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Abstract: Depression has a multifactorial etiology that arises from environmental, psychological, genetic,
and biological factors. Environmental stress and genetic factors acting through immunological and
endocrine responses generate structural and functional changes in the brain, inducing neurogenesis and
neurotransmission dysfunction. Terpineol, monoterpenoid alcohol, has shown immunomodulatory and
neuroprotective effects, but there is no report about its antidepressant potential. Herein, we used a single
lipopolysaccharide (LPS) injection to induce a depressive-like effect in the tail suspension test (TST) and the
splash test (ST) for a preventive and therapeutic experimental schedule. Furthermore, we investigated the
antidepressant-like mechanism of action of terpineol while using molecular and pharmacological approaches.
Terpineol showed a coherent predicted binding mode mainly against CB1 and CB2 receptors and also
against the D2 receptor during docking modeling analyses. The acute administration of terpineol produced
the antidepressant-like effect, since it significantly reduced the immobility time in TST (100-200 mg/kg, p.o.)
as compared to the control group. Moreover, terpineol showed an antidepressant-like effect in the preventive
treatment that was blocked by a nonselective dopaminergic receptor antagonist (haloperidol), a selective
dopamine D2 receptor antagonist (sulpiride), a selective CB1 cannabinoid receptor antagonist/inverse
agonist (AM281), and a potent and selective CB2 cannabinoid receptor inverse agonist (AM630), but it
was not blocked by a nonselective adenosine receptor antagonist (caffeine) or a 3-adrenoceptor antagonist
(propranolol). In summary, molecular docking suggests that CB1 and CB2 receptors are the most promising
targets of terpineol action. Our data showed terpineol antidepressant-like modulation by CB1 and CB2
cannabinoid receptors and D2-dopaminergic receptors to further corroborate our molecular evidence.
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1. Introduction

Currently, depression is considered to be a complex mood disorder, which affects nearly 16% of
the population, and it is the third leading source of years lived with disability worldwide [1]. In turn,
it is among the major public health problem, since it represents a substantial burden because of its
high incidence and the costs related to this disorder [2,3]. Its clinical features, including persistent
sadness and apathy, sleep disturbances, anhedonic effect, reduced social interest, anorexia, and sickness
behavior [4,5]. Several hypotheses have emerged to explain the pathophysiology of depression such as
monoaminergic (serotonin and noradrenaline) theory, which supports antidepressant prescription [6].
However, these drugs have failed to treat different aspects of depression, which suggests the involvement
of other mechanisms, beyond monoaminergic theory, in the development of depression [7]. Thus, previous
works have demonstrated that peripheral immune activation and neuroinflammation may contribute
to the development of major depressive disorder [8]. Interestingly, the administration of SR141716A,
which is a CB1 receptor antagonist, selectively increases monoaminergic neurotransmission, including
dopamine, in the brain regions that are related to mood [9]. In animal studies, depressive-like behavior is
observed after the administration of exogenous proinflammatory cytokines or a cytokine inducer, such as
lipopolysaccharide (LPS) [10,11], which leads to sickness behavior. Based on the neuroinflammation
hypothesis of depression, LPS treatment is extensively used as a tool to evaluate the underlying mechanisms
of depression [10-15]. Around 24 h after LPS injection, rodents begin eating and moving similarly to
control animals because their sickness behaviors have resolved. Pro-inflammatory cytokines will cause
an elevation of indoleamine-2,3-dioxygenase (IDO) 24 h after LPS injection. During the same time that IDO
is elevated, animals will be anhedonic and spend more time immobile in the forced swim test [16].

Monoterpenes are nonpolar compounds of low molecular weight [17] and terpineol is an important
monoterpenoid alcohol present in the essential oils of several species of plants, such as Eucalyptus [18],
Artemisia princeps Pamp [19], and Cannabis sativa [20]. This is a synthetic flavoring substance permitted by
the Food and Drug Administration (FDA) for direct addition to food for human consumption, which has
been mainly investigated by its anti-inflammatory and antifungal properties. In this context, terpineol
mitigated the pro-inflammatory activity of LPS on human macrophages through modulation of nuclear
factor (NF)-«B, p38 mitogen-activated protein kinase (p38-MAPK), or extracellular signal-regulated kinase
(ERK) pathways [21]. Beyond anti-inflammatory properties, when combined with 3-cyclodextrin (3CD),
a-terpineol also demonstrated antinociceptive activity in an animal model of non-inflammatory chronic
muscle pain model, which mimics fibromyalgia clinical features [22]. The authors established that the
analgesic effect of this complex was reversed by systemic administration of naloxone or ondansetron.
From this, it is possible to suggest that *TPN-BCD interacts with opioid (i, k, A) and 5-HT receptors,
probably modulating the descending inhibitory pain system [22]. Furthermore, Parvardeh and colleagues
showed that «-terpineol attenuated dependence and tolerance to the analgesic effect of morphine [23].
Altogether, it is achievable to hypothesize that terpineol could interact with different targets in the central
nervous system (CNS), including receptors that are related to the pathogenesis of depression, such as
serotonergic, dopaminergic, and adenosinergic receptors. Moreover, Ferber and colleagues suggested that
terpenes, phytocannabinoid ligands, may be an important source for new candidates for the treatment
of depression and anxiety disorders [24]. Herein, we performed a detailed investigation focused on
the terpineol effects in the depressive-like behavior induced by LPS as well as its neuroprotective role.
Additionally, aiming to gain insight into the possible mechanism of action of terpineol, molecular docking
analysis—a key tool in structural molecular biology and computer-assisted drug design—were used to
identify other possible targets to terpineol in CNS.

2. Materials and Methods

2.1. Drugs and Reagents

The following drugs were used: LPS from Escherichia coli 0127:B8 (0.5 mg/kg, i.p.), terpineol
(mixture of isomers, anhydrous: «-terpineol, ~73%; (3-terpineol, ~6%; y-terpineol, ~18%; 86480 code,
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CAS No. 8000-41-7) (100 mg/kg, p.o. and i.p.; and 200 mg/kg, p.o.), caffeine (3 mg/kg, i.p.), sulpiride
(50 mg/kg, i.p.), haloperidol (0.2 mg/kg, i.p.), imipramine (20 mg/kg, i.p.), and propranolol (2 mg/kg
i.p.) were obtained from Sigma Aldrich Company (St. Louis, MO, USA). AM281 (1 mg/kg, i.p.)
and AM630 (1 mg/kg, i.p.) were purchased from Tocris Bioscience (Ellisville, MO, USA). All drugs
were administered by the intraperitoneal (i.p.) route, with terpineol also being administered by oral
gavage (p.o.) or i.p. routes. In a general way, the drugs were dissolved in saline, except for sulpiride
that was diluted in saline with 5% DMSO [25], terpineol that was diluted in saline with 0.5% Tween
80 [26]. AM281 and AM630 were dissolved at 1 mg/mL in DMSO and 1% ethanol [27-29]. The final
concentration of ethanol or DMSO never exceeded 5%, which did not affect per se in our protocols.

2.2. ADMET Properties and Molecular Docking

Alpha-terpineol canonical simplified molecular input line entry specification (SMILES): CCl=
CCC(CCHC(O)C)O was obtained from PubChem website in order to evaluate pharmacokinetic and
toxicological parameters. The absorption, distribution, metabolism, excretion, and toxicity profile (ADMET)
of the a-terpineol was predicted using the Admet SAR online server [30]. Molecular docking is a tool in
structural molecular biology that is used to design computer-assisted drug. The goal of ligand-protein
docking is to predict the predominant binding mode(s) of a ligand with a protein of known three-dimensional
structure [31]. Docking studies were performed with the three-dimensional structures of cannabinoid
receptors CB1 (PDB ID: 5XRA) and CB2 (PDB ID: 52TY) and dopaminergic receptor D2 (PDB ID: 6CM4)
retrieved from the Protein Data Bank (PDB) [32-34]. The three-dimensional ligand structures that were
used in this study were retrieved from the DrugBank database. Docking calculations were performed on
GOLD 5.6.3 (Cambridge, CB2-1EZ, United Kingdom) while using Hermes 1.9.3 (Cambridge, CB2-1EW,
United Kingdom) for visualization and the interactive docking setup [35]. Water molecules and ligands were
removed from receptors before docking and a search box was established comprising residues within 8 A of
the co-crystalized ligands using the built-in protein preparation module. Default docking parameters were
used with 200% search efficiency. Each molecule was subjected to a maximum of 100 docking runs and early
termination was allowed if the top three solutions converged within a root-mean-square deviation (RMSD)
range of 1.5 A. The redocking studies were performed with crystallographic ligands from the aforementioned
PDB structures, employing the scoring functions Goldscore and Chemscore. Docking of the second molecule
of terpineol was performed while using the same protocol, except for treating the predicted pose on the first
docking as part of the receptor. All of the results and interactions were analyzed on the Maestro interface
(Schrodinger Small Molecule Discovery Suite, New York, NY, USA) and the figures prepared on Pymol.

2.3. Animals

The experiments were performed in male Swiss mice (20-30 g), 812 weeks old, obtained from
the Universidade Federal de Santa Catarina. The animals were kept under a 12-h light/dark cycle
(lights on at 7:00 a.m.) at temperature 22 + 2 °C, with food and water ad libitum (maximum of 10 mice,
group-housed). Animals were acclimatized to the laboratory settings for at least 1 h before testing
and they were used only once throughout the experiments. The mice were randomly assigned before
treatment or behavioral evaluation. All of the procedures used in the present study followed the
“Principles of laboratory animal care” (NIH publication no. 85-23) and ARRIVE (Animal Research:
Reporting of In Vivo Experiments) guidelines [36,37], as well as being approved by the Animal
Ethics Committee of the Universidade Federal de Santa Catarina (CEUA-UFSC, protocol number
3914220319—approved in 05/07/2019). Moreover, the number of animals and the intensity of the noxious
stimuli used were the minima necessary to demonstrate consistent effects. All of the experimental
procedures were conducted according to the guidelines of CONCEA and CEUA/UFSC, based on the
principles of the 3Rs (Replacement, Reduction, and Refinement). Mice were euthanized by cervical
dislocation. Behavioral evaluations were performed between 8:00 a.m. and 5:00 p.m. All behavioral
analysis was measured manually, and the observer was blinded to the experimental protocols.



Biomolecules 2020, 10, 792 4 of 23

2.4. Lipopolysaccharide (LPS)

A single peripheral administration of LPS (0.5 mg/kg, i.p.) induced depressive-like behavior
and we performed the behavioral analysis 24 h after LPS administration, according to a method
previously described [38].

2.5. Experimental Design

Three treatments (100 mg/kg, p.o. and i.p.; and 200 mg/kg, p.o.) were used in the tail suspension
test (TST) and splash test (ST) to assess the antidepressant-like effect of terpineol. Based on a pilot study
(3-4 animals per group), and in previous studies [18,22,39—41] doses and administration routes of terpineol
were selected to investigate its potential antidepressant-like effect on LPS-induced behavioral alterations.
The routes of administration of the treatments were intraperitoneal (i.p.), so that the hepatic first-pass
effect was avoided, while the oral route was chosen aiming at translation with use in humans [42].
Imipramine (20 mg/kg, i.p.) was used as a positive control [43—46]. Terpineol was diluted in saline with
0.5% Tween 80 and administered 1 h before (preventive treatment—Figure 1A) or 1 h after (therapeutic
treatment—Figure 1B) of the LPS injection. The control group received saline with 0.5% of Tween 80 as the
vehicle. Behavioral analysis was recorded 24 h after the administration of LPS (Figure 1). Adenosinergic,
monoaminergic, and cannabinoid systems were analyzed to investigate the mechanisms underlying the
antidepressant-like effect of terpineol (200 mg/kg, p.o.). To test Al or A2 adenosine receptor involvement,
the mice were pre-treated with caffeine (3 mg/kg, i.p.) [47]. The mice were pre-treated with haloperidol
(0.2 mg/kg, i.p.) [25,38], sulpiride (50 mg/kg, i.p.) [25,38], or propranolol (2 mg/kg i.p.) in order to test
the monoaminergic system involvement [48]. The mice were pre-treated with AM281 (1 mg/kg, i.p.) or
AMB630 (1 mg/kg, i.p.) (Table 1) in order to test CB1 and CB2 cannabinoid receptor involvement [49].
Thirty minutes after each treatment administration terpineol (200 mg/kg, p.o.) was given to the animals,
and then 1-h later LPS (0.5 mg/kg, i.p.) was administered (Figure 1C).

Preventive treatment
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Figure 1. Experimental design. (A) For preventive treatment, terpineol (100 mg/kg, p.o. and i.p.;
and 200 mg/kg, p.o.) was administered 1 h before lipopolysaccharide (LPS) injection, and we performed
the behavioral analysis—tail suspension test (TST) and splash test (ST)—24 h after LPS administration.
(B) For therapeutic treatment, terpineol (100 mg/kg, p.o. and i.p.; and 200 mg/kg, p.o.) was administrated
1 h after LPS injection, and behavioral analysis was recorded 24 h after the administration of LPS.
(C) To investigate the mechanisms underlying the antidepressant-like effect of terpineol (200 mg/kg,
p.0.), adenosinergic, monoaminergic, and cannabinoid systems were analyzed. Thirty minutes after
each treatment administration terpineol (200 mg/kg, p.0.) was given to the animals, and then 1-h later
LPS (0.5 mg/kg, i.p.) was administered. Figure created using the Mind the Graph platform.

Table 1. Experimental protocols and the respective doses used.

Drugs Dose References
Haloperidol—nonselective dopaminergic receptor antagonist 0.2 mg/kg (i.p.) [25,38]
Sulpiride—selective dopamine D2 receptor antagonist 50 mg/kg (i.p.) [25,38]
Propranolol—f-adrenoceptor antagonist 2 mg/kg (i.p.) [48]
Caffeine—nonselective adenosine receptor antagonist 3 mg/kg (i.p.) [47]
AM281—selective CB1 receptor antagonist / inverse agonist 1 mg/kg (i.p.) [49]
AM630—selective inverse agonist for the CB2 receptor 1 mg/kg (i.p.) [49]

2.6. Tail Suspension Test (TST)

In this behavioral test, the mice were suspended by the tip of the tail for 6 min using adhesive
tape. During this period, the immobility time was recorded [50]. The immobility time is considered to
be a depressive-like behavior and antidepressant drugs have been used to reverse this parameter and
promote escape-related behavior [51].

2.7. Splash Test (ST)

This test consisted of squirting sucrose solution (200 pL, 10%) on the dorsal coat of the animal.
Because sucrose at this concentration has a high viscosity, it dirties the mouse fur and induces grooming
behavior in the animals. After this procedure, the time spent grooming was recorded for 5 min as
an index of self-care and motivational behavior [18,52].

2.8. Open Field Test (OFT)

The mice were placed individually in a wooden box (40 X 60 x 50 cm) with the floor divided into
12 squares to investigate locomotion activity and exploratory behavior. The crossing number (number
of squares crossed by the animal using all paws) was used to evaluate locomotion activity, whereas the
rearing behavior (number of times the mouse stood on its hind legs or engaged in vertical exploratory
activity) was used to assess exploratory behavior [53].
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2.9. Statistical Analysis

Statistical analysis was performed by analysis of variance (ANOVA) while using the
Newman-Keuls procedure for multiple comparisons and Bonferroni correction with GraphPad
Prism version six and IBM SPSS Statistics 21 (Statistical Package for the Social Sciences, Inc., Chicago,
IL, USA). All of the data are presented as the mean + standard error of the mean (SEM) of six to eight
mice per group; p values of < 0.05, < 0.01 and < 0.001 were considered statistically significant.

3. Results and Discussion

3.1. ADMET Analysis

Pharmacokinetic and toxicological parameters, namely human oral bioavailability, human
intestinal absorption (HIA), blood-brain barrier (BBB) penetration, Caco-2 cell permeability, Ames
mutagenesis, carcinogenicity, hepatotoxicity, and others, were calculated using the ADMET SAR
online server. Alpha-terpineol (MW = 154.25 g/mol and LogP = 2.50) showed suitable human oral
bioavailability (probability > 0.6857), could penetrate the BBB (probability > 0.9923) and Caco-2 cells
(probability > 0.8160), as well as it could be absorbed by the human intestine (probability > 0.9941)
(Table 2). Relevantly, terpineol was not shown to be a potential substrate for P-glycoprotein (P-gp) or
multidrug resistance protein 1 (MDR1), an important protein of the cell membrane that pumps different
foreign compounds, including drugs, out of cells, and possibly alters the expected therapeutic drug
concentration. Furthermore, terpineol showed low acute oral toxicity—category IV (which includes
compounds with LD50 > 5000 mg/kg, according to the criterion of United States Environmental
Protection Agency—US EPA)—and it did not show any mutagenic effect concerning the Ames test
data, carcinogenicity, or hepatotoxicity (Table 2).

Table 2. Absorption, distribution, metabolism, excretion, and toxicity profile (ADMET) predicted
profile of the x-terpineol.

Model Result Probability
Absorption
Blood-Brain Barrier BBB+ 0.9923
Human intestinal absorption HIA+ 0.9941
Caco-2 permeability Caco2+ 0.8160
Human oral bioavailability + 0.6857
P-glycoprotein substrate Non-substrate 0.9405
P-glycoprotein inhibitor Non-inhibitor 0.9843
Renal organic cation transporter Non-inhibitor 0.8024
Distribution
Subcellular localization Lysosomes 0.4268
Metabolism
OATP1B1 inhibitor Inhibitor 0.9677
OATP2B1 inhibitor Non-inhibitor 0.8466
OATP1B3 inhibitor Inhibitor 0.8719
MATE1 inhibitor Non-inhibitor 0.9600
OCT?2 inhibitor Non-inhibitor 0.6750
BSEP inhibitor Non-inhibitor 0.9059
CYP2D6 substrate Non-substrate 0.7630
CYP3A4 inhibition Non-inhibitor 0.8411
CYP2C19 inhibition Non-inhibitor 0.7049
CYP2D6 inhibition Non-inhibitor 0.9322

UGT catalyzed + 0.7000
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Table 2. Cont.

Model Result Probability
Toxicity

Ames mutagenesis Non-AMES toxic 0.9800

Carcinogens Non-carcinogens 0.8429

Acute oral toxicity v 0.6381

Carcinogenicity (trinary) Non-required 0.5811

Hepatotoxicity Non-toxic 0.7750

Eye corrosion Non-toxic 0.8463

Biodegradation + 0.7750

ADMET Predicted Profile-Regression

Water solubility —-2.336 LogS -
Plasma protein binding 0.652 (100%) -
Acute oral toxicity 2.137 kg/mol -
Fish aquatic toxicity 0.6781 pLC50, mg/L -
Tetrahymena pyriformis —0.468 pIGC50 (ug/L) -
Rat acute toxicity 1.5063 LD50, mol/kg -

OAT: organic anion transporting polypeptide; BSEP: bile salt export pump; CYP: cytochromes P450; UGT: uridine
5’—diphospho-glucuronosyltransferase; LC50: lethal concentration; LD50: lethal dose.

3.2. Molecular Modeling of D2 Dopaminergic Receptor and CB1/CB2 Cannabinoid Receptors by Terpineol

Natural products have been, and continue to be, exceptional sources of bioactive molecules
and therapeutically used drugs. Moreover, as a result of their biosynthetic pathways and associated
feedback mechanisms, natural products, and their precursors can interact with a range of proteins,
including receptors or enzymes [54]. In the era of new technologies, computer-based approaches have
allowed the research community to explore computational methods for predicting compound-protein
interactions [55]. Ligand-protein docking has been used to predict the predominant binding mode(s)
between a ligand and protein of known three-dimensional (3D) structure, and each ligand orientation
in the active site of the protein is ranked via a scoring function [56]. Thus, in the drug development
processes, in silico assays receive considerable attention for allowing rational drug design, and new
initiatives towards better predictions are being continuously undertaken. We performed molecular
modeling studies on targets that are likely to predict the antidepressant effect of this compound to
study the molecular basis for the terpineol effects. We focused on evaluating possible binding modes
of a-terpineol, the major component of the terpineol mixture employed in the experiments reported
here (x-terpineol, ~73%). Three-dimensional structures for dopaminergic D2 (6CM4) and CB1/CB2
receptors were available in the PDB. These include four CB1 structures: two in complexes with agonists
(5XRA and 5XR8) and two with antagonists (5U09 and 5TGZ) and one antagonist bound CB2 receptor
(5ZTY). An analysis of crystallographic ligands from 5XRA and 5XR8, and a search of known ligands
for these receptors in the DrugBank database, revealed that terpineol mimics the cyclohexenyl portion
of some cannabinoid receptor ligands containing a tetrahydrocannabinol (THC) terpenoid ring system,
most of them with some agonist activity (Figure 2).
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a-terpineol

tetrahydrocannabivarin
DB11755

CB4 antagonist

CB; partial agonist

H dronabinol
OH DB004710
CB4 and CB, agonist

nabilone
DB00486
CB, and CB, partial agonist

cannabidiol
OH DBo9061
CB4 and CB, antagonist

Br i, NCS

AM11542
PDB ID 5XRA
CB, agonist

AMB41
PDB ID 5XR8
CB, agonist

Figure 2. Chemical structures of x-terpineol and cannabinoid receptor ligands. Similar moieties among
the structures are highlighted in gray. For each ligand, its DrugBank code and receptor intrinsic activity
is given. AM11542 and AM841 are the co-crystallized agonists in Protein Data Bank complexes 5XRA
and 5XR8, respectively.

We performed docking studies to investigate the binding mode of «-terpineol and predicted
ligand-protein interactions. First, redocking studies with crystallographic ligands were performed to
validate a docking protocol and choose scoring functions. Studies using multiple scoring functions
ultimately led to the choice of Goldscore, with rescoring using Chemscore, as this protocol reproduced
crystallographic conformations with RMSDs lower than 1.5 A. A comparison of the orthosteric binding
site of the receptors revealed that the D2 receptor has polar residues, such as Asp, Thr, and Ser, whereas,
in cannabinoid receptors, there is a prevalence of hydrophobic residues, such as Phe, Ile, and Leu (Figure 3).
The highest score-predicted binding mode of terpineol against the D2 receptor is in the same region occupied
by the benzisoxazole ring on the crystallographic ligand risperidone and is predicted to be a hydrogen
bond to the Asp114 side chain (distance = 1.7 A). Conversely, the benzisoxazole ring is capable of multiple
m-stacking interactions, which are not possible with terpineol (Figure 3A). A crystallographic structure in
a complex with an agonist was used (5XRA), owing to terpineol’s greater similarity with CB1 agonists.
The predicted binding modes against the CB1 receptor are consistently positioned deep in the binding site,
in a channel formed by helices III, V, and VI, and occupied by the alkyl chain of the crystallographic ligand
AM11542, showing high carbon superposition with the latter (Figure 3B). This channel is mainly constituted
of hydrophobic residues, such as Leu193, Phe268, lle271, Tyr275, Leu276, and Trp279, as commonly observed
in lipid-binding receptors [33]. In the highest-scoring pose, terpineol is predicted to make a hydrogen
bond to the Thr197 side-chain hydroxyl (distance = 1.7 A). We evaluated whether two ligand molecules
could be accommodated at the same time when considering the orthosteric binding site volume and the
relatively small size of terpineol. To consider this hypothesis a new docking protocol was run, utilizing as
receptor the best solution found in the previous docking, with the predicted pose of terpineol as part of the
macromolecule. The results indicated binding poses in which the terpineol was positioned in the region
occupied by the cyclohexenyl motif of the crystallographic agonist ligand, differing by a ring flip that allows
for the formation of a hydrogen bond to the I1e267 main chain carbonyl (distance = 1.7 A) on the CB1 receptor
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(Figure 3C). Finally, we docked terpineol to the CB2 receptor. The predicted binding mode for this receptor
occupies a similar region to the observed for CB1, despite terpineol’s flipped orientation and establishment
of a hydrogen bond with Thr114 (Figure 3D). The similarity observed is reasonable when considering that
CB1 and CB2 receptors have high sequence identity and high similarity at the binding pocket. The main
differences are substitutions Phe108/Tyr25, Leu193/Ile110, 1le267/Leul82, and Leu359/Val261, which do
not affect the hydrophobic character of the pockets. As for the additional terpineol, docking solutions
also occupy a similar region observed for CB1, partially overlapping the adamantyl substituent in the
crystallographic antagonist, but not engaging in hydrogen bonds, as the predicted pose was shifted towards
the Phe106 residue (Figure 3D). Interestingly, in both cases, terpineol was not positioned near the region that
was occupied by the phenyl ring of the crystallographic antagonist, which is believed to have an important
role stabilizing the receptor in its inactive form [34].

A ¢ B

L\PHE-268

&\7/7

ILE-271

Y
bt i

TRP-386 @)/pms-no
= LEU-276
&)/

-9

PHE-177 5\/\}
) pHE-106 PHE-94 .
1 | 1

\V/ " PHE3183 — /j
ILE-186 &
PHE-91

L

PHE-170 Tm{-ﬁ}\

Figure 3. Highest score-predicted binding modes for terpineol against receptors D2, CB1, and CB2.
(A) Terpineol (green) on the binding pocket of the D2 receptor (blue cartoon). Crystallographic ligand
risperidone showed in pink. (B) Terpineol (green) on the binding pocket of cannabinoid receptor CB1
(yellow cartoon). Crystallographic ligand AM11542 shown in orange. (C) Highest score-predicted
binding mode for the second molecule of terpineol (blue) on the binding pocket of cannabinoid receptor
CB1 (yellow cartoon). Previously docked terpineol is shown in green and crystallographic ligand
AM11542 in orange. (D) Highest score-predicted binding mode for first (green) and second (cyan)
terpineol in the CB2 receptor binding pocket (pink cartoon). Crystallographic ligand AM10257 is
shown in orange for comparison. Hydrogen bond and 7-stacking contacts are displayed as yellow
dashes and distances (between hydrogen and the hydrogen bond acceptor) are shown in angstroms.
Selected residues of the active site are highlighted as white sticks.
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Drug discovery heavily depends on bioinformatics, including the application of molecular docking
to hit identification and lead optimization. This technique has accelerated drug discovery regarding
reducing time and the cost of the process [57]. Moreover, docking studies make it possible to evaluate
a very large library of compounds to identify structures that are most likely bound to a protein
receptor [58]. Our molecular modeling studies indicated high similarity between the cannabinoid
receptors at the hydrophobic binding site, with the presence of many phenylalanine residues; such a site
seems to be compatible with terpineol binding. It is important to mention that the available CB1
crystallographic complexes could be clustered into two different conformations: active, in a complex
with an agonist; and inactive, stabilized by an antagonist. Differences in conformation have been
discussed already in the literature [33]. Binding, as in the 5XRA complex, induces conformational
changes in the structure, most notably inward shifts of helices I and II with the rotation of the side
chains of Phel70 and Phel74. Therefore, the binding pocket becomes smaller than in the inactive
antagonist-stabilized conformation. Additionally, it is believed that these conformational changes
trigger the activation and signaling that are associated with the receptor [33]. Based on the principle
that similar structures tend to have the same mechanism of interaction, docking studies were carried
out using the PDB structures in the active, constricted conformation, when available. Docking with
cannabinoid receptors predicted terpineol poses that superimpose the aliphatic chain of crystallographic
ligands. It is well documented that the C-3 alkyl chain of THC analogs plays a significant role in
cannabinoid receptor affinity and also selectivity. Substitution for bulky groups is well-tolerated,
demonstrating favorable hydrophobic interactions [59]. This region is characterized by the presence of
numerous phenylalanine and other hydrophobic residues, and also for not being solvent accessible,
which would make terpineol binding entropically favorable via the hydrophobic effect. Based on the
assumption that the second molecule of terpineol could bind to the orthosteric binding site of these
receptors, docking results showed a new favorable binding region comprised of residues that interact
with the cyclohexenyl motif—which is similar to terpineol—in the crystallographic ligands. On the
other hand, docking terpineol to the D2 receptor suggests an important role for the hydroxyl, anchoring
the molecule near the benzisoxazole portion of the crystallographic ligand. In the crystallographic
complex, this pocket is responsible for numerous m-stacking contacts, which cannot be formed with
terpineol due to the lack of aromatic motifs in its structure. Additionally, none of the known D2
receptor ligands share structural similarity with terpineol, which suggests that the D2 receptor is less
likely to be targeted by this ligand.

3.3. Evaluation of Terpineol’s Antidepressant-Like Effect in the TST, ST, and OFT

Figure 4 shows the effects of the terpineol in the immobility time in the TST. The one-way ANOVA
showed a significant effect of terpineol treatment on the immobility time in the TST (ANOVA treatment
effect: F3,3 = 9.706, p < 0.05; Figure 4). Terpineol significantly reduced the immobility time in TST
at the dose of 200 mg/kg as compared to the control group (Figure 4). Imipramine (20 mg/kg, i.p.),
a classic antidepressant drug that is used as the positive control, showed a significant antidepressant
effect compared to the control group (Figure 4; p < 0.001) in our experimental conditions.
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Figure 4. Effect of the treatment with terpineol given orally on the immobility time in the TST. Each column
represents the mean + SEM of eight mice/group, with black dot showing individual mice. Differences
between groups are indicated: *p < 0.05 and **p < 0.001 compared with the naive-untreated group.

Next, based on the inflammation hypothesis of depression, in this set of experiments, we treated
Swiss mice with LPS (0, 5 mg/kg, i.p.) to induce depressive-like behavior. The results show that
terpineol (200 mg/kg, p.o.) administered 1 h before LPS significantly decreased the immobility time
(ANOVA treatment effect: F5,9 = 10.61, p < 0.001; Figure 5A) in comparison to the LPS group in
the TST. Additionally, terpineol (100 and 200 mg/kg, p.o.) administered 1 h before LPS significantly
increased grooming time (ANOVA treatment effect: F5 59 = 9.220, p < 0.001; Figure 5B) in comparison
to the LPS group in the ST. The classic antidepressant imipramine (20 mg/kg, i.p.) was used as the
positive control in the TST (Figure 5A; p < 0.001) and SP (Figure 5B; p < 0.001) and it had a significant
effect when compared to the LPS-untreated group. Remarkably, terpineol administered 1 h after
LPS failed to inhibit the depressive-like effect induced by LPS administration in the TST (Figure 5E),
although terpineol at the oral doses of 100 mg/kg and 200 mg/kg increased the grooming time (ANOVA
treatment effect: Fy 54 = 10.68, p < 0.05 and p < 0.001, respectively; Figure 5F) as compared to the LPS
group in the ST. None of the doses of terpineol used in both protocols (preventive and therapeutic
treatment) were able to cause any change in the OFT (Figure 5C-D and G-H), confirming that terpineol
does not alter the locomotion pattern when administered 1 h after LPS. In the development of new
drugs to control diseases, often a drug that works well in animals is considered not to be effective
in humans, because the drug dose cannot be easily translated from one animal species to another.
Importantly, the animal dose should not be extrapolated to a human equivalent dose (HED) by a simple
conversion that is based on body weight, and the Food and Drug Administration (FDA) has suggested
that extrapolation of an animal dose to a human dose can only be performed correctly by normalization
to body surface area (BSA), which often is represented in mg/m2 [42]. Thus, the human equivalent dose
(HED) can be more appropriately calculated by using the formula: HED (mg/kg) = animal dose (mg/kg)
X animal K;;, / human Kj,;; with mouse K;;, = 3 and human adult K,;, = 37, this calculation results in HED
values of 486 and 972.60 mg/day for 8.10 and 16.21 mg/kg terpineol, respectively, in a 60-kg person,
suggesting that these concentrations may be provided through a daily oral supplement. Additionally,
data obtained from Santa Cruz Biotechnology catalog—sc-291877 (Santa Cruz, CA, USA) showed
that the calculated photodegradation half-lives for the terpenoid alcohols and esters are in the range
from 1.07 to 9.08 h, and calculated half-lives for alpha-terpineol is 1.24 h. Nonetheless, there are
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no data available on the half-life of terpineol when administered orally, and therefore should be
further investigated.

TST Splash test OFT
A B c D
A E3 Naive
"E 3 LPS 0.5 mg/kg, i.p.
) @B + Terpineol (100 mg/kg, p.o.)
(3@ + Terpineol (200 mg/kg, p.o.)
g 3 + Terpineol (100 mg/kg, i.p.)
© 3 + Imipramine (20 mg/kg, i.p.)
2 300 150
o o o
2 | E 200 S . £ E10092 . ¢ €
it ; *k pad < S o 2
o o =) 4
d=> = *k . &= < . o
a B i
S | g 10qe® . £ @ 50 M . <
o |E e < . 0
[ E C] o * 14
o 0
v
E F G H
- A E3 Naive
d:J 3 LPS 0.5 mg/kg, i.p.
@B + Terpineol (100 mg/kg, p.o.)
E (3@ + Terpineol (200 mg/kg, p.o.)
® 3 + Terpineol (100 mg/kg, i.p.)
2 250 120 R
el 200 0 3 s o 5
ez : fws s
- £ E 5 E
= = 150 B < g
o |2 = o 60 =
o 3 100 E % . £
© [ 1] @ © ®
€ o o 30 . >
Fd g 50 o < S
(1) = o o *
= 0 0
=
A

Figure 5. Effect of preventive and therapeutic treatment with terpineol in LPS-induced depressive-like
behavior in mice in the tail suspension test (TST: A,E), splash test (ST: B,F), and open field test (OFT:
C,D and G,H). Terpineol (100 mg/kg, p.o.; 200 mg/kg, p.o.; 100 mg/kg, i.p.) was administered 1 h before
LPS (0.5 mg/kg, i.p.; preventive treatment—top panel) or 24 h after LPS administration (therapeutic
treatment—bottom panel). Imipramine (20 mg/kg, i.p.) was used as a positive control. Data are
presented as the mean + SEM of six to eight mice/group, with black dot showing individual mice.
Differences between groups are indicated: *p < 0.05 and **p < 0.01 compared to the LPS group; # p < 0.05
and ## p < 0.01 compared to the naive group.

It is known that terpenes present anti-inflammatory effects and they have effect as a monoamine
oxidase (MAQ) inhibitor [60,61]. Since the monoamines are metabolized by MAOQ, the inhibition
of the enzyme might increase their brain concentrations and, thus, reduce disease symptoms.
It could explain why the preventive treatment with terpineol showed antidepressant effect, while the
therapeutic treatment failed. Moreover, linalool and limonene, plant-derived monoterpenes alcohol,
showed antidepressant activity [62,63]. Linalool (acyclic monoterpene alcohol) and limonene
(unsaturated cyclic monoterpenes) both serve as precursors for «-terpineol formation, although linalool
seems to be more reactive substrate than limonene, since the protonation in linalool was faster than in
limonene [64]. Interestingly, limonene restored the chronic unpredictable mild stress-induced (CUMS)
hyperactivity of the hypothalamic-pituitary-adrenal axis and modulated monoamine neurotransmitter
levels. Additionally, long-term limonene inhalation reversed CUMS-induced decreased BNDF and
TrkB expression in the hippocampus as well as restored the levels of DA, 5-HT, and NE in the
hippocampus and prefrontal cortex [63]. Previous evidence has shown terpineol involvement in
different pathways that mitigate inflammatory and nociceptive processes, for instance, the inhibition
of pro-inflammatory mediators (IL-13, IL-6, and TNF), COX-2, iNOS, and activation of NF-«B,



Biomolecules 2020, 10, 792 13 of 23

as well as terpineol upregulated IL-10 expression—a pro-resolution cytokine—during the inhibition of
bacterial growth [19,65]. Additionally, 4-terpineol and «-terpineol inhibited LPS-induced pulmonary
fibrosis through the modulation of IFN-y and TGF-31/SMAD pathway [66], suppressed macrophages
proliferation and inhibited NF-kB, p38 or ERK MAPK pathways [21]. Regarding the terpineol
effect in nociceptive processes, it was observed that a-terpineol inhibited neuropathic pain by the
modulation of the microglial cells and reduction of inflammatory cytokine levels in the spinal cord
of rats [67]. A very interesting study conducted by Safaripour and co-authors showed that the
antinociceptive effect of x-terpineol seems to be mediated by the I-arginine/SNAP/NO/cGMP/KATP
channel pathway [26]. Another study demonstrated that pre-systemic treatment with terpineol
inhibited mechanical hyperalgesia induced by carrageenan, TNF, prostaglandin E;, and dopamine
associated with the inhibition of neutrophil influx and nitrite production [41]. Gouveia and colleagues
demonstrated that «-terpineol attenuated mechanical hyperalgesia and spontaneous-nociception
on cancer pain induced by sarcoma in mice, as well as terpineol increased the tissue antioxidant
capacity and reduced inducible nitric oxide synthase immunocontent in the tumor [65]. Additionally,
4-terpineol showed in vitro and in vivo anticancer effects in Hep-G2 hepatocellular carcinoma cells by
suppressing cell migration and inducing apoptosis and sub-Gl1 cell cycle arrest [68] and «-terpineol
inhibited iNOS modulating oxidative stress in cancer pain [65]. These shreds of evidence support
terpineol involvement in different pathways of inflammatory processes that could be shared with
depression development, since it is a multifactorial disorder that includes an inflammatory component.
Recent evidence demonstrates that terpenoids are small, fat-soluble organic molecules that can transfer
across nasal mucosa if inhaled or penetrate through the skin after topical application, enter into the
blood, and, particularly, cross the blood-brain barrier [69,70], where they modulate brain function [71].
From this, it is possible to suggest that terpineol (Table 2), as well as linalool and limonene, may cross
the blood-brain barrier during LPS-induced depressive behavior and modulate some essential aspects
that are related to its development, although further in vivo experiments are needed to confirm
this hypothesis.

3.4. Antidepressant-Like Effect of Terpineol is Not Dependent on the A1 and A2A Adenosine Receptor
Signaling Pathway

Adenosine is a pleiotropic bioactive compound with potent neuromodulatory properties. Owing to
its ability to easily cross the blood-brain barrier, it can act as a signaling molecule between the periphery
and brain environment [72]. Previous results showed that caffeine—a nonselective adenosine A1/A2A
antagonist—improved depression and anxiety effects at low doses in normal healthy patients [73].
Additionally, caffeine reversed the swimming deficits promoted by reserpine, suggesting that the
effect of adenosine is related to monoaminergic modulation during depression [74]. We investigated
the possible relationship between terpineol and adenosine receptors with the aim to identify the
mechanisms behind the preventive effect of terpineol on LPS-induced depressive-like behavior.
Thus, we demonstrated that pre-treatment with caffeine (3 mg/kg, i.p.) did not alter anti-immobility
effect of terpineol in the TST (ANOVA treatment effect: F3 53 = 9.76, p = 0.1649; Figure 6A) and ST
(ANOVA treatment effect: F3 9, = 16.02, p = 0.8725; Figure 6¢). Altogether, it is possible to conclude
that different of other terpenoids, such as linalool and limonene, which mediated its analgesic [75]
and sedative effects [76] by the activation of adenosine receptors, the beneficial effects of terpineol on
depressive-like and motivational behavior induced by LPS appears not to be dependent on the Al and
A2A adenosine receptors.
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Figure 6. Involvement of A1l and A2 adenosine receptors and D1 and D2 dopamine receptors in the
terpineol antidepressant-like effect in the tail suspension test (TST: A,B) and splash test (ST: C,D).
Mice were treated with caffeine (a nonselective adenosine receptor antagonist: 3 mg/kg, i.p.—left panel),
haloperidol (a nonselective dopaminergic receptor antagonist: 0.2 mg/kg, i.p.—right panel) or sulpiride
(a selective dopamine D2 receptor antagonist: 50 mg/kg, i.p.—right panel). After 30 min the animals
received terpineol (200 mg/kg, p.o.), and 1 h later they were treated with LPS (0.5 mg/kg, i.p.). After24h
of LPS administration, the behavioral analyses were performed. The data are presented as the mean +
SEM of six to eight mice/group, with black dot showing individual mice. Differences between groups
are indicated: *p < 0.05 and **p < 0.01 compared to the LPS group; # p < 0.05 and ## p < 0.01 compared
to the naive group; AAp < 0.01 compared to the terpineol group.

3.5. Involvement of Dopaminergic Receptors in Terpineol’s Antidepressant-Like Effects

It is known that the downregulation of serotonin/noradrenaline/dopamine in the synaptic cleft
could be responsible for depressive disorders, as well as the treatment of depression aims for restoring
monoamine levels [77-79]. Interestingly, recent findings have shown that LPS induced a significant
reduction of D3 receptor in areas that are related to the mesolimbic dopaminergic system and that
treatment with NGB 2904—a D3 receptor-selective antagonist—induced depressive-like behavior
compared with a vehicle-treated control group [80]. Considering that linalool and B-pinene, as
well as terpineol, showed an antidepressant-like effect through interaction with the monoaminergic
system [81]; next, we investigated whether the blockade of dopaminergic receptors would be able
to revert the preventive antidepressant-like effect of terpineol. Interestingly, pre-treatment with
haloperidol (0.2 mg/kg, i.p., a nonselective dopaminergic receptor antagonist) or sulpiride (50 mg/kg,
i.p., a selective dopamine D2 receptor antagonist) increased the immobility time in the TST (ANOVA
treatment effect: Fy 51 = 18.26, p < 0.001; Figure 6B) when compared to the terpineol group, suggesting
the involvement of D2 dopaminergic receptors in the action of terpineol. However, this effect was
not observed in the ST (p > 0.05; Figure 6D). Haloperidol or sulpiride alone treatment did not affect
the behavior and immobility time, as previously described [25,82-84]. There is a wide variety of
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essential oils recognized by its antidepressant-like effect [63,64]. In this way, 3-pinene demonstrated
antidepressant activity through dopaminergic receptors activation, particularly D1 receptors instead of
D2 receptors [81]. Curiously, lemon oil rich in a-pinene showed anxiolytic and antidepressant-like
effects. Despite, unlike 3-pinene and terpineol, these effects were linked to suppression of DA activity
instead of its activation [85]. Thus, it is possible to hypothesize that terpineol, as well 3-pinene,
could interact with dopaminergic receptors (as shown in Figure 3) in order to prevent the depressive
like-behavior and loss of self-care, but this interaction still needs to be better investigated.

3.6. Role of Cannabinoid Receptor Signaling Pathway in the Antidepressant-Like Effect Caused by Terpineol

Currently, the endocannabinoid system has been recognized as a prominent promoter of emotional
homeostasis and, in this way, some studies have suggested that depression coincides with low levels
of endocannabinoid activity [86-88]. Previous findings showed a general anti-inflammatory role for
the CB2 receptor in mice that were exposed to sub-chronic restraint and acoustic stress, suggesting
CB2 receptor as a cellular target for the treatment of stress-related disorders that are associated with
the neuroinflammatory core, such as depression [89]. CB1 receptor is also involved in depression,
with neural stem cell lineage-specific CB1 receptor-regulated neurogenesis and plasticity in the adult
mouse hippocampus leading to decreased short-term spatial memory and increased depressive-like
behavior [90]. Here, our results also show CB1 and CB2 receptor participation in the antidepressant-like
effect of terpineol. Pre-treatment with a selective CB1 cannabinoid receptor antagonist/inverse agonist
(AM281, 1 mg/kg, i.p.) or a potent and selective inverse agonist for the CB2 cannabinoid receptor
(AM630, 1 mg/kg, i.p.) increased the immobility time in the TST (ANOVA treatment effect: F4 59 = 8.482,
p < 0.01; Figure 7A) as compared to the terpineol group. Taken together, it is possible to suggest that
the antidepressant-like effect of terpineol is dependent on cannabinoid receptors. However, this effect
was not observed in the ST (p > 0.05; Figure 7C). Concerning the mechanism of action, previous
evidence demonstrated that essential oils with o-terpineol exert an antidepressant-like effect by
dopaminergic [91], serotonergic [91-93], noradrenergic [91,92], and cholinergic [94] receptors, but there
is a lack of evidence about cannabinoid receptors. It was observed that cannabichromene extract
altered behavioral despair on the mouse TST of depression [95]. Furthermore, the phytocannabinoid
(cannabigerol) extract showed altered behavioral despair during the animal model of depression [96].
Later, the cannabigerol effect was described as activating a2-adrenoceptors, binding to CB1 and CB2
cannabinoid receptors, and blocking CB1 and serotonin 1A (5-HT1A) receptors [97]. The data obtained
herein show, while using pharmacological and molecular approaches, that both CB1 and CB2 receptors
are involved with the antidepressant-like effect of terpineol, suggesting its cannabimimetic action.
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Figure 7. Involvement of CB1 and CB2 cannabinoid receptors and (3-adrenergic receptors in the terpineol
antidepressant-like effect in the tail suspension test (TST: A,B) and splash test (ST: C,D). Mice were treated
with a selective CB1 cannabinoid receptor antagonist/inverse agonist (AM281: 1 mg/kg, i.p.—left panel),
a potent and selective inverse agonist for the CB2 cannabinoid receptor (AM630: 1 mg/kg, i.p.—left panel)
or with the -adrenoceptor antagonist propranolol (2 mg/kg, i.p.—right panel). After 30 min the animals
received terpineol (200 mg/kg, p.o.), and 1 h later they were treated with LPS (0.5 mg/kg, i.p.). After 24 h of
LPS administration, the behavioral analyses were performed. The data are presented as the mean + SEM
of six to eight mice/group, with black dot showing individual mice. Differences between groups are
indicated: *p < 0.05 and **p < 0.01 compared to the LPS group; # p < 0.05 and ## p < 0.01 compared to the
naive group; **p < 0.01 compared to the terpineol group.

3.7. Involvement of B-Adrenoceptor in Terpineol’s Antidepressant-Like Effects

A possible risk for the development of depression could lay in the combination of stress-induced
transient activation of «l-adrenoceptors and the activation of the hypothalamic-pituitary-adrenal
(HPA) axis, which would lead to higher activation of the locus coeruleus [98,99]. It has been observed
that downregulation of f1-, 33-, and «2-adrenoceptors might be involved in the antidepressant
effects [100]. Herein, we evaluated whether the terpineol antidepressant-like effect would be affected
by B-adrenoceptor antagonist propranolol (2 mg/kg i.p.). Propranolol treatment did not significantly
change the antidepressant-like effect of terpineol after LPS administration, suggesting that 3-adrenergic
receptors are not involved in this effect, as shown in Figure 7B,D.

4. Conclusions

In summary, when considering the structures studied, we speculate that cannabinoid receptors
CB1 and CB2 are the most promising targets and should be prioritized in further studies regarding
the mechanism of action of terpineol, possibly acting as an agonist (see proposed scheme in Figure 8),
although additional studies are necessary to test this hypothesis.
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Figure 8. Schematic diagram illustrating the beneficial effects of terpineol during LPS-induced
depressive behavior. Terpineol is monoterpene alcohol present in the essential oils of several species of
plants, such as Eucalyptus, Artemisia princeps Pamp, and Cannabis sativa. Briefly, herein we demonstrated
through in silico analysis and a behavioral assay that terpineol inhibited depressive-like behavior
induced by lipopolysaccharide (LPS) injection, possibly through modulation of dopamine receptor
type 2 (D2R), cannabinoid receptor type 1 (CBIR), and cannabinoid receptor type 2 (CB2R). Infographic
created using the Mind the Graph platform (https://www.mindthegraph.com).
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