylcholinesterase activity, increased expression 
of BDNF, and the tropomyosin kinase B (TrkB) receptor 
[30]. All these examples suggest the potential of linalool in 
improving behavioral parameters in models of AD-like cog-
nitive impairment. Linalool and its derivatives can act in 
processes related to neuroplasticity and cholinergic signal-
ing, as in these neurodegenerative diseases, both pathways 
are compromised. 

1.1.2. Citronellal and Derivatives 

 Citronellal monoterpene (3,7-dimethyl-6-octen-1-al) is 
the main component in the essential oils of many aromatic 
species including Cymbopogon winterianus Jowitt (Java cit-
ronella), Corymbia citriodora (Hook) KDHill (lemon euca-
lyptus), and Cymbopogon nardus L. (citronella). Citronellal 
is a racemic mixture of its enantiomers and is often used in 
folk medicine and aromatherapy. It is also widely used in the 
cosmetics and soap industries [33, 34]. 
 There are no studies in the literature that evaluate the 
activity and effectiveness of citronellal or its derivatives 
(Fig. 2) against either Parkinson's or Alzheimer's disease. 
However, there has been a growing number of studies evalu-
ating the activity of these compounds at the level of the cen-

tral nervous system, mainly neuroprotective [35] and anti-
inflammatory [34] activities with evidence of their actions on 
the glutamatergic system [36]. 
 In contrast, due to its action as a GABAA agonist, the 
neuroprotective effect of citronellal has been noted for being 
able to negatively modulate glutamatergic receptors, to block 
voltage-gated Na+ channels, activate potassium channels, and 
attenuate inflammation and neuronal oxidative stress [13]. 
Due to its antioxidant effects, isopulegol also presents neu-
roprotective activity [37]. 

 Studies suggest that menthol has therapeutic effects on 
neuroinflammatory diseases, protecting dopaminergic neu-
rons as well as inhibiting lipopolysaccharide-induced micro-
glial activation. Menthol can also inhibit the expression of 
pro-inflammatory enzymes. Studies involving mechanisms 
of action, in vitro and in vivo, have revealed that menthol 
inhibits neuroinflammatory response through MAPK, NF-κB 
and AKT signaling pathways [38]. 

1.2. Parkinson’s Disease 

 Parkinson’s disease (PD) is the second most common 
neurodegenerative disorder in the world, affecting from 1 to 
2% of people over 65 years of age, and with a prevalence set 
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Fig. (2). Citronellal and derivatives. C1 - Metoxycitronellal -(R)-7-methoxy-3,7-dimethyloctanal; C2- D-citronellal - (R)-3,7-dimethyloct-6-
enal; C3 - S- citronellal -(S)-3,7-dimethyloct-6-enal; C4 - Hidroxycitronellal - (R)-7-hydroxy-3,7-dimethyloctanal; C5 - citronellic acid -(R)-
3,7-dimethyloct-6-enoic acid; C6 - Isopulegol - (5R)-5-methyl-2-(prop-1-en-2-yl)cyclohexanol; C7 - menthol -(5R)-2-isopropyl-5-
methylcyclohexanol. 
 

 
 

Fig. (3). Potential pharmacological targets of PD.  
 
to double by 2030 [39]. Despite the large number of studies 
on PD, its cause has not yet been determined, nor is there 
any evidence of a cure. The possible etiological bases that 
can explain the pathophysiology of the disease involve ge-
netic factors, toxins, environmental agents, oxidative stress, 
and mitochondrial abnormalities [40, 41]. 
 The motor manifestations of PD (akinesia or bradykinesia, 
rigidity, tremor, and postural instability) begin focally when 
there is a reduction in dopamine (DA) concentrations in the 
contralateral striatum and posterior putamen (striatal motor 
region) [42]. PD is related to the selective loss of DA neu-
rons in the substantia nigra parte compacta (SNpc) region, 
with the formation of Lewy bodies, and in the striatal corpus 
of the nigrostriatal pathway in the brain. This loss of DA 
causes dysregulation in basal ganglia circuits and leads to the 
appearance of both motor and non-motor symptoms, such as 
sleep disorders, cognitive deficits, and depression [43]. 
 At the cellular level, PD involves changes in mitochon-
drial electron transporter function, changes in catecholamine 
metabolism [44, 45], and excess production of cytotoxic fac-
tors such as inflammatory cytokines (IL-1, IL-6, TNF-α), 
and reactive oxygen species [46]. Current therapeutic strate-
gies for managing PD are aimed at providing symptomatic 
relief and minimizing the progression of the disease. Howev-
er, few pharmacological advances have been made which 
can protect dopaminergic neurons and, consequently, the 
motor circuit. It is known that cranial stimulation, stem cells, 

and gene editing are promising treatment areas for progres-
sive neurodegenerative disorders [47, 48]. 
 Experimental models have revealed pathogenic molecu-
lar mechanisms and targets for pharmacological intervention. 
The findings imply the involvement of targetable protein 
structures such as D1 and D2 dopaminergic receptors, Adeno-
sine A2, α-synuclein, Catechol-o-methyltransferase, and 
Type B Monoamine oxidase receptors, described in Fig. (3). 
 These targets influence important dopaminergic circuits, 
impacting protein phosphorylation, mitochondrial dysfunc-
tion, and oxidative stress. These targets also influence the 
normal function and survival of dopaminergic neurons and 
the onset of PD [47]. Here, we will discuss findings concern-
ing the mechanisms of action that involve PD, the biological 
potential of linalool and citronellal derivatives facing these 
structures and their influence on cell survival and neuropro-
tection mechanisms. 

1.2.1. Potential Targets in Parkinson's Disease 

1.2.1.1. D1 and D2 Dopaminergic Receptors 

 Dopamine is involved in neural mechanisms related to 
mood control, emotional stability, learning, movement, and 
memory [49]. Dopaminergic responses are triggered by acti-
vation of dopaminergic receptors [50] present in the nuclei 
base and limbic system; D 1-like (D1 and D5-receptors cou-
pled to a G protein - type Gs; result in increased cAMP lev-
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els), and D2-like (D2, D3, and D4-receptors coupled to a Gi-
type G protein; result in decreased cAMP levels). D1 and D2 
receptors accumulate in the dorsal region of the striatum and 
are involved in the pathophysiology of PD. The receptor 
subtypes D3 and D4 are more concentrated in the mesolimbic 
region, with the D5 receptor in the hippocampus and hypo-
thalamus [51]. In the hippocampus, alterations in memory 
function involve altered signaling via the D2R, whose dopa-
mine acts to increase cortical excitability. The catecholamine 
D1R increases the release of cortical acetylcholine [52, 53]. 
 Studies have revealed the importance of the dopaminer-
gic D2 receptor in the control of abnormal and dyskinetic 
involuntary movements in rats with hemi-Parkinsonism [54]. 
Striatum neuron groups are stimulated by the activation of 
D1 and D2 receptors. Neurons that are stimulated by the D1 
receptor, directly signal the internal globus pallidus (direct 
pathway). These neurons tonically inhibit the thalamus, 
which in turn sends excitatory projections to the cortex that 
initiate movement. Thus, activation of the direct pathway 
disinhibits the thalamus, that is, the direct pathway stimu-
lates movement. Neurons that express the D2 receptor signal 
the external globus pallidus which inhibits the subthalamic 
nucleus, glutamatergic neurons that project to the internal 
globus pallidus (indirect pathway). Activation of the indirect 
pathway de-inhibits neurons in the subthalamic nucleus, 
which in turn stimulate neurons in the inner segment of the 
globus pallidus and inhibit the thalamus, i.e., the indirect 
pathway inhibits movement. Under normal conditions, the 
presence of dopamine activates neurons that express D1 in 
the direct pathway, while inhibiting neurons of the indirect 
pathway that express D2; these effects promote movement. In 
PD, a state of dopamine deficiency, the opposite effect is 
observed: the direct pathway presents a reduction in activity, 
while the indirect pathway is hyperactive, resulting in re-
duced movement [55]. 

 Pharmacological treatments for the motor symptoms of 
PD are mainly based on dopamine. Levodopa remains the 
most effective drug for PD treatment. Another strategy to 
increase dopaminergic neurotransmission is to use dopamine 
receptor agonists. Agonists such as bromocriptine (D2 ago-
nist) and pergolide (D1 and D2) have been successfully used 
as adjuvants in levodopa treatment [56, 57]. Studies have 
shown that both enantiomer of linalool [30], and citronellal 
[30] present antinociceptive properties, with dopaminergic 
transmission via D2 receptors. Given the participation of the-
se monoterpenoids in the dopaminergic pathway and the 
absence of studies concerning their antiparkinsonian effects, 
there is a need for more biological studies with linalool and 
citronellal derivatives and neurodegenerative disease. 

1.2.1.2. Adenosine A2A Receptors 

 Adenosine receptors, belonging to the GPCR family, are 
composed of four subtypes,: A1, A1A, A 2B, and A3 [58]. The 
adenosine A2A receptor is located mainly in the basal ganglia, 
more specifically in the striatum [59], as are dopamine D2 
receptors [59, 60]. D2 receptors present in the striatum help 
regulate motor activity. Decreased D2 receptor activation 
results in increasing GABAergic signaling from the substan-
tia nigra and the internal pallidal segment. This inhibits 
thalamocortical projection neurons, causing reduced activa-

tion in the cortex responsible for motor activity regulation 
[61-63]. 
 Parkinson's disease, when causing dopamine depletion, 
culminates in weaker response, triggering theabove-mentioned 
signaling, and the consequent motor symptoms such as brad-
ykinesia (slowness in the execution of voluntary move-
ments), dyskinesia (involuntary movements), tremor, and 
rigidity [63]. In motor activity, D2 and A2A receptor co-
participation is evidenced with antagonism of the A2A recep-
tor, which causes simultaneous activation of D2, which at-
tenuates PD dyskinesia [64]. Further, an increase in A2A re-
ceptor expression is evidenced in patients suffering from 
Parkinson's disease [60]. 
 Two theories are postulated for this simultaneous hyper-
activity of the A2A receptor and hypoactivity of the D2 recep-
tor. Either the A2A receptors act as a dimer with the D2 recep-
tor [65]; or the A2A receptors located in the cell bodies and 
terminals of GABAergic receptors, together with the D2 re-
ceptors, present interactions between them [60, 65]. The way 
in which A2A receptor antagonism acts to improve dyskinesia 
is not yet fully elucidated [66], but it is known that in addi-
tion to greater activation of thalamocortical neurons, receptor 
antagonism acts by suppressing neuroinflammation and re-
storing dopamine levels [67].  
 In some countries, receptor antagonism is already used in 
the clinical management of the disease as adjunctive therapy 
together with levodopa and MAO-B inhibitors [58, 65]. In 
Japan, which approved the drug istradefyline, reduction in 
dyskinesia “off time” in patients with PD is reported [59]. Var-
ious studies associate receptor antagonists such as xanthine 
(i.e. caffeine) with the reduction of Parkinson disease symp-
toms [66, 67]. It was demonstrated in vivo, that aged mice 
(16-18 months) ingesting low amounts of caffeine (0.3 g/L) 
for a long time presented a lower response to the A2A recep-
tor. This was quantified using an immunoassay (immunob-
lot) to detect proteins related to the receptor [41, 66, 68]. The 
A2A receptor association with nociception, evidenced in the 
activities of linalool and citronellal [69], and in animal tests, 
demonstrates activity involving A2AR. However, little is 
known about how A2A R modulation acts on PD. 

1.2.1.3. α-Synuclein  

 α-synuclein, formed by 140 amino acids [70], and found 
in presynaptic terminals, is a protein involved in exocytosis 
regulation [71, 72], anchoring, traffic, and vesicle fusion, as 
well as axonal transport. Its structure is characterized by 
three domains: a positively charged N-terminus, an acidic C-
terminal domain, and a central domain which tends to under-
go aggregation resulting in oligomerization. Normally, the 
oligomeric and monomeric states are in dynamic equilibrium 
[72, 73], however, in Parkinson's disease, there is a mutation 
in the α-synuclein gene, which makes the insoluble oligo-
meric state the most prevalent [74]. 
 The insoluble oligomeric form of α-synuclein is the main 
component of the Lewis bodies and Lewis neurites typically 
found in PD [75, 76]. Accumulation of α-synuclein promotes a 
series of cellular damages, such as increased oxidative stress, 
and mitochondrial abnormalities in neuronal cells [77], with 
lysosomal, mitochondrial and vesicular damage resulting from 
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increased membrane permeability [78, 79]. Further, it is 
thought that excess protein causes greater permeability in do-
pamine-containing vesicles and generates reactive oxygen 
species in dopaminergic neurons, the cause of the neurotoxi-
city and neurodegeneration reported in PD [80]. 
 Various treatment strategies have been devised to de-
crease concentrations of the α-synuclein oligomer and pro-
tein production through RNA interference, whether mediated 
by a lentivirus, or by promotion of intracellular degradation 
of aggregated proteins through molecules that increase lyso-
somal activity, by stimulating macroautophagy [81], or pro-
moting extracellular degradation using monoclonal antibod-
ies [71, 72], by preventing aggregation through the induction 
of overexpression and activation of chaperones [81], or use of 
phytochemicals such as geraniol (an acyclic monoterpene as-
sociated with α-synuclein in mice that can decrease mRNA), 
to reduce fibrillation and aggregation of α-synuclein [11, 77]. 
 Stress and protein homeostasis is linked to the health and 
aging process of the body, since it is controlled by an im-
portant protective network, called the vitagene network. 
Vitagene regulates the response to cellular stress by activat-
ing pro-survival pathways responsible for the production of 
molecules such as thermal shock proteins (Hsps), glutathione 
and bilirubin, all with antioxidant and anti-apoptotic activity. 
In transgenic animal models, it was observed that overex-
pression of Hsps may decrease the risks of neuronal dysfunc-
tion and degeneration due to decreased aggregation of α -
synuclein, a protein that causes neurotoxicity and neuro-
degeneration [74]. Glutathione is one of the most abundant 
antioxidant agents present in the body and its levels tend to 
decrease with advancing age, leading to a greater chance of 
developing neurodegenerative diseases. Its protective activi-
ty is observed against changes in protein conformation, dam-
age caused by peroxidonytrite-induced sinaptossomas, and 
maintenance of glutamine synthesis activity [70]. Bilirubin, 
on the other hand, functions as a scavenger (cleaner/scanner) 
of NO and reactive nitrogen species, thus reducing the cellu-
lar damage caused by these molecules [73]. Hormetic nutri-
ents (e.g., Nrf2 pathway activators) are endowed with antiox-
idant activity, minimizing the associated neurodegenerative 
processes [82]. 

1.2.1.4. Catechol -O-Methyltransferase (COMT) 

 Catechol-O-methyl transferase (COMT) is a magnesium-
dependent catabolic enzyme which presents two isoforms: 
soluble or membrane-bound [83]. The enzyme transfers me-
thyl groups to catecholamines, or to their hydroxylated de-
rivatives, or even to drugs that have catechol in their struc-
ture. This activity is important to regulate catecholamine  
neurotransmission. In PD there is a reduction of dopaminer-
gic neurons and, consequently, dopamine. Treatment strate-
gies to increase dopamine have been formulated, but dopa-
mine does not cross the blood-brain barrier, and management 
of the disease is now done through the use of a dopamine 
precursor, Levodopa [84]. This precursor, however, under-
goes the action of metabolic enzymes, such as COMT, which 
cause a smaller fraction of L-dopa to cross the blood-brain 
barrier, a factor that limits treatment [85]. 
 An alternative to increase L-DOPA availability in the 
nervous system is COMT inhibition, which in addition to 

increasing the availability of L-dopa, would also decrease the 
formation of its O-methylated metabolite, levodopa. Levo-
dopa competes with L-Dopa for neutral amino acid trans-
porters at the blood-brain barrier, and thus, a decrease in the 
metabolite favors better Levodopa absorption [85]. In Park-
inson's disease, COMT inhibitors improve motor symptoms 
[86], with evidence of a reduction in “off time” in these pa-
tients with the use of entalcapone and tolcapone, both drugs 
are used in the current clinical management of the disease 
[56]. Other substances, including those of natural origin, are 
being investigated for potential COMT inhibition. Z-
vallesiachotamine, a monoterpene indole alkaloid derived 
from Vallesia glabra, presents considerable COMT inhibi-
tion, which has been evaluated using an in vitro fluorescence 
method, which estimated the activation of the enzyme [87]. 
There are no studies involving linalool, citronellal, or their 
derivatives for their influence on α-synuclein or COMT. 

1.2.1.5. Monoamine Oxidase B (MAO-B) 

 Monoamine oxidase (MAO) is a flavoenzyme located in 
the outer membrane of mitochondria that acts as a catalyst 
for the oxidation of monoaminergic neurotransmitters. Thus, 
MAO is an important target in the treatment of neurodegen-
erative diseases [88, 89]. It presents two isoforms (MAO-A 
and MAO-B), which differ mainly with respect to their tissue 
distribution and substrate preferences; both are important ther-
apeutic targets [90, 91]. The two isoforms show a different 
expression pattern with respect to time. MAO-A seems to pre-
sent a maximum level of expression during childhood. MAO-
B expression increases by approximately 7.1% (±1.3%) every 
10 years [92]. 

 MAO-B is a two-domain enzyme, anchored to the outer 
mitochondrial membrane via a C-terminal helix. It has a do-
main for flavin-adenine dinucleotide (FAD), which acts as a 
cofactor, and another domain for the substrate [93]. MAO-B 
is the predominant isoform of MAO in the brain, mainly in 
the basal ganglia. It is responsible for converting dopamine 
into 3,4-dihydroxyphenylacetic acid and homovalinic acid 
[90]. MAO-B, together with catechol-O-methyltransferase 
(COMT), is involved in the inactivation of dopamine through 
metabolism, this  makes it an important therapeutic target in 
Parkinson's Disease (PD) [91]. 

 MAO-B inhibitor drugs (MAO-Bis) are widely used in 
PD because of their ability to increase the activity of endog-
enous dopamine and levodopa, favoring the use of lower 
doses of levodopa in more advanced stages of PD. The neu-
roprotective properties of MAO-Bis, like Selegiline, have 
been demonstrated. The effect seems to be related to the abil-
ity of the drug to inhibit neurotoxicity induced by the 
NMDA receptor, and induce the synthesis of both neu-
rotrophic factors and antioxidant enzymes [94, 95]. The first 
preclinical studies with a selective MAO-B inhibitor (MAO-
Bi), deprenyl (Selegiline), were undertaken by Knoll et al. 
(1965) and by Knoll and Magyar (1972). Subsequently, 
Birkmayer et al., (1975) presenting the anti-Parkinson effect 
of Selegiline in their studies [96]. Currently, MAO-Bis are 
widely used to treat PD, with clinically proven efficacy 
against PD, selegiline, rasagiline, and safinamide are their 
main clinical representatives [90]. As MAO-B (inhibition) is 
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an important therapeutic target in PD, various pharmacologi-
cal studies have been performed to develop new drugs with 
inhibitory action on MAO-B [88]. However, there are still no 
studies evaluating the action of linalool and citronellal de-
rived monoterpenes on MAO-B. Thus, it is essential to per-
form in silico and in vitro studies with these substances in 
order to evaluate their pharmacological potential.  

1.3. Alzheimer’s Disease 

 Alzheimer’s Disease (AD) is one of the most common 
age-related neurodegenerative pathologies. It is characterized 
by beta-amyloid deposits (in senile plaques) and neurofibril-
lary tangles (paired helical filaments) in the cerebral cortex 
and subcortical gray matter. As a result, massive synaptic 
loss and severe neuronal death occur in brain regions that are 
responsible for important cognitive functions, such as the 
cerebral cortex, hippocampus, and ventral striatum [97, 98]. 
 The histopathological particularities that are present in 
the brain parenchyma of patients affected by AD include 
amyloid fibril deposits in blood vessel walls, associated with 
a variety of different types of senile plaques, accumulation of 
abnormal filaments of the tau protein, and consequent for-
mation of neurofibrillary tangles (NFT), neuronal and synap-
tic loss, glial activation, and inflammation [99]. 
 Based on these neuropathological markers, two hypothe-
ses were proposed in order to explain the etiology of the dis-
ease. According to the amyloid cascade hypothesis, neuro-
degeneration in Alzheimer's disease begins with the proteo-
lytic cleavage of the amyloid precursor protein (APP), and 
results in the production, aggregation, and deposition of β-
amyloid substance (Aβ) and senile plaques. There is also the 
Tau hypothesis, or phosphorylation of the Tau protein, which 
forms tangles in nerve cells and prevents cellular proteins 
from exercising their normal functions [97, 100, 101]. 
 There is also the cholinergic hypothesis, which reports 
that the dysfunction of the cholinergic system is sufficient to 
produce memory deficiency in animal models, this is similar 
to Alzheimer's disease, and highlights the importance of ace-
tylcholine in memory and learning. Acetylcholine deficit in 
the brain is mediated by the enzyme choline acetyltransfer-
ase and causes the symptoms of AD [41, 102]. According to 
Sereniki & Vital (2008) [100], brains of patients with Alz-
heimer's disease present cholinergic neuron degeneration, as 
well as a reduction in cholinergic markers, thus, choline 
acetyltransferase and acetylcholinesterase present reduced 
activity in the cerebral cortex of patients with Alzheimer 
disease [102]. As a result, attempts were made to therapeuti-
cally stimulate cholinergic activity through cholinesterase 
inhibitors, which degrade acetylcholine in the synaptic cleft, 
enhancing cholinergic transmission.  
 In addition to the aforementioned mechanisms, there are 
many other important factors that may be related to the etiol-
ogy of AD that have been explored over the last few years 
[41]. Alzheimer's disease was named after a 51-year-old pa-
tient who developed dementia, predominantly with language 
impairment and behavioral change [103]. Research [97, 104] 
reveals that this pathology affects about 10% of people over 
the age of 65, and 40% of those over 80 years old. The au-
thors emphasize that AD is considered the third leading 

cause of death in developed countries, the first being cancer, 
followed by cardiovascular disease. It is assumed that, in the 
year 2050, more than 25% of all society will be old, which 
could well increase the prevalence of AD [101]. 
 The disease begins with episodic memory deficits, ac-
companied by the progressive transformation of other cogni-
tive domains, some patients present cognitive alterations, but 
without memory-related alterations [97]. The established risk 
factors for the development of AD are related to age and 
family history. The etiology of AD is not fully clarified, alt-
hough there are many promising studies concerning its bio-
chemistry and genetics [67]. 

 Its main characteristic is progressive dementia with the 
predominant involvement of episodic memory. One of the 
most common risk factors for developing AD is age; the risk 
of developing this condition increases with age. Generally 
speaking, the first clinical sign is the failure of recent 
memory, although remote memories are preserved until the 
disease reaches a later stage [105]. 

 In addition to attention difficulties and verbal fluency 
impairment, other cognitive functions deteriorate as the pa-
thology evolves. Among them are the ability to make calcu-
lations, visual and spatial skills, and the ability to use com-
mon objects and tools. The patient's degree of wakefulness 
and lucidity is not compromised until the disease reaches a 
more advanced stage. Motor weakness is not observed, alt-
hough muscle contractures are an almost universal feature in 
the advanced stages of the pathology [105]. 

 Besides these symptoms, patients also present behavioral 
disorders such as aggression, hallucinations, hyperactivity, 
irritability, and depression. At some point in the evolution of 
AD, these mood disorders affect a considerable percentage 
of patients who develop the disease [100]. Most AD research 
in recent years has been directed towards finding a modify-
ing therapy that will change the course of the disease. The 
previous focus was on symptoms. However, finding a modi-
fying therapy has not yet been achieved; there is a lack of 
drugs capable of modifying the complex mechanisms of this 
disease. Management needs to be tailored to the individual 
patient and their specific circumstances, adapting as the dis-
ease progresses [106]. 

 To date, drug therapy is performed through the use of 
conventional acetylcholinesterase inhibitors which treat mild 
and moderate AD: (Donepezil, rivastigmine, galantamine), 
and N-methyl-d-aspartate (NMDA) receptor blockers (Me-
mantine) for moderate to severe cases. Although these drugs 
represent the best pharmacological treatments currently 
available for AD, they have a relatively low overall effect 
and do not interfere with the course of the neurodegenerative 
process. It is likely that the downregulation of cholinergic 
transmission occurs too late for treatments such as cholines-
terase inhibitors to have any effect [107]. It is therefore im-
portant to encourage the development of new drugs with 
anti-PD potential, capable of improving symptoms and con-
taining neurodegenerative mechanisms. Targets related to 
AD (Fig. 4) and the behavior of molecules and derivatives of 
linalool and citronellal were investigated in computational 
models for later validation in in vitro and in vivo tests. 
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1.3.1. Potential Targets in Alzheimer's Disease 

1.3.1.1. Glycogen Synthase Kinase 3 (GSK3) 

 Glycogen Synthase Kinase 3 (GSK-3) is a multifunction-
al serine-threonine kinase protein belonging to the GCMC 
family and ubiquitously expressed. Initially, it was identified 
as a regulator of glucose metabolism [108], and over time, it 
was discovered that it participates in several key pathways of 
cell biology, often involved in neurodegenerative processes 
[109-111]. GSK-3 is involved in several fundamental phys-
iological processes and an abnormality in this protein can 
lead to a number of disorders in the body [112]. GSK-3 has 
two isoforms (GSK-3α and GSK-3β), which are encoded by 
different genes. GSK-3β is predominantly expressed in the 
Central Nervous System, and it is already known that levels 
of this isoform increase with the aging process [112]. 
 GSK-3β is activated by the amyloid cascade and is a crit-
ical point for tau protein hyperphosphorylation, representing 
a link between the two main biomarkers of Alzheimer's dis-
ease (AD), the tau protein and the β -amyloid peptide [97, 
113]. GSK-3β is formed through the action of γ-secretase, 
which cuts the fragment of transmembrane C99 into Aβ and 
AICD. The AICD binds to the Fe65 and, directly or indirect-
ly, activates the GSK-3β. GSK-3β is inhibited and activated 
by post-translational phosphorylation of Ser9 and Tyr216 
residues, respectively [108]. 
 Once activated, GSK-3β phosphorylates microtubule-
associated tau proteins (MAPT), which are involved in mi-
crotubule stabilization and axonal transport of signaling mol-
ecules and trophic factors. Physiologically, the tau protein 
binds to microtubules and is then phosphorylated by kinases, 
causing a momentary shutdown. Subsequently, phosphatases 
dephosphorylate tau, and therefore rebinding of the protein 
to the microtubules occurs. These dynamic (on and off) micro-
tubule cycles are critical to the normal function of axonal 
transport. In the pathological process, GSK-3β hyper-
phosphorylates tau proteins which lose their affinity for micro-
tubules, resulting in paired helical filaments (PHFs) and neu-
rofibrillary tangles (NFTs) which are more easily aggregated 
within neurons. As a result, axonal transport fails through the 
degradation of microtubules and, consequently of the cyto-
skeleton, which causes neuronal damage [29, 113, 114]. 
 Several studies demonstrate hyperactivation of GSK-3β 
in the brains of patients with Alzheimer's Disease (AD), with 
much evidence that supports its participation in AD patho-
physiology [111, 115]. Both isoforms are somehow related 
to AD pathology since GSK-3α participates in APP pro-
cessing and Aβ formation, while GSK-3β participates in tau 
protein phosphorylation. Further, GSK-3 favors the produc-
tion of inflammatory molecules and promotes microglia acti-
vation, which leads to neuroinflammation [29]. 

 As a way of demonstrating its participation in the patho-
logical process of AD, recent in vitro and in vivo studies 
have revealed that inhibition of GSK-3β promotes decreases 
in both Tau phosphorylation and Aβ levels, important bi-
omarkers of AD. Thus, GSK-3β is an important therapeutic 
target for AD and many recent studies seek to evaluate the 
potential and efficacy of agents that can inhibit GSK-3β to 
develop new drugs for the treatment and prevention of AD 
[116]. 
 In this context, it is already known that monoterpenes  
and monoterpenoids prevent the aggregation of hyper-
phosphorylated tau proteins by inhibiting the active form of 
GSK-3β through down regulation of the PI3K/Akt-dependent 
pathway [29, 117]. Studies that evaluate the action of linalool 
and citronellal derivatives on GSK-3β are needed to evaluate 
this important pharmacological potential. 

1.3.1.2. TNF-α Converting Enzyme (TACE) 

 Tumor Necrosis Factor alpha (TNF-α) is a type II mono-
meric transmembrane protein widely expressed in activated 
immune cells. Its converting enzyme, called TNF-α Convert-
ing Enzyme (TACE), is responsible for making the molecule 
soluble and therefore favoring its binding to TNFR1 
(CD120a) and TNFR2 (CD120b) receptors [118, 119]. De-
regulation of TNF-α is directly related to neuronal degenera-
tion and inflammation, and can trigger pathological process-
es such as Alzheimer's disease, in which TNF-α levels are 
augmented [119, 120]. The type 1 receptor (TNFR1) pre-
dominantly exerts pro-inflammatory effects; type 2 (TNFR2) 
is neuroprotective and promotes tissue homeostasis and re-
generation [120]. 
 The serum and plasma levels of TNF-α are elevated in 
AD, and this is often due to chronic activation of resident 
microglia, which does not efficiently phagocytize beta-
amyloid (Aβ) due to high levels of pro-inflammatory cyto-
kines, including TNF-α. Further, studies at the cellular level 
have revealed that TNF increases apoptosis of Aβ-treated 
neurons [120]. Studies in human brain tissues with post-
mortem AD have shown that TNFR1 levels are augmented 
and TNFR2 levels are lessened [121]. Another study has 
demonstrated that in the AD brain, TNF was more likely to 
bind to type 1 than type 2 receptors, which may explain the 
predominant role of TNRF1 in AD pathophysiology [121]. 
Corroborating these results, a study in a mouse model has 
demonstrated that inducing TNRF2 deletions exacerbates 
AD pathology, while overexpression prevents disease pro-
gression [122, 123]. 
 Thus, authors have demonstrated 30% to 40% reductions 
in enzymatic levels of inflammatory cytokines such as TNF-
α [124]. Yet another study evaluating the expression of cyto-
kines and inflammatory proteins during exposure to UVB 
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rays has demonstrated that linalool was able to significantly 
reduce overexpression of TNF-α, IL-6, IL-10, and COX-2 in 
skin cells [27]. 

1.3.1.3. Human Angiotensin-Converting Enzyme (ACE) 

 ACE is a zinc chloride-dependent dipeptidase responsible 
for regulating blood pressure and body fluids. This is done 
through the conversion of angiotensin I to angiotensin II, 
which is a potent vasoconstrictor [119]. There are two forms 
found in humans, the somatic form, found in various tissues, 
composed of 1277 amino acids and a molecular mass of ap-
proximately 146 kDa; and the germinal form, a minor isoen-
zyme, found exclusively in the testes, which is composed of 
711 amino acids and presents a molecular mass of around 80 
kDa [125]. 
 Three different studies on the relationship between ACE 
and Alzheimer's have produced corroborating results. The 
first, performed with mice, demonstrated the influence of mac-
rophages with ACE overexpression in the preservation of cog-
nition and synapses, reduction of neuroinflammation, and am-
plified resistance against the pathognomonic amyloid-β forms 
of Alzheimer's disease [126]. Another study, also performed 
with (transgenic) mice, revealed that cognitive decline in Alz-
heimer's can be prevented through overexpression of ACE in 
myelocytes [125]. Further, a recent investigation based on 
genetic analysis of ACE polymorphisms has revealed that a 
reduction of ACE serum levels is associated with a higher 
risk of Alzheimer's disease progression [125]. 

1.3.1.4. BACE1 Inhibitor 

 One of the main causal hypotheses for the emergence of 
Alzheimer's Disease (AD) is the amyloid cascade, and an 
important therapeutic target for AD is β-secretase [127]. The 
hypothesis is based on the aggregation of β-amyloid peptide 
(Aβ), which is a hydrophobic peptide with 40 (Aβ40) or 42 
(Aβ42) residues. The accumulation of this peptide may be 
due to overproduction or decreased degradation. Its oligo-
mers are aggregated in the form of diffuse plaques in the 
amyloid fibrils, which cause neurotoxicity, leading to cell 
death and, thus, neurodegeneration [128]. β-secretase is in-
volved in the initiation of the amyloid cascade upon produc-
tion of Aβ42; accumulation of Aβ42 oligomers initiates the 
events [129]. Accumulation of Aβ may be related to envi-
ronmental influences, stressors during aging, or during the 
progression of the disease [130, 131]. 
 β-secretase (belonging to a subgroup of the A1 aspartyl 
protease family) is responsible for cleaving the amyloid pre-
cursor protein (APP) at two sites: the β site (Met671-
Asp672) or the β' site (Tyr681-Glu682). Its action on APP 
results in the products β s-APP and C-terminal peptide C99. 
The fragment which remains bound to the membrane will be 
converted into Aβ40 and Aβ42 by γ-secretase, and may initi-
ate cascade events [131, 132]. A huge number of studies 
suggest that BACE1 is the main β-secretase in the brain re-
sponsible for the production and aggregation of Aβ. Rodent 
studies show that selective inhibition of BACE1 prevents 
both Aβ formation and aggregation [133]. 
 In an attempt to develop a new drug capable of treating 
or preventing AD, inhibition of this enzyme has been exten-

sively studied [130]. Marumoto, et al. (2017) [134] studied 
80 aromatic compounds, including monoterpenes such as 
citronellyl acetate, to find various compounds which can 
inhibit β-secretase (BACE1) in vitro with a similar potency 
compared to sesquiterpenes and C13 norisoprenoid com-
pounds, and superior to most of the other sesquiterpenes 
were also evaluated. Such preliminary studies demonstrate 
the inhibitory potential of monoterpenes, but further studies 
are needed. There are still no studies involving linalool, cit-
ronellal derivatives, and β-secretase in the literature. As an 
important therapeutic target in AD, it is important to evaluate 
compounds with possible inhibitory potential against β-
secretase.  

1.3.1.5. Acetylcholinesterase (AChe) 

 Acetylcholinesterase (AChE) is involved in nerve im-
pulse propagation [135] across cholinergic synapses [136]. It 
is a serine hydrolase responsible for terminating the activity 
of the neurotransmitter acetylcholine by hydrolyzing it into 
acetic acid and choline [137]. It is present in neurons of the 
central and peripheral nervous system, and its targets include 
skeletal muscle, and endocrine and exocrine glands [136]. 
 The cholinergic hypothesis for the pathogenesis of AD 
suggests that the progressive degeneration of cholinergic 
neurons is the principal contributing factor to the disease. 
AChE inhibition has thus become a promising therapeutic 
strategy for the treatment of AD. Cholinesterase inhibitors 
(ChEIs) increase the concentration of acetylcholine in the 
brain, which in turn improves the patient's memory and cog-
nitive [135]. 
 The AChE inhibition rate of six Algerian plant essential 
oils (EOs) has been demonstrated and ranged from 40.57% 
to 73.60%. The greatest inhibition was by Lavandula offici-
nalis (73.6%) which is composed of 35.8% linalool [138]. 
The inhibition was also proven in an animal model in 
zebrafish and resulted in the accumulation of acetylcholine 
in nerve endings [139]. Another study evaluated the anticho-
linesterase activity (76.41%) of Coriandrum sativum (which 
contains high levels of linalool). The results were compara-
ble to the reference drug galanthamine, and demonstrated 
significant inhibition [140]. Similar work has also reported 
the ability of Stachys terpenes lavandulifolia Vahl. (Lami-
aceae) to inhibit AChE which is composed of 0.5% linalool 
[141, 142]. 

2. MATERIALS AND METHODS 

2.1. Data Set 

 The molecules under study were 17 compounds of the 
monoterpene class, 7 of which were chemical compounds 
derived from Citronellal and 10 compounds derived from 
Linalool. The structures were obtained by reviewing the lit-
erature, having monoterpenes with potential action against 
neurodegenerative diseases as the object of the search. 

2.2. Molecular Modelling 

 The structures were designed in MarvinSketch software 
(version 18.14-2018) [143]. These were then saved in .MOL 
Files format, and imported into the HyperChem software for 
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windows v.8.0.5 (HyperChem, 2009) [144]. The compounds 
underwent geometry optimization using molecular mechan-
ics MM+ force field, without restrictions for aromatic form 
conversions, and clean molecular graphing in three dimen-
sions. The optimized structures were subjected to conforma-
tional analysis using a random search method with 1000 in-
teractions, 100 cycles of optimization, and the 10 lowest 
minimum energy conformers. The compounds were saved in 
the MOL format. 

2.3. Pharmacokinetic Properties 

 Prior to carrying out the Molecular Docking simulations, 
the compounds were submitted to an assessment of toxicity 
risks, bioavailability, and oral absorption. Analyses were 
performed using OSIRIS Data Warrior 4.7.3 software [145, 
146]. The cytotoxic effects assessed were mutagenicity, car-
cinogenicity, irritability to the skin and reproductive system 
toxicity. The TPSA (Topological Polar Surface Area) values 
were used to calculate the rate of absorption (%) of both the 
monoterpenes and the positive controls. 

%ABS = 109 - (0.345 X TPSA) 
 The calculation proceeded with the insertion of the com-
pound under study, saved in 3D structures in the Spatial Data 
File (SDF) format. Lipinski's rule consists of four parameters 
that influence the bioavailability of a possible drug candi-
date, commonly a drug can only violate up to a single pa-
rameter [147]. The rule prescribes that the bioactive may not 
present a molecular weight below 500 Da, LogP greater than 
or equal to 5, less than or equal to 10 hydrogen bond accep-
tors, and up to 5 hydrogen bond donors [148]. 

2.4. Molecular Docking 

 Molecular Docking simulations, searching for target pro-
teins and the respective ligands for Parkinson's Disease and 
Alzheimer's Disease, were performed. For Parkinson’s Dis-
ease the study targets were Human Adenosine A2A Receptor 
(PDB: 3UZA, at a resolution of 3.2 Å, complexed with  
6-(2,6-dimethylpyridin-4-yl)-5-phenyl-1,2,4-triazin-3-amine) 
[149], α-synuclein (PDB: 1XQ8, at a resolution of 2 Å) 
[150], COMT Catechol o-methyl transferase (PDB: 1H1D, 
up to a resolution of 2 Å complexed with 1-(3,4,Dihydroxy-
5-nitrophenyl)-3-{4-[3-(trifluoromethyl) phenyl] piperazin-
1-yl}propan-1-one) [151], Monoamine Oxidase B MAO-B 
(PDB: 2C65, up to a resolution of 1.7 Å complexed  
with (1R)-4-({[Ethyl(methyl)amino]carbonyl}oxy)-n-methyl-
n-[(1e)-prop-2-en-1-ylidene]indan-1-aminium) [93], Dopa-
mine D1 Receptor (PDB: 7JOZ, up to a resolution of 3.80  
Å complexed with 6-{4-[(furo[3,2-c]pyridin-4-yl)oxy]-2-
methylphenyl}-1,5-dimethylpyrimidine-2,4(1H,3H)-dione) 
[152], and Dopamine D2 Receptor (PDB: 6CM4, up to a 
resolution of 2.87 Å complexed with 3-[2-[4-(6-fluoranyl-
1,2-benzoxazol-3-yl)piperidin-1-yl]ethyl]-2-methyl-6,7,8,9-
tetrahydropyrido[1,2-a]pyrimidin-4-one) [153].  
 To evaluate the affinity of the compounds under study 
with each of the chosen targets, a comparison was made with 
the PDB ligand and positive control (a drug already used with 
activity at the targets reported in the literature). The positive 
controls used were respectively: L-DOPA (α-synuclein) [154], 
Pramipexole (D2 Dopamine Receptor) [155], Bromocriptine 

(D1 Dopamine Receptor) [156], Istradefylline (Adenosine 
A2A Receptor) [157], Entacapone (COMT Catechol O-
methyltransferase) [158], and Rasagiline (Monoamine Oxi-
dase MAO) [95].   
 For the investigation of a possible mechanism of action 
for Alzheimer's Disease, 4 mechanisms were studied, and 
included: Acetylcholinesterase ACE co-crystal structure 
(PDB: 3BKL, at a resolution of 2.18 Å) [159], in this en-
zyme, the drug Donepezil was used as a positive control 
[160], the crystalline structure of BACE bound to 2-imino-3-
methyl-5,5-diphenylimidazolidin-4-one (PDB: 4DJU, at a 
resolution of 1.8 Å) [161], the crystal structure of glycogen 
synthase kinase 3(GSK-3) in complex with 3-amino-6-{4-
[(4-methylpiperazin-1-yl)sulfonyl]phenyl}-n-pyridin-3 ylpy-
razine-2-carboxamide (PDB: 4ACD, at a resolution of 2.60 
Å) [162], and the TACE crystal structure complexed with 
IK682 (PDB: 2FV5, at a resolution of 2.18 Å) [163]. 
 We used Molegro Virtual Docker v.6.0.1 (MVD) soft-
ware [164] with the parameters predefined in the software. 
The complexed ligand was used to define the active site. The 
compounds were imported to analyze the stability of the sys-
tem through the interactions identified with the active site of 
the enzyme, taking the energy value of the MolDock Score 
as a reference [164-166].  
 The MolDock SE (Simplex Evolution) algorithm was 
used with the following parameters: A total of twenty runs 
with a maximum of 1500 iterations using a population of 50 
individuals, 2000 minimization steps for each flexible resi-
due, and 2000 global minimization steps per run. The 
MolDock Score (GRID) scoring function was used to calcu-
late the snap energy values. A GRID was set at 0.3 Å and the 
search sphere was set at 15 Å radius.  

 To analyze ligand energy, internal electrostatic interac-
tions, internal hydrogen bonds and sp2-sp2 torsions were 
evaluated. For each enzyme under study, the energy score 
was calculated using the MolDock Score and the Rerank 
Score (Supplementary Material Tables S1-S20). The proba-
bility was calculated by dividing the score of the molecule 
under study by the lowest energy score for each algorithm, 
and at the end, an overall average was calculated between the 
algorithms to generate the mean and the total mean of each 
enzyme. 

3. RESULTS AND DISCUSSION 

3.1. Computational Pharmacokinetics Studies 

3.1.1. Oral Absorption 

 Drug absorption can occur by simple or facilitated diffu-
sion, and mediation by plasma proteins can occur either with 
or against concentration gradients [167]. The 17 molecules 
were evaluated as to their oral absorption percentages, based 
on their Total Polar Topological Surface Area (TPSA) val-
ues. TPSA, according to Prasana and Doerksen (2020), in-
volves contributions from polar functional groups such as 
oxygen and nitrogen (and their bonded hydrogens), and veri-
fies the sum of contributions from molecular interactions 
relevant to the compound [168]. TPSA and compound ab-
sorption values are presented in Table 1. 
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 Absorption is an important parameter for planning drugs 
and medications. All of the compounds under study dis-
played high percentages for this parameter. The values ob-
tained were between 96.13% and 100.00%. For the citronelal 
derivative series, the best-performing compounds were C2, 
C5, C6, and C7 at 100.00%. The lowest absorption rates 
were obtained by compounds C3 and C4, at 96.13%. The 
compounds of the linalool series also displayed high absorp-
tion percentages, with the best rates obtained by compounds 
L1 and L10 at 100.00%. The lowest rate was 87.05%, ob-
tained by compound L5. 
 
Table 1. Bioavailability and absorption of the Citronelal and 

Linalool derivatives. 

Citronelal Derivatives 

Compound TPSA (Å) % Absorption 

C1-Methoxycitronellal 26.3 99.92 

C2-D-Citronellal 17.07 100.00 

C3-Hydroxycitronellal 37.3 96.13 

C4- Citronelic Acid 37.3 96.13 

C5-Isopulegol 20.23 100.00 

C6-Menthol 20.23 100.00 

C7-S-Citronellal 17.07 100.00 

Linalool Derivatives 

Compound TPSA (Å) % Absorption 

L1- Linalool 20.23 100.00 

L2- Linalyl 26.3 99.92 

L3 - 8-hydroxylinalyl acetate 46.53 92.94 

L4 - 8-oxolinalyl acetate 43.37 94.03 

L5 - 8-carboxylinalyl acetate 63.6 87.05 

L6 - 8-hydroxylinalool 40.46 95.04 

L7 - 8-oxo-dihydrolinalool 37.3 96.13 

L8 - 8-oxolinalool 37.3 96.13 

L9 - 8-carboxylinalool 57.53 89.15 

L10 - Tetrahydrolinalool 20.23 100.00 

Note: Compounds in bold present the highest probability. 
 

3.1.2. Bioavailability 

 Bioavailability represents the amount of drug available to 
a given target organ and is also called the absorbed fraction 
[169]. To determine the bioavailability of a drug, its route of 
administration, chemical form, and other patient-specific 
factors such as gastrointestinal and hepatic enzymes and 
transporters must be combined [170]. Lipinski's rule viola-
tions are considered important when determining bioavaila-
bility [171]. As a result, both positive controls and test com-
pounds must present:  no more than 5 hydrogen bond donors, 
fewer than 10 hydrogen bond acceptors, no greater than 5 log 
P, and a molecular weight of less than 500 Da [171]. Viola-
tions of Lipinski's rule and compound bioavailability evalua-
tions are presented in Table 2. 

 The 17 potentially active terpenes were subjected to vari-
ous analyses to assess their ADMET properties. Using the 
physicochemical properties presented, we tried to identify 
and evaluate whether the compounds displayed good absorp-
tion and bioavailability, considering the Lipinski rule as a 
parameter. According to Shimohama and Collaborators [172, 
173], compounds with molecular weights below 500 Da, 
with partition coefficient values of less than five, with less 
than five hydrogen bonds, and no more than ten hydrogen 
acceptors, will present excellent levels of bioavailability and 
absorption. 

 There were no violations of Lipinski's rule for any pa-
rameter under study, indicating that these compounds will 
likely present good bioavailability. Factors such as lipo-
philicity and solubility contribute to drug distribution, an 
important parameter in drug discovery processes [174]. The 
most common descriptor for evaluation of lipophilicity is the 
n-octane-water Partition Coefficient (Log P), ideal values for 
lipophilicity should be < 5 [175]. 

3.1.3. Toxicity 

 Toxicity corresponds to the ability of a substance to pro-
duce harmful effects, whether in a living organism or in an 
ecosystem. Toxic risk is characterized as the probability that 
a harmful or toxic effect will occur depending on the condi-
tions of the use of the substance [176]. The compounds un-
der study were evaluated for toxicity in the OSIRIS Data 
Warrior 5.0 program [145, 146].  

 The parameters evaluated included: mutagenicity, that is, 
the ability of the substance to cause mutations in the DNA of 
the organism in which the bioactive is inserted - by severity 
[177]; tumorigenicity, which is the ability of the bioactive to 
cause tumors [178]; skin irritability, which corresponds to 
sensitivity that the compound can cause in the skin or in in-
ternal organ tissues such as the esophagus, larynx, stomach, 
and intestine; and toxicity in the reproductive system, which 
corresponds to the toxic effects that a substance can have on 
sexual function, and male and female fertility [179, 180]. 
The results are shown in Table 3 [181, 182]. The OSIRIS 
Data Warrior analysis, based on similarities between the 
fragments of each molecule was not sensitive enough to ex-
plain the effects nor the real toxicity. 
 Of the citronelal derivatives, only compounds C1, C2, 
C3, C4, and C7 presented toxicity risks, with a high risk of 
tissue irritability. Compounds C5 and C6 did not present 
toxicity risks in any of the parameters studied, indicating 
their promise. All of the compounds derived from Linalool, 
presented toxicity risks in the tissue irritability parameter, 
with compounds L1, L2, L3, L4, L5, L6, L7, L8, and L9 
classified as high risk. Compound 10 was classified as low 
risk. 
 Despite the presence of toxicity risk, the compounds 
were maintained, since the analysis performed by the soft-
ware used evaluates only parts of the molecules in isolation, 
and also since the risk of toxicity presented did not extend to 
genetic material, which would be more serious. Further, the 
toxicity risk was detected in only one parameter. 
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Table 2. Data on Lipinski's rule violations. 

Citronelal Derivatives 

ID Molecular Weight Num. H-bond Acceptors Num. H-bond Donnors Log P Violations 

C1-Methoxycitronellal 186.294 2 0 2.5696 0 

C2-D-Citronellal 154.252 1 0 3.1371 0 

C3-Hydroxycitronellal 172.267 2 1 2.1417 0 

C4-Citronelic Acid 170.251 2 1 2.9998 0 

C5-Isopulegol 154.252 1 1 2.6138 0 

C6-Menthol 156.268 1 1 2.4112 0 

C7-S-Citronellal 154.252 1 0 3.1371 0 

Linalool Derivatives 

ID Molecular Weight Num. H-bond Acceptors Num. H-bond Donnors Log P Violations 

L1- Linalool 154.252 1 1 3.2311 0 

L2- Linalyl 210.316 2 0 4.2143 0 

L3 - 8-hydroxylinalyl acetate 226.315 3 1 3.2876 0 

L4 - 8-oxolinalyl acetate 224.299 3 0 3.0753 0 

L5 - 8-carboxylinalyl acetate 240.298 4 1 2.938 0 

L6 - 8-hydroxylinalool 170.251 2 2 2.3044 0 

L7 - 8-oxo-dihydrolinalool 170.251 2 1 2.2776 0 

L8 - 8-oxolinalool 168.235 2 1 2.0921 0 

L9 - 8-carboxylinalool 184.234 3 2 1.9548 0 

L10 -Tetrahydrolinalool 158.284 1 1 3.2807 1 
 

Table 3. Toxicity data for the compounds under study. 

Citronelal 

ID Mutagenic Tumorigenic Reproductive Irritant 

C1-Methoxycitronellal none none none high 

C2-D-Citronellal none none none high 

C3-Hydroxycitronellal none none none high 

C4- Citronelic Acid none none none high 

C5-Isopulegol none none none none 

C6-Menthol none none none none 

C7-S-Citronellal none none none high 

Linalool Derivatives 

ID Mutagenic Tumorigenic Reproductive Irritant 

L1- Linalool none none none high 

L2- Linalyl none none none high 

L3 - 8-hydroxylinalyl acetate none none none high 

L4 - 8-oxolinalyl acetate none none none high 

L5 - 8-carboxylinalyl acetate none none none high 

L6 - 8-hydroxylinalool none none none high 

L7 - 8-oxo-dihydrolinalool none none none high 

L8 - 8-oxolinalool none none none high 

L9 - 8-carboxylinalool none none none high 

L10 -Tetrahydrolinalool none none none Low 

Note: Molecules with a high risk of toxicity are marked in bold. Analyzing pre-existing database fragments helped to determine each cytotoxic parameter [146, 181, 182]. 
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3.2. Molecular Docking  

 The 17 monoterpene molecules under study were sub-
jected to Molecular Docking simulations with 10 proteins;  
six targets for Parkinson's disease and four targets for Alz-
heimer's disease. The results of the Molecular Docking simu-
lations were generated using three algorithms that involved a 
Moldock scoring function, a Rerank scoring function, and a 
consensus calculation made with the two functions under 
study. When more negative values occur, this leads to a con-
clusion of better interactions in the scoring functions. A pro-
tein in which the compound obtained binding energy values 
greater than or close to the standard drug in at least one scor-
ing function is considered active. 
 The docking results generated by the scoring function 
were validated by redocking the crystallographic ligand with 
all investigated proteins. The root mean square deviations 
(RMSDs) of the obtained fit poses were calculated against 
the crystal structure. RMSD values of less than 2 Å indicate 
an optimal degree of screening reliability [183, 184]. Infor-
mation about the starting structures and redocking validation 
results are presented in Table 4. During the redocking analy-
sis, most of the RMSD values were below 2.0 Å, that is, the 
generated poses correctly positioned the ligand in the active 
site. For docking validation in general, the programs provid-
ed satisfactory values. 
 The only enzyme that did not present an RMSD within 
the acceptable limit was the MAO enzyme (PDB: 2C65), its 
RMSD value was 4.6072. The ligand in question is a high 
molecular weight compound (M = 275 g/Mol), which may 
have resulted in a high mean standard deviation. The α-
synuclein protein does not present a complexed ligand. How-
ever, in the literature, Monteiro and Collaborators (2018) 
[185] reported validating this macromolecule. The option to 
detect 10 possible cavities, admitted as possible active sites, 
on which to run the molecular docking was chosen. 
 The docking results are presented in Table 5. According 
to the results, the compounds of the series under study ob-
tained negative energies for all enzymes under study, thus 
demonstrating an interaction with all study targets. The con-
sensus calculations were performed using the scores of each 
analyzed protein calculated using algorithms obtained in the 
Molegro Virtual Doker software, namely: MoldokScore and 
RerankScore. 
 According to the results (presented in Table 6), the com-
pounds derived from citronellal demonstrated greater affinity 
(than the ligand) for the α-Synuclein, Adenosine receptor, 
Monoamine Oxidase (MAO), and Dopamine D1 receptor 
proteins; targets related to Parkinson. For Alzheimer’s Dis-
ease related targets, the compounds under study did not 
demonstrate greater potency than the ligand for the study 
targets. Table 6 presents results obtained by the linalool de-
rivatives for the study enzymes, being Parkinson's and Alz-
heimer’s disease targets. 
 As to the linalool derivatives, for targets related to Park-
inson's disease, and similarly for the citronellal derivatives, 
these proved to be more potent for the α-Synuclein, Adeno-
sine Receptor, Monoamine Oxidase, Dopamine D1 Receptor 
and Dopamine D2 Receptor enzymes. For the Alzheimer's 

disease targets, these compounds displayed more promise for 
the BACE enzyme. These will be discussed in more detail, in 
addition to demonstrating the molecular interactions of the 
most promising compounds with the target enzymes. 

3.4. Parkinson’s Disease 

3.4.1. α-Synuclein 

 All of the compounds in the citronellal series presented 
probabilities above 50% for the α-synuclein protein. The 
highest probability obtained was for compound C4 (Citron-
elic acid), p = 0.9796, followed by the positive control with a 
value of 0.9718. For the linalool derivatives, all compounds 
presented probability values above 50%. The most likely 
compound was compound L5 (8-carboxylinalyl acetate, p =  
1.0, followed by compound L2 (Linalyl) with a p-value of 
0.8525. The positive control presented a probability of 
0.8199, and we noted that all five compound probabilities 
were either higher or close to this value, respectively com-
pounds L5 (8-carboxylinalyl acetate, p = 1.0), L2 (Linalyl,  
p = 0.8525), L4 (8-oxolinalyl acetate, p = 0.8421), L9 (8-
carboxylinalool, p = 0.8377), and L3 (8-hydroxylinalyl ace-
tate, p = 0.8164). (Supplementary Material- Fig. S1) presents 
the interactions of compounds C4 - Citronelic acid (Citronellal 
Derivative), L5 - 8-carboxylinalyl acetate (Linalool Deriva-
tive), and the positive control L-Dopa with α-synuclein. 
 Molecular coupling with the α-synuclein enzyme demon-
strated a prevalence of hydrophobic and hydrogen interac-
tions. Compound C4 (Citronelic Acid, derived from Citron-
ellal) presented mostly hydrophobic interactions. The resi-
dues involved in the interaction were: Leu 100 (two interac-
tions), Lys 97 (three interactions), and Lys 96. Hydrogen in-
teractions occurred at only two residues, Lys 96 and Lys 97 
established with the oxygen atom (O) of the carboxyl group. 
However, compound L5 (8-carboxylinalyl acetate, derived 
from Linalool), established equal numbers of hydrophobic and 
hydrogen interactions. These hydrogen interactions were re-
spectively formed at residues Lys 96 and Val 95, with oxygen 
atoms of the carboxyl group and the ester carbonyl.   
 Hydrophobic interactions occurred at residues Lys 97, 
Lys 96, Phe 94, and Val 95 involving carbon (C) atoms of 
the monoterpene. Similar interactions occurred with the hy-
droxyl groups (OH) at residues Lys 97 and Lys 96. In addi-
tion, similar hydrophobic interactions were observed at resi-
dues Lys 97 and Lys 96. The positive control presented hy-
drogen interactions involving residues Phe 94 and Lys 96. 
Hydrophobic interactions were also observed with amino 
acids Lys 97 and Lys 96. Similar interactions also occurred 
between the three compounds, involving a hydrogen bond 
established at residue Lys 96 and hydrophobic interactions at 
amino acids Lys 96 and Lys 97.  

3.4.2. A2A Receptor 

 For the A2A Adenosine Receptor macromolecule (with the 
exception of compound C5 - Isopulegol), the compounds of 
the study presented probabilities much higher than the results 
presented by the positive control Istradefylline. The PDB lig-
and presented the highest probability. For the Citronellal de-
rivatives, six compounds displayed higher probabilities than 
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Table 4. RMSD values for the proteins selected in the study. 

Parkinson’s Disease 

Protein Binder PDB ID RMSD 

Adenosin Receptor (PDB: 3UZA) 6-(2,6-dimethylpyridin-4-yl)-5-phenyl-1,2,4-triazin-3-amine - T4G 0.1471 

Alpha Synuclein (PDB: 1XQ8) - - 

COMT (PDB: 1H1D) 1-(3,4,Dihydroxy-5-nitrophenyl)-3-{4-[3-(trifluoromethyl) phenyl] piperazin-1-yl}propan-1-one - BIA 1.3867 

MAO (PDB: 2C65) (1R)-4-({[Ethyl(methyl)amino]carbonyl}oxy)-n-methyl-n-[(1e)-prop-2-en-1-ylidene]indan-1-aminium - 
4CR 4.6072 

D1 (PDB: 7JOZ) 6-{4-[(furo[3,2-c]pyridin-4-yl)oxy]-2-methylphenyl}-1,5-dimethylpyrimidine-2,4(1H,3H)-dione - VFP 0.0993 

D2 (PDB: 6CM4) 3-[2-[4-(6-fluoranyl-1,2-benzoxazol-3-yl)piperidin-1-yl]ethyl]-2-methyl-6,7,8,9-tetrahydropyrido[1,2-
a]pyrimidin-4-one - 8NU 0.1423 

Alzheimer’s Disease 

Protein Binder PDB ID RMSD 

Acetylcholinesterase (PDB: 3BKL) N-{(5S)-4,4-dihydroxy-6-phenyl-5-[(phenylcarbonyl)amino]hexanoyl}-L-tryptophan - KAW 0.3335 

BACE (PDB: 4DJU) (2E)-2-imino-3-methyl-5,5-diphenylimidazolidin-4-one - 0KK 0.1312 

GSK3 (PDB: 4ACD) 3-amino-6-{4-[(4-methylpiperazin-1-yl)sulfonyl]phenyl}-n-pyridin-3-ylpyrazine-2-carboxamide - GR9 0.1702 

TACE (PDB: 2FV5) (2r)-N-hydroxy-2-[(3s)-3-methyl-3-{4-[(2-methylquinolin-4-yl)methoxy]phenyl}-2-oxopyrrolidin-1-
yl]propanamide - 541 1.4912 

 
Table 5. Consensus values calculated from the Score energies of the Citronelal derivatives under study and their Alzheimer’s and 

Parkinson’s disease target enzymes. 

 Citronelal Derivatives 

ID 
Parkinson’s  Disease Targets Alzheimer’s Disease Targets 

α-Sinuclein Adenosin A2A COMT MAO D1 D2 AChE BACE GSK3 TACE 

C1 -Methoxycitronellal 0.9041 0.7119 0.7225 0.6931 0.6570 0.5919 0.4480 0.7889 0.4990 0.5665 

C2  
D-Citronellal 0.8824 0.6529 0.7029 0.6355 0.6472 0.5489 0.4044 0.6583 0.5277 0.5218 

C3 
Hydroxycitronellal 0.8762 0.6645 0.7376 0.6686 0.6329 0.5547 0.4290 0.7201 0.3772 0.5325 

C4 
Citronelic Acid 0.9796 0.6630 0.8521 0.6891 0.6376 0.5781 0.4944 0.6009 0.5547 0.5273 

C5 
Isopulegol 0.7749 0.4468 0.6870 0.5416 0.5646 0.5566 0.2802 0.5456 0.4604 0.4965 

C6 
Menthol 0.7837 0.5039 0.7161 0.5785 0.5676 0.5358 0.3533 0.6146 0.4601 0.4850 

C7 
S-Citronellal 0.8883 0.6416 0.7251 0.6564 0.5926 0.5551 0.4154 0.6538 0.5053 0.5118 

Positive Control 0.9718 0.5 0.8113 0.6163 0.6853 0.6586 0.6911 - - - 

PDB Ligand - 0.9386 1 0.5 0.8026 1 1 1 1 1 
Note: The molecule with the highest probability is in bold. Compounds with a higher probability than the ligand are in yellow. 
 
the positive control. Compound C6 (Menthol) presented a 
probability of 0.5039. Compounds C2 (D-Citronellal), C3 
(Hydroxycitronellal), C4 (Citronelic acid), and C7 (S-
Citronellal) presented probabilities above 60% and com-
pound C1 (Methoxycitronellal) presented a probability of p = 
0.7119. The linalool derivatives (in their entirety) displayed 
probabilities superior to the positive controls. The PDB lig-
and presented a probability of p = 0.9386, while the positive 
control presented a probability of only 0.5. 

 Compounds L1 (Linalool), L7 (8-oxo-dihydrolinalool), 
L8 (8-oxolinalool), L9 (8-carboxylinalool) and L10 (Tetra-
hydrolinalool) presented probabilities above 50%. Com-
pounds L2 (Linalyl), and L6 (8-oxo-dihydrolinalool) pre-
sented probabilities above 60%. Compound L4 (8-oxolinalyl 
acetate) obtained probability values above 70%, totaling p = 
0.7228. Compounds L5 (8-carboxylinanalyl acetate) and L3 
(8-hydroxylinalyl acetate) presented probabilities above 
80%, respectively (p = 0.8108) and (p = 0.8706). Compound 
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Table 6. Consensus values calculated from the score energies of the Linalool derivatives under study and their Alzheimer's and 
Parkinson's disease target enzymes. 

 Linalool Derivatives 

ID 
Parkinson’s Disease Targets Alzheimer’s Disease Targets 

α-Sinuclein Adenosin A2A COMT MAO D1 D2 AChE BACE GSK3 TACE 

L1 
Linalool 0.6982 0.5122 0.7371 0.5515 0.5352 0.5348 0.3884 0.6826 0.5088 0.5223 

L2 
Linalyl 0.8525 0.6915 0.9459 0.6701 0.7950 0.6706 0.4968 0.8919 0.6519 0.6514 

L3 
8-hydroxylinalyl acetate 0.8164 0.8706 0.7698 0.6997 0.6847 0.6711 0.4965 0.9615 0.4677 0.6358 

L4 
8-oxolinalyl acetate 0.8421 0.7228 0.8037 0.7334 0.6465 0.6804 0.4672 0.8779 0.5782 0.6615 

L5 
8-carboxylinalyl acetate 1 0.8108 1 0.7250 0.6873 0.6261 0.4815 0.9456 0.3289 0.7393 

L6 
8-oxo-dihydrolinalool 0.7350 0.6019 0.7679 0.6011 0.5844 0.5740 0.4016 0.8214 0.6054 0.5580 

L7 
8-oxo-dihydrolinalool 0.6384 0.5901 0.7560 0.5857 0.5929 0.5667 0.4282 0.7627 0.2970 0.5540 

L8 
8-oxolinalool 0.7212 0.5947 0.6594 0.5845 0.5707 0.5607 0.3800 0.7277 0.5610 0.5597 

L9 
8-carboxylinalool 0.8377 0.5146 0.9325 0.6282 0.6559 0.5390 0.4186 0.6873 0.3308 0.5518 

L10 
Tetrahydrolinalool 0.6532 0.5331 0.7345 0.5608 0.4906 0.5363 0.3769 0.6300 0.5164 0.5162 

Positive Control 0.8199 0.5 0.8206 0.5356 0.6564 0.6586 0.6660 - - - 

PDB Ligand - 0.9386 0.9268 0.5 0.7246 1 1 0.9684 1 1 

Note: The molecule with the highest probability is in bold. Compounds with a higher probability than the ligand are in yellow. 
 
L3 presented probabilities above the positive control and 
presented affinity values close to those presented by the PDB 
ligand of the enzyme under study. The molecular couplings 
of: Compound C1-Methoxycitronellal (Citronellal Deriva-
tive), Compound L5-8-carboxylinalyl acetate (Linalool De-
rivative), the positive control Istradefylline, and the PDB 
ligand with the Adenosine Receptor are presented (Supple-
mentary Material- Fig. S2). 
 Molecular coupling with the Adenosine Receptor demon-
strated the three types of interaction: steric interactions, hy-
drophobic interactions, and hydrogen bonds. Compound C1 
Methoxycitronellal (Citronellal Derivative) presented only 
hydrophobic interactions, established with the carbon atoms 
(C). Interactions were established at residues Phe 108 (3 inter-
action), Ala 63 (1 interaction), Ile 66 (1 interaction), His 278 
(1 interaction), Val 84 (2 interactions), Ile 274 (2 interactions), 
Leu 249 (2 interactions), and Met 177 (1 interaction). Bonding 
to carbon (C) and Hydrogen (H) atoms of the carbon chain of 
the monoterpene was also observed for compound L5 (8-
carboxylinalyl acetate), but unlike compound C1 Methoxycit-
ronellal, which only displayed hydrophobic interactions, 
compound C3 also displayed hydrogen interactions.  
 Hydrogen interactions occurred at Asn 253 (1 interac-
tion), and Ala 63 (1 interaction). Hydrophobic interactions 
occurred at Val 84 (3 interactions), Ile 274 (2 interactions), 
Phe 168 (1 interaction), Ala 277 (1 interaction), Leu 249 (3 

interactions), His 278 (1 interaction), and Trp 246 (2 interac-
tions). The two monoterpenes under study displayed coinci-
dences between hydrophobic interaction residues at Leu 249, 
Ile 274, Val 84, and Phe 168.   
 The positive control Istradefylline was the only com-
pound to present steric interactions. The hydrogen interac-
tions involved residues His 250 (1 interaction) and Asn 253 
(1 interaction). Hydrophobic interactions occurred at Ile 92 
(1 interaction), Ala 88 (1 interaction), Leu 85 (1 interaction), 
Ile 274 (3 interactions), Phe 168 (1 interaction), Met 270 (1 
interaction), Leu 249 (3 interactions), Met 177 (2 interac-
tions), His 250 (1 interaction), Val 186 (3 interactions), Trp 
246 (1 interaction), and Phe 242 (2 interactions). Steric inter-
actions occurred at Asn 253 (1 interaction) and Ala 88 (2 
interactions). The positive control displayed interactions 
similar to the citronellal derivative, with hydrophobic inter-
actions forming at residues Phe 168, Ile 274, Leu 249, and 
Met 177. In relation to the Linalool derivative, hydrophobic 
interactions also occurred at Ile 274, Phe 168, Leu 249, and 
Trp 246. Coincident hydrogen interactions occurred at resi-
due Asn 253. 
 The PDB ligand presented both hydrophobic interactions 
and hydrogen bonds. The hydrogen interactions visualized 
involved the Asn residue 253. Hydrophobic interactions 
were the most prevalent and involved the amino acids Ala 63 
(1 interaction), Ile 274 (2 interactions), His 278 (1 interac-
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tion), Ala 277 (1 iteration), Met 177 (1 interaction), His 250 
(1 interaction), Leu 249 (4 interactions), Met 270 (1 interac-
tion), Phe 168 (2 interactions), Ile 66 (1 interaction), and Ala 
63 (1 interaction). The Citronellal-derived compound pre-
sented similar interactions with the PDB ligand that involved 
hydrophobic interactions at Met 177, Phe 168, Leu 249, Ile 
274, His 278, Ile 66, and Ala 63. As for the linalool deriva-
tive, the PDB ligand presented similarity in the hydrogen 
interaction at the Asn 253 residue, as well as for hydrophobic 
interactions involving the amino acids Ile 274, Phe 168, Leu 
249, Ala 277, and His 278. 

3.4.3. Catechol-O-methyltransferase (COMT) 

 For the enzyme Catechol-O-methyltransferase (COMT), 
four compounds presented higher affinity than demonstrated 
by either the positive control or the PDB ligand. For Citron-
ellal derivatives, the highest probability value was obtained 
by the PDB ligand (p = 1.0). Compound C4 (Citronelic Ac-
id) presented probability values equivalent to 0.8521, being 
higher than the values obtained by the positive control, 
which corresponded to 0.8113. For the Linalool derivatives, 
compound L5 (8-carboxylinalyl acetate) presented the high-
est probability value, equivalent to 1.0, followed by com-
pounds L2-Linalyl (p = 9459) and L9-8-carboxylinalool (p = 
0.9325). The positive control presented probability values 
corresponding to 0.8206 and the PDB ligand presented a 
probability of 0.9268. (Supplementary Material- Fig. S3) 
presents the molecular coupling that occurred between the 
compounds C4 (Citronelic Acid), L5 (8-carboxylinalyl ace-
tate), the positive control, and the PDB ligand with Catechol-
O-methyltransferase (COMT). 
 Molecular coupling with Catechol-O-methyltransferase 
(COMT) demonstrated the occurrence of hydrophobic inter-
actions and hydrogen bonds. The C4-Citronelic Acid com-
pound presented only one hydrogen interaction, which was 
established at the Lys 144 residue. Hydrophobic interactions 
occurred at the amino acids Leu 198 (1 interaction), Pro 174 
(2 interactions) and Trp 38 (2 interactions). The compound 
L5 (8-carboxylinalyl acetate), presented hydrogen bonds at 
residue Lys 144 and hydrophobic interactions at the amino 
acids Val 173 (1 interaction), Leu 198 (2 interactions), Pro 
174 (2 interactions). interactions), and Trp 38 (2 interac-
tions). The monoterpenes under study coincided in most of 
the observed residues, the only residue that did not coincide 
between them was a hydrophobic interaction established at 
Val 173, which occurred only with the Linalool derivative. 
 The positive control presented only three hydrophobic 
interactions that were established at residues Trp 38 (2 inter-
actions), Pro 174 (1 interaction), and Met 40 (1 interaction). 
Hydrogen interactions were more prevalent, being observed 
at amino acids Pro 174 (1 interaction), Glu 199 (1 interac-
tion), Asp 141 (1 interaction), Asn 170 (1 interaction), and 
Lys 144 (2 interactions). The positive control presented in-
teractions coincident with the monoterpenes, a hydrogen 
interaction at Lys 144 and hydrophobic interactions at resi-
dues Trp 38, and Pro 174. 
 The PDB ligand presented great similarity in interactions 
with the positive control, with hydrogen interactions at resi-
dues Glu 199 (1 interaction), Asp 141 (1 interaction), Asn 
170 (1 interaction), and Lys 144 (2 interactions). The hydro-

phobic interactions corresponded to amino acids Trp 38 (2 
interactions), Pro 174 (1 interaction), and Met 40 (1 interac-
tion). As was observed with the positive control, coincident 
residues for hydrogen interactions were observed at Lys 144, 
and for hydrophobic interactions at Trp 38, and Pro 174. 

3.4.4. Monoamine Oxidase (MAO) 

 For monoamine oxidase, all compounds under study pre-
sented higher probabilities than either the positive control or 
the PDB ligand. The highest probability value obtained in 
the series of Citronellal derivatives was obtained by the 
compound C1-Methoxycitronellal (p = 0.6931). The com-
pounds C5-Isopulegol and C6-Menthol presented probabili-
ties above 50%, and the compounds C1-Methoxycitronellal, 
C2-D-Citronellal, C3- Hydroxycitronellal, C4-Citronelic 
Acid, and C7-S-Citronellal presented probability values 
above 60%. The positive control obtained probability values 
of 0.6163, while the PDB ligand presented probability values 
of around 0.5. With regard to Linalool derivatives, similarly 
to the Citronellal derivatives, all presented greater affinities 
than either the positive control or the PDB ligand, such that 
the compounds L1-Linalool, L7-8-oxo-dihydrolinalool, L8-
8-oxolinalool and L10- Tetrahydrolinalool all presented 
probabilities above 50%, while the compounds L2-Linalyl, 
L3- 8-hydroxylinalyl acetate, L6-8-oxo-dihydrolinalool, L6-
8-carboxylinalool presented probabilities above 60%. Proba-
bility values above 70% were obtained by compounds L5-8-
carboxylinalyl acetate and L4-8-oxolinalyl acetate, which 
presented the highest probability of p = 0.7334. The positive 
control presented a probability of 0.5356 and the PDB ligand 
presented a probability of 0.5. Molecular coupling with 
compounds C1-Methoxycitronellal (Citronellal Derivative), 
Compound L4- 8-oxolinalyl acetate (Linalool Derivative), 
Rasagiline (positive control), the PDB ligand, and MAO are 
presented in (Supplementary Material- Fig. S4). 
 The interactions established with the MAO enzyme were 
hydrophobic, hydrogen, and steric. For compound C1- meth-
oxycitronellal, hydrogen interactions were formed with the 
oxygen atoms (O) at residue Ser 59. Hydrophobic interac-
tions were established with the atoms of the carbon chain, at 
amino acids Met 436 (2 interactions), Arg 42 (2 interac-
tions), Tyr 398 (2 interactions), Cys 397 (2 interactions), and 
Trp 388 (1 interaction), Lys 296 (1 interaction) and Val 294 
(1 interaction). For compound L4- 8-oxolinalyl acetate (Lin-
alool derivative), hydrogen interactions were established 
with the oxygen atoms (O) of the ester group, and with hy-
drogen atoms (H) of the carbon chain, which were present at 
Gly 57 (1 interaction), Cys 397 (1 interaction), Gly 58 (1 
interaction), Arg 42 (1 interaction), Tyr 398 (1 interaction), 
Ser 15 (1 interaction), and Ile 14 (1 interaction). Hydropho-
bic interactions were located in the carbon chain as with the 
citronellal derivative. Hydrophobic interactions occurred at 
residues Met 436 (2 interactions) and Arg 42 (1 interaction). 
The monoterpenes under study displayed coincident interac-
tions, with hydrophobic interactions at the Met 436 residue 
and Arg 42. The positive control Rasagiline presented hy-
drogen interactions with the nitrogen (N) and hydrogen (H) 
atoms of the compound at residues Tyr 398 (1 interaction), 
Gly 434 (1 interaction), and Gly 58 (1 interaction). Hydro-
phobic interactions were more numerous, being established 
at residues Met 436 (1 interaction), Arg 42 (1 interaction), 
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Tyr 398 (1 interaction), and Gly 57 (1 interaction). The oc-
currence of a steric interaction at the Cys 397 residue was 
also noted.  
 The control displayed coincidence with the citronellal 
derivative in interactions that involved hydrophobic interac-
tions at Met 436 and Arg 42. For the linalool derivative, the 
positive control coincided with the interaction of hydrogen at 
Gly 58 and Tyr 398. In addition to coincident hydrophobic 
interactions at Arg 42 and Met 436. 
 The PDB ligand presented the greatest number of interac-
tions; this is due to its high molar mass and connectivity, 
which allow multiple interactions. The hydrogen interactions 
involved residues Tyr 60 (2 interactions), Ser 59 (1 interac-
tion), Gly 58 (2 interactions), Gly 434 (1 interaction), Thr 
426 (1 interaction), Arg 42 (1 interaction), Thr 426 (1 inter-
action), Ser 15 (1 interaction), Gly 41 (1 interaction), Ala 
263 (2 interactions), Gly 11 (1 interaction), and Glu 34 (1 
interaction). The hydrophobic interactions involved residues 
Ile 199 (1 interaction), Phe 168 (1 interaction), Leu 171 (2 
interactions), Tyr 326 (1 interaction), Phe 343 (3 interac-
tions), Val 294 (2 interactions), Gly 57 (3 interactions), Trp 
988 (3 interaction), Cys 997 (1 interaction), Tyr 398 (2 inter-
action), Pro 265 (1 interaction) and Ile 264 (1 interaction). 
Steric interactions were the last type of interactions visual-
ized and these involved residues Glu 94 (1 interaction), Arg 
96 (2 interactions), Ala 439 (1 interaction), Arg 42 (2 inter-
actions), Ile 14 (2 interactions), Tyr 398 (2 interactions), Cys 
397 (1 interaction), Lys 296 (1 interaction), Phe 348 (3 inter-
actions), Cys 172 (2 interactions), and Phe 168 (1 interac-
tion). The PDB ligand also presented an interaction similar 
to C1-Methoxycitronellal, referring to the hydrogen bond 
established at the Ser 59 residue. As for the hydrophobic 
interactions, similarities were observed at the residues Val 
294, Cys 397, Trp 388, and Tyr 398, for the Linalool deriva-
tive.The compound L4-8-oxolinalyl acetate presented coin-
cidence only in the interactions of the amino acid residues 
referring to hydrogen interactions at the Arg 42, Gly 58 and 
Ser 15 residues. 

3.4.5. Dopamine D1 Receptor 

 With respect to the Dopamine D1 receptor, no compound 
related to Citronellal derivatives presented higher probability 
values than the positive control or the PDB ligand under 
study. The positive control presented probability values cor-
responding to 0.6853, while the PDB ligand presented the 
highest probability at p = 0.8026. Of the compounds derived 
from Linalool, four compounds displayed higher probabilities 
than the standard Bromocriptine positive control and PDB 
ligand. The highest probability compound was compound L2-
Linalyl with p = 0.7950. Compound L3-8-hydroxylinalyl ace-
tate (p = 0.6847), L5-8-carboxylinalyl acetate (0.6873) and 
L9-8-carboxylinalool (p = 0.6559). The positive control Bro-
mocriptine presented a probability of 0.6564, while the PDB 
ligand presented probability values corresponding to 0.7276. 
(Supplementary Material- Fig. S5) presents the molecular 
coupling of L2-Linalyl (a Linalool Derivative), Bromocripti-
ne (the positive control), and the PDB ligand with the Do-
pamine D1 receptor. 
 Molecular coupling with the Dopamine D1 receptor dis-
played three types of interactions: steric interactions, hydro-

gen interactions, and hydrophobic interactions. Compound 
L2-Linalyl (Linalool derivative) displayed hydrophobic in-
teractions, steric interactions and hydrogen bonds. The hy-
drophobic interactions occurred at the following residues: 
Phe 289 (2 interactions), Leu 190 (1 interaction), Phe 288 (2 
interactions), and Ile 104 (2 interactions).  
 There was only one hydrogen interaction, which occurred 
at Ser 198 (1 interaction). Steric interactions were observed 
only once at the Ser 195 residue. The positive control Bro-
mocriptine formed the greatest number of interactions, and 
was the only compound to present steric interactions. Its hy-
drogen interactions occurred at:  Ser 189 (1 interaction), Ser 
107 (1 interaction) and Cys 186 (2 interactions). Bromocrip-
tine´s hydrophobic interactions occurred at amino acids: Ile 
104 (3 interactions), Phe 289 (2 interactions), Phe 288 (2 
interactions), Phe 313 (1 interaction), Val 317 (1 interaction) 
and Val 100 (1 interaction). Steric interactions occurred at 
two specific residues: Asp 103 (1 interaction) and Val 317 (1 
interaction). Coincident interactions were observed between 
the L2-Linalyl compound (Linalool derivative) and the posi-
tive control Bromocriptine, which involved hydrophobic 
interactions at residues Phe 289, Phe 288, and Ile 104. 
 The PDB ligand presented only one hydrogen interaction 
formed by the Cys residue 186 and three hydrophobic inter-
actions at amino acids Ile 104 (2 interactions) and Phe 289 (1 
interaction). Similar residues were observed for the PDB 
ligand and the Linalool-derived compound through hydro-
phobic interactions at Ile 104 and Phe 289.  

3.4.6. Dopamine D2 Receptor 

 The Dopamine D2 receptor results were similar to those 
obtained for the D1 receptor, in which the Citronellal deriva-
tives did not present higher probability values than the posi-
tive control or the PDB ligand under study. The positive con-
trol presented probability values of 0.6586, while the PDB 
ligand, being the compound with the highest probability, 
presented values corresponding to 1.0. Regarding Linalool 
derivatives, the PDB ligand presented the highest probabil-
ity, corresponding to the value 1.0, while the positive control 
presented values corresponding to 0.6586. In this series, 
three compounds presented higher probabilities than the pos-
itive control, corresponding to L2-Linalyl (p = 0.6706), L3-
8-hydroxylinalyl acetate (p = 0.6711) and L4-8-oxolinalyl 
acetate (0.6804). Supplementary Material Fig. (S6) presents 
the molecular coupling that occurred between the L4-8-
oxolinalyl acetate compounds, the positive control, and the 
PDB ligand with the Dopamine D2 Receptor. 
 In molecular coupling with the Dopamine D2 Receptor, 
three types of interaction were visualized: steric interactions, 
hydrophobic interactions, and hydrogen bonds. For the com-
pound L4-8-oxolinalyl acetate, only one hydrogen interac-
tion was observed, at the amino acid Asp 114. The hydro-
phobic interactions corresponded to Cys 118 (1 interaction), 
Val 115 (2 interactions), Phe 390 (2 interactions) and Trp 
386 (2 interactions). 
 The positive control Pramipexole was the only compound 
to present steric interactions, these at the residues: Trp 386 (1 
interaction), Phe 390 (1 interaction) and Cys 118 (1 interac-
tion). Three hydrogen interactions were stabilized by resi-
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dues Ser 197 (2 interactions) and Asp 114 (1 interaction). 
Hydrophobic interactions were the most prevalent Tyr 416 (1 
interaction, Phe (1 interaction), Trp 386 (3 interactions), Cys 
118 (2 interactions), Val 115 (1 interaction) and Phe 390 (1 
interaction). In addition, coincidences were observed in the 
residues of the hydrophobic interactions between the positive 
control Pramipexole and the monoterpene, Asp 114, Trp 386, 
Phe 390, Cys 118, and Val 115. 
 The PDB ligand presented hydrogen interactions at resi-
dues Val 115 (1 interaction), and Ser 197 (2 interactions), 
Cys 118 (1 interaction), Tyr 416 (1 interaction) and Thr 412 
(1 interaction). The hydrophobic interactions were more 
prevalent and included the amino acids Tyr 408 (1 interac-
tion), Trp 386 (2 interactions), Cys 118 (3 interactions), Phe 
390 (1 interaction), Val 115 (1 interaction), Trp 100 (1 inter-
action) and Phe 110 (1 interaction). The PDB ligand present-
ed similarities with the interactions demonstrated by the 
monoterpene under study in relation to the hydrophobic in-
teractions at Trp 386, Cys 118, Val 115 and Phe 390. 

3.5. Alzheimer’s Disease 

3.5.1. BACE 

 The BACE enzyme was the only Alzheimer's disease 
target in which the compounds displayed higher affinity than 
the ligands under study. For the BACE enzyme, only the 
Linalool derivatives presented higher affinity than the PDB 
ligand under study. Compound L3 8-hydroxylinalyl acetate 
(Linalool Derivative) presented the best performance (p = 
0.9615). The PDB ligand presented a probability of 0.9684. 
The molecular coupling of compounds L3- 8-hydroxylinalyl 
acetate (Linalool Derivative) and the PDB ligand with the 
BACE enzyme are presented in Supplementary Material- 
Fig. (S7). 
 Molecular coupling with the BACE enzyme involved 
only hydrophobic or hydrogen bonding interactions. Com-
pound L3- 8-hydroxylinalyl acetate (Linalool Derivative) 
displayed the highest number of hydrophobic interactions, at 
Ile 79 (2 interactions), Trp 137 (2 interactions), Val 130 (1 
interaction). The hydrogen bonds occurred at the amino acids 
Phe 169 (1 interaction), Tyr 132 (1 interaction), and Asp 93 
(1 interaction). 
 The PDB ligand presented a prevalence of hydrogen in-
teractions, which were stabilized through residues Asp 289 
(2 interactions) and Asp 93 (2 interactions). Only one hydro-
phobic interaction occurred at residue Tyr 132. The PDB 
ligand coincided with the Linalool derivative for hydrogen 
bonds established at residue Asp 93. 
 For the citronellal derivatives, it was observed that the 
compounds C1- Methoxycitronellal, C2- D-Citronellal, C3- 
Hydroxycitronellal, C4- Citronelic Acid, C6- Menthol, and 
C7- S-Citronellal were able to modulate two or even three 
targets, revealing multitarget potential, or a capability to 
modulate several enzymes [186]. In addition, compounds C1 
and C4 proved to be the most likely compounds for the tar-
gets under study( the α-synuclein enzyme for Compound C4, 
and the MAO enzyme for Compound C1). For the Linalool 
derivatives, all ten compounds under study displayed multi-
target potential. Compound L5 displayed the highest proba-
bilities for more than one target under study, presenting 

greater potencies than the other compounds. Compound L5 
targeted α-synuclein and COMT enzymes. 

CONCLUSION 

 Considering the methodologies applied, the monoter-
penes studied presented satisfactory results. In general, the 
compounds presented low toxicity and, as suggested by 
Lipinski's rule of five, high oral absorption and bioavailabil-
ity values. In the molecular docking tests, citronellal and 
linalool derivatives presented binding energies close to (or 
greater than) the binding energy of the endogenous ligand, 
and greater affinities for targets related to Parkinson's dis-
ease: α-Synuclein proteins, the Adenosine receptor, Mono-
amine Oxidase (MAO), the Dopamine D1 receptor and the 
Dopamine D2. For Alzheimer's disease, linalool and its de-
rivatives alone presented promising activation energy against 
the BACE enzyme target. The studied compounds reveal 
promising activity with satisfactory pharmacokinetics, both 
of which are essential for new drug development.  

LIST OF ABBREVIATIONS 

α-Syn = α-Synuclein 
A1, A1A, A2B,A3 = Adenosine Receptor Subtypes 
Aβ = β-amyloid 
ACE = Human Angiotensin Converting Enzyme 
AChE = Acetylcholinesterase 
AD = Alzheimer Disease 
ADMET = Absorption, Distribution, Metabolism, 

Excretion, and Toxicity 
AICD = APP Intracellular Domain 
AKT = Protein Kinase B 
APP = Protein Amyloid Precursor 
BACE 1 = β-site APP Cleaving Enzyme 1 
BDNF = Brain-derived Neurotrophic Factor 
cAMP = Cyclic Adenosine 3,5-Monophosphate 
ChEIs = Cholinesterase Inhibitors 
CMGC = CMGC Kinase Family Proteins 
COMT = Catechol-O-methyltransferase 
COX-2 = Cyclooxygenase 2 Enzyme 
D1 - D5 = Dopaminergic Receptors 
DNA = Deoxyribonucleic Acid 
DP = Dopamine 
FAD = Flavin Adenine Dinucleotide 
FE65s = Family of Adaptor/Scaffolding Proteins 
GABAA = Gamma Aminobutyric Acid 
Gi = G-protein Inhibitory (Subtype)  
GPCR = G Protein-coupled Receptors 
Gs = G-protein Stimulating (Subtype) 
GSK-3 = Glycogen Synthase Kinase 3 



860    Current Neuropharmacology, 2023, Vol. 21, No. 4 da Silva et al. 

GSK-3α = Glycogen Synthase Kinase 3α 
GSK-3β = Glycogen Synthase Kinase 3β 
IL-I = Interleukin I 
IL-6 = Interleukin 6 
IL-10 = Interleukin 10 
MAPK = Mitogen Activated Protein Kinases 
MAO = Monoamino Oxidase 
MAO A = Monoamino Oxidase A 
MAO B = Monoamino Oxidase B 
MAO-Bis = Monoamine Oxidase Type B Inhibitors  
MAPT = Microtubule-associated Tau Protein 
MEP = Methylerythritol Phosphate 
MVD = Molegro Virtual Docker 
Na+ = Sodium Ion 
NDD = Neurodegenerative Diseases 
NFκB = Nuclear Factor-κB 
NFT = Neurofibrillary Tangles 
Nrf2 = Erythroid-derived Nuclear Factor 2 
NMDA = N-methyl-d-aspartate 
OE = Essencial Oils 
OH = Hydroxyl Groups 
PD = Parkinson Disease 
PDB = Protein Data Bank 
PHFs = Paired Helical Filaments 
PI3K/Akt = Protein kinase B 
RMSDs = Root Mean Square Deviations 
RNA = Ribonucleic Acid 
RNAm = Messenger Ribonucleic Acid  
SDF = Spatial Data File 
SE = Simplex Evolution 
Ser9 = GSK-3β Phosphate  
SNpc = Black Substance Compact Part 
TACE = TNF-α Converting Enzyme 
TNF-α = Tumor Necrosis Factor alpha 
TNFR1 = Tumor Necrosis Factor Receptor type 1 
TNFR2 = Tumor Necrosis Factor Receptor type 2 
TPSA = Topological Polar Surface Area 
TrkB = Tropomyosin Kinase B Receptor 
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