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Abstract

Background/Objectives: As the prevalence of depression and the use of antidepressants
have risen steadily in the last decade, new treatment options are needed. Aloysia gratissima
var. gratissima ethanol extract has previously shown antidepressant-like activity, and the
present study was conducted to identify the active fraction and clarify the possible mecha-
nisms of action. Methods: Tail suspension (TST) and forced swimming (FST) behavioral
tests were performed, and possible mechanisms of action were elucidated using seroton-
ergic, dopaminergic, adrenergic, and GABAergic system antagonists. UPLC-DAD-MS
analyses were performed to identify compounds in active fractions, and molecular docking
studies were carried out to determine the binding affinities of these compounds to sero-
tonergic and dopaminergic receptors (5-HT14, 5-HT,4, 5-HT3, and D;R). Results: Ethyl
acetate and butanol fractions were found to decrease immobility time in FST. The reduction

in immobility time during the FST caused by the ethyl acetate fraction was reversed by
W) Check for updates pretreating mice with WAY100635 (5-HT; antagonist), ketanserin (a 5-HT,a antagonist,
ondansetron (5-HT3 antagonist), or haloperidol (D, antagonist). UPLC-DAD-MS analysis
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possesses antidepressant-like activities, altering dopaminergic and serotonergic system
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functions. Computational simulations also suggest that some of the identified compounds
have binding affinities to the 5-HT15, 5-HT24, 5-HTj3, and D;R receptors.
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1. Introduction

Around 4% of the world’s population suffers from depression, one of the most com-
mon mental disorders [1]. Access to treatment is insufficient, considering that only about
one-third of people with depression receive mental health treatment in developed coun-
tries [2]. Furthermore, the delayed improvement in mood (at least two weeks) and the
undesirable side effects that accompany treatment contribute to patients tending to discon-
tinue or prematurely discontinue their medication [3]. Therefore, despite the number of
antidepressants currently available, further advances are needed from a clinical perspec-
tive [4].

The pathophysiology of depression is multifactorial and has not yet been fully defined.
It includes monoamine imbalances such as serotonin (5-HT), noradrenaline (NA), and/or
dopamine (DA) [5], in addition to other mechanisms such as hypothalamic—pituitary—
adrenal axis dysfunction, altered neuroplasticity, reduced neurotrophic factor in the brain,
inflammation, and gut microbiome imbalance [4]. Furthermore, new treatment options
could include gamma-aminobutyric acid (GABA) type A receptor modulators and micro-
biota manipulation [4-8].

First-line therapy for depression includes selective serotonin reuptake inhibitors,
serotonin-norepinephrine reuptake inhibitors, serotonin modulators, and atypical antide-
pressants. Current challenges in antidepressant treatment include long-term safety, use
during pregnancy, dosage and cost reduction, and the risk of side effects and adverse
effects [9].

Herbal medicine and traditional medicine are accessible alternative treatments that
have long been used to treat all kinds of illnesses, including depression [6], primarily in
developing countries and rural communities [7]. Various medicinal plants have demon-
strated efficacy in treating central nervous system disorders, with the advantages of a
relatively low cost and their status as the primary form of therapy in some communities
in developing countries. This is due to limited or poor access to allopathic medicine [8].
Natural compounds such as curcumin [10], x-mangostin [11], and myrsinoic acid [12] have
been identified as potential new antidepressants or as alternatives to enhance the current
treatment of depression. Curcumin possibly interacts with the serotonergic system and
the GABA 5 receptor; a-mangostin modifies the GABAergic, serotonergic, and dopamin-
ergic systems; and myrsinoic acid can normalize depressive-like behaviors, influencing
the monoaminergic system and inhibiting Monoamine Oxidase A and pathways related to
inflammation and oxidative stress [10-12].

We previously investigated the antidepressant-like effects of Aloysia gratissima var.
gratissima (Verbenaceae) in mice. The ethanol extract of the aerial parts, orally administered
for 7 days, reduced the immobility time in the forced swimming test by approximately 77%
compared to a control group [13]. In this study, we report on the bio-guided fractionation
of A. gratissima var. gratissima into hexane, dichloromethane, ethyl acetate, and butanol
fractions. Once the active fraction was identified, the potential mechanism of action was
analyzed. For this purpose, serotonin, dopamine, norepinephrine, and GABA 5 receptor
antagonists were used. Additionally, the major constituents from active fractions were
tentatively identified, and their binding affinities to receptors involved in serotonergic
and dopaminergic pathways (5-HT14, 5-HT4, 5-HT3, and D,R) were analyzed employing
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computational methods, including molecular docking simulations, pharmacokinetics, and
oral bioavailability predictions.

2. Results

2.1. Assessment of Oral Treatment Effect of A. gratissima var. gratissima Fractions in the Tail
Suspension Test and the Forced Swimming Test

We extracted hexane, dichloromethane, ethyl acetate, and butanol fractions from
Aloysia gratissima var. gratissima (Agg) ethanol extract. Agg powder (151 g) was extracted
with ethanol, yielding 25.7 g (17%). From 10 g of the extract, 0.5 g (5%) was dissolved in
hexane, 2.1 g (21%) in dichloromethane, 0.31 g (3.1%) in ethyl acetate, and 0.63 g (6.3%) in
butanol. To identify the active fraction, the animals were treated with 0.1 and 1 mg/kg
of each fraction, water (vehicle; control), or the reference drug imipramine, with each
receiving three treatments over 24 h, i.e., at 24, 18, and 1 h before being subjected to the
behavior test. In other groups, treatment was administered once daily for 7 consecutive
days. One hour after the treatment, the animals were first subjected to the tail suspension
test (TST) and, subsequently, to the forced swimming test (FST).

Following the three-treatment schedule of Agg fractions over 24 h, the ethyl ac-
etate fraction (AggAcE) reduced immobility duration when administered at a dose of
1 mg/kg (p < 0.01, Figure 1a) compared with the control group treated with the vehicle
(Veh = 125.2 £ 21.03) in the TST. No statistically significant differences were observed in
immobility time with the hexane, dichloromethane, or butanol fractions. Imipramine,
the reference antidepressant drug, also decreased immobility time (p < 0.0001) in the TST
(Figure 1a), compared with the Veh (control) group.

Tail suspension test 24 h Forced swimming test 24 h
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Figure 1. Immobility time (s) in (a) the tail suspension test and (b) forced swimming test using Aloysia
gratissima var. gratissima (Agg) fractions on mice (1 = 6) after acute treatment. Im: imipramine, Hex:
hexane, AcE: ethyl acetate, DCM: dichloromethane, Bu: butanol, Veh: water. One-way ANOVA and
Dunnett’s post hoc test (mean & SD); F = 44. ** p < 0.01; *** p < 0.001; **** p < 0.0001, as compared
with control (Veh).

The FST results also showed that the AggAcE fraction exhibited an antidepressant-like
effect, which was evident when the immobility of mice was reduced with both doses (0.1
and 1 mg/kg; p < 0.01 and p < 0.001, respectively; Figure 1b) and imipramine (p < 0.01)
compared with the control group. As expected, the animals treated with the solvent, in
which each of the fractions was previously dissolved before being administered (water),
showed long-duration immobility (159.1 £ 15.35).

We also examined the effect after 7 days of treatment. Again, the antidepressant-
like effect was evident during the TST, given the decrease in immobility time with the
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administration of the ethyl acetate fraction (AggAcE, 1 mg/kg, p < 0.05, Figure 2a), as well
as imipramine, when these groups were compared with the control group.

Tail suspension test 7 days Forced swimming test 7 days
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Figure 2. Immobility time (s) in (a) the tail suspension test and (b) forced swimming test using Aloysia
gratissima var. gratissima (Agg) fractions on mice (1 = 6) after seven days of treatment. Im: imipramine,
Hex: hexane, AcE: ethyl acetate, DCM: dichloromethane, Bu: butanol, Veh: water. One-way ANOVA
and Dunnett’s post hoc test (mean + SD); F = 44. * p < 0.05; ** p < 0.01; *** p < 0.001, *** p < 0.0001, as
compared with control (Veh).

During the FST, the immobility duration was reduced by the ethyl acetate fraction
(AggAcE 0.1 and 1 mg/kg; p < 0.05 and p < 0.01, respectively) and the butanol fraction
(AggBu 0.1 and 1 mg/kg; p < 0.001 and p < 0.05, respectively). Imipramine was used as
the positive control and markedly decreased immobility time during both the TST and FST
(p <0.0001 and p < 0.001, respectively; Figure 2b).

The effect of the AggAcE on locomotor activity in the open field test showed that
after treatment for 24 h and for 7 days, neither 0.1 nor 1 mg/kg induced motor impair-
ment (Figure 3). Compared to the vehicle, ambulation was slightly increased after 24 h
(Veh: 51.83 4= 8.193; AggAcE 0.1: 69.67 & 11.83, p < 0.05; AggAcE 1: 70.17 &= 10.87, p < 0.05).
The time spent immobile with 1 mg/kg was no different from Veh (Veh: 10.67 & 2.338;
AggAcE 0.1: 6.333 + 1.211, p < 0.01; AggAcE 1: 7.667 &+ 2.875, p > 0.05). After seven
days of treatment, no difference was observed between the experimental groups, either in
ambulation or in the time spent immobile. After both treatment regimens, no difference in
emotional behavior (rearing, grooming and defecation) of mice was observed.
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Figure 3. Ambulation frequency and immobility time after 24 h (a,b), and after 7 days (c,d) in open
field test using the ethyl acetate fraction Aloysia gratissima var. gratissima (AggAcE) on mice (1 = 6).
Veh: water. One-way ANOVA and Dunnett’s post hoc test (mean + SD). * p < 0.05; ** p < 0.01; as
compared with control (Veh).

2.2. Mechanism of Antidepressant-like Effects

Considering the results for both the acute and seven-day treatment protocols, the ethyl
acetate fraction (AggAcE, 1 mg/kg) was selected to continue the analysis of the antidepres-
sant mechanism. This fraction showed results in both tests and administration regimens.

The effect of the serotonergic system on the antidepressant-like effects of the active frac-
tion was tested with a 5-HTj 4 antagonist (WAY100635), a 5-HT,4 antagonist (ketanserin),
and a 5-HT3 antagonist (ondansetron). The results (Figure 4) demonstrated that pretreat-
ment with WAY100635 prevented the reduced immobility time caused by the ethyl acetate
fraction of A. gratissima var. gratissima in FST compared with the effects of AggAcE ad-
ministered alone. Similarly, pretreating animals with ketanserin (5HT,4 antagonist) or
ondansetron (5-HT3 antagonist) also inhibited the reduced immobility caused by AggAcE
during the FST. Cotreatment using WAY100635, ketanserin, or ondansetron with AggAcE
(WAY-AggAcE, p < 0.05; Ket-AggAcE, p < 0.01; Ond-AggAcE, p < 0.05) significantly in-
creased the immobility time compared with the effect on the AggAcE-treated groups.
The active fraction’s ability to reduce the duration of immobility was assessed, and the
difference was highly significant compared with that of the control (p < 0.0001; 1 = 6).

To clarify the involvement of dopamine in the antidepressant-like effects, the mice
were pretreated with the Dy receptor antagonist SCH23390 or the D, receptor antagonist
haloperidol. The results showed that haloperidol reversed the reduced immobility time
caused by the active fraction (Hal-AggAcE, p < 0.001), indicating that dopaminergic mecha-
nisms are involved in antidepressant-like effects. The SCH23390 antagonist did not affect
the duration of immobility compared with AggAcE (Figure 4).

Pretreating the mice with prazosin («;-adrenergic receptor antagonist) did not inhibit
the reduced immobility time caused by AggAcE, ruling out the involvement of adrenergic
receptor mechanisms in the antidepressant-like effects. Similarly, we found no evidence
of GABAergic system involvement in the antidepressant action of Agg, considering that
bicuculline was unable to reverse the reduced immobility time produced by AggAcE
(Figure 4).
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Figure 4. Effect of pretreating mice with ondansetron (Ond-AggAcE, 5-HTj3 antagonist), ketanserin
(Ket-AggAcE, 5-HT;4 antagonist), SCH23390 (SCH-AggACcE, D; receptor antagonist), haloperidol
(Hal-AggAcE, D, receptor antagonist), WAY100635 (WAY-AggAcE, 5-HT1a antagonist), prazosin
(Praz-AggAcE, xj-adrenergic receptor antagonist), and bicuculline (Bic-AggAcE, GABA 4 receptor
antagonist) on reduced immobility time during the forced swimming test induced by the ethyl acetate
fraction of Aloysia gratissima var. gratissima. The values represent the mean + SD (n = 6), F = 32.
Data were analyzed by one-way ANOVA, followed by Dunnett’s post hoc test. ##HHf p < 0.0001,
compared with the vehicle control group (Veh). * p < 0.05, ** p < 0.01, *** p < 0.001, compared with the
AggAcE-treated group.

2.3. UPLC-ESI-MS Profiling of the Active Fraction of A. gratissima var. gratissima Extracts

The phytochemical profile of Aloysia gratissima var. gratissima extracts revealed several
groups of metabolites, tentatively identified through their mass spectrometric and UV spec-
troscopic data (Table 1). The Extracted Ion Chromatograms (EICs) and the UV-vis spectra
of the detected compounds from these active fractions are summarized in Figures S1 and S2,
respectively.

Table 1. Tentative identification of compounds detected in A. gratissima var. gratissima ethyl acetate
(EA) and butanol (B) extracts through UPLC-DAD-ESI-MS.

Peak Rt UVmax [M—HI-  [M+H]* Tentative Identification EA B
(min) (nm)
1 1.59-1.71 254 136.58 Hydroxybenzoic acid X X
2 2.98 136.58 Hydroxybenzoic acid 2 X X
3 3.05-3.18 307, 295sh 162.87 Coumaric acid X X
4 3.46-351 321, 296sh 280.82 2—O—caffeoyl-hydroxymalqnic acid (caffeoyl X X
tartronic acid)

5 3.87-4.01 329, 296sh 622.68 Verbascoside X X
6 4.12-4.29 325, 286sh 192.82 Ferulic acid X X
7 4.42-4.49 245, 305 337.23 Hydroxymethylhoffmanniaketone X X
8 4.52 372.52 Methylsudachitin X X
9 4.89-4.92 275 340.37 Unknown X
10 4.95-5.05 324, 295sh 207.01 Methyl ferulic acid X X
11 5.39 453.49 Unknown X X
12 5.56-5.69 310, 295sh 327.21 Coumaroyl derivative X X
13 5.76-5.82 331,270 298.98 Methoxyapigenin X X
14 5.99 329.00 Hydroxy-di-O-methylluteolin X X
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Table 1. Cont.
Peak R.t UVmax [M—H]~ [M+H]* Tentative Identification EA B
(min) (nm)
15 6.30-6.40 343,275 312.52 Dihydroxy-dimethoxyflavone X X
16 6.36-6.51 330, 281 342.61 Dihydroxy-trimethoxy flavone X X
17 6.84-6.91 342,270 282.86 Methyl apigenin X X
18 7.74-8.03 267.11 Unknown X X
19 7.91-7.93 222 337.31 Hydroxymethylhoffmanniaketone isomer X X
20 7.89 293.47 Oxooctadeca-dienoic acid X X
21 8.79 284.29 Unknown X X
2.4. ADME and Oral Bioavailability Profiles
The results obtained for the ADME property predictions of the selected compounds
showed that most of them have high gastrointestinal absorption, except for 2-O-caffeoyl-
hydroxymalonic acid (caffeoyl tartronic acid) and verbascoside (Table 2).
Table 2. ADME prediction of selected compounds for in silico analysis.
Inhibition
Compounds GI-A BBB-P Pgp-S
CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4
4-Hydroxybenzoic acid High Yes No No No No No No
3-Hydroxybenzoic acid High Yes No No No No No No
Coumaric acid High Yes No No No No No No
2-O-caffeoyl-hydroxymalqnlc acid Low No No No No No No No
(caffeoyl tartronic acid)
Verbascoside Low No Yes No No No No No
Ferulic acid High Yes No No No No No No
Hydroxymethylhoffmanniaketone High No Yes No No No No No
Methylsudachitin High No No Yes No Yes No Yes
Methylferulic acid High Yes No No No No No No
3'-Methoxyapigenin High No No Yes No Yes Yes Yes
6-methoxyapigenin High No No Yes No No Yes Yes
3-Methoxyapigenin High No No Yes No No Yes Yes
8-Methoxyapigenin High No No Yes No No Yes Yes
Hydroxy-di-O-methylluteolin High No No Yes No Yes Yes Yes
Dihydroxy-dimethoxyflavone High No No Yes No Yes Yes Yes
Dihydroxy-trimethoxyflavone High No No Yes No Yes Yes Yes
Methylapigenin High No No Yes No No Yes Yes
Hydroxymethylhoffmanmaketone High No Yes No No No No No
isomer
Oxooctadecadienoic acid High Yes No Yes No Yes No No
13-Oxooctadecadienoic acid High Yes No Yes No Yes Yes No
(6E,8Z)-5-oxooctadecadienoic acid High Yes No Yes No Yes Yes No

GI-A: gastrointestinal absorption, BBB-P: blood-brain barrier permeant, Pgp-S: P-glycoprotein substrate.

The compounds that showed a potential to permeate the blood-brain barrier were
4-hydroxybenzoic acid, 3-hydroxybenzoic acid, coumaric acid, ferulic acid, oxooctadeca-
dienoic acid, 13-oxooctadecadienoic acid, and (6E,8Z)-5-oxooctadecadienoic acid; none of
these compounds can serve as a substrate for P-glycoprotein (Table 2).

None of these compounds are inhibitors of the cytochrome P450 (CYP450) isoforms, ex-
cept oxooctadecadienoic acid, 13-oxooctadecadienoic acid, and (6E,8Z)-5-oxooctadecadienoic
acid, which were predicted to have inhibitory activity against the CYP1A2 and CYP2C9
isoforms. Similarly, 13-oxooctadecadienoic acid and (6E,8Z)-5-oxooctadecadienoic acid were
predicted to have inhibitory activities against the CYP2D6 isoform.

Table 3 shows oral bioavailability predictions of compounds with the potential to
permeate the blood-brain barrier. These compounds showed no violations of Lipinski’s rule
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of five and had a high bioavailability score of 0.85, which is associated with gastrointestinal
properties.

Table 3. Oral bioavailability of selected BBB-permeant compounds.

Compounds Molecular H-Bond H-Bond LogP  Infractions Bioavailability
Weight (g/mol) Acceptors Donors Score

4-Hydroxybenzoic acid 138.12 3 2 1.05 0 0.85
3-Hydroxybenzoic acid 138.12 3 2 1.03 0 0.85
Coumaric acid 164.16 3 2 1.26 0 0.85
Ferulic acid 194.18 4 2 1.36 0 0.85
Methylferulic acid 208.21 4 1 1.83 0 0.85
Oxooctadecadienoic acid 294.43 3 1 4.75 0 0.85
13-Oxooctadecadienoic acid 294.43 3 1 4.58 0 0.85
(6E,87)-5-oxooctadecadienoic acid 294.43 3 1 4.58 0 0.85

LogP: water—octanol partition coefficient.

2.5. Computational Simulations

Redocking analysis performed with ligands co-crystallized with receptors showed
RMSD (Root Mean Square Deviation) values lower than 2 A, indicating the validity of the
scoring function and the accuracy of the simulation protocol used (Figure S3; Table 4).

Table 4. Molecular docking simulation results.

Compounds AG Energy (kcal/mol)
5-HT1a 5-HT;4 5-HT; D,R
4-Hydroxybenzoic acid —5.6 -59 —6.3 —5.8
3-Hydroxybenzoic acid —55 —58 —6.4 —5.5
Coumaric acid —6.4 —6.0 -7.1 —6.4
Ferulic acid —6.4 —-6.3 —-7.0 —6.5
Methylferulic acid —6.1 —6.0 —6.4 —5.6
Oxooctadecadienoic acid —6.1 —-5.9 —6.0 —5.0
13-Oxooctadecadienoic acid —6.7 —5.1 —6.4 —4.6
(6E,8Z)-5-oxooctadecadienoic acid —6.4 —4.8 —6.7 —5.3
Standard inhibitors —9.5@ —8.4® —9.0© —~7.6@
Redocking RMSD values (A) 0.79 0.76 0.88 0.71

@ Way100635, ® ketanserin, ) ondansetron, (9 haloperidol.

Molecular docking approximations and druggability analysis performed with receptor
structures (5-HT14, 5-HT24, 5-HTj3, and D;R) and selected compounds are presented in
Tables 4, S2 and S3, Figures 5, 54 and S5.

Among all compounds evaluated during interactions with the 5-HT 4 receptor, the
13-oxooctadecadienoic acid was the molecule with the highest binding affinity and the
lowest AG and Kd . values (Tables 4 and S2). The complex showed hydrogen bonds
with Thr121; interactions between the 7-orbitals of Trp358, Tyr390, Phe361, Tyr96, and
the hydrocarbon region of the compound and alkyl-alkyl hydrophobic interactions with
residues Vall17, Cys120, and Ala93 were recorded. van der Waals interactions were also
identified with residues Ile124, Phe362, Ala203, Ile167, Ser199, Ile113, Phell2, Asn386,
Aspl16, Trp387, and GIn97, located in the pocket binding site (Figure 5).

Ferulic acid had the lowest AG and Kd, values in comparison with the other phyto-
constituents in interactions with 5-HT,4 (Tables 4 and S2).
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Figure 5. Bidimensional representation of complexes with the highest binding affinity. (a) 13-
Oxooctadecadienoic acid:5-HTq4. (b) Ferulic acid:5-HT,5. (¢) Coumaric acid:5-HTj3. (d) Ferulic
acid:DyR.

The ferulic acid:5-HT4 complex showed hydrogen bonds with Thr134 and Ser131
residues, and unconventional hydrogen bonds mediated by partial polarizations of carbon
atoms from Tyr139 (carbon-hydrogen bond) were also detected. Additionally, m-alkyl
hydrophobic interactions were recorded between 7-orbitals of ferulic acid and Val366
residue, as were 7-rt T-shaped and 7-o hydrophobic interactions with Trp151 and the
compound. van der Waals interactions were also registered with Ser226, Cys227, Leu228,
Leu229, Ile152, Ile135, Trp367, and Tyrl70 (Figure 5).

For the 5-HTj3 receptor, coumaric acid was the phytoconstituent with the lowest AG
and Kd,. values (Tables 4 and S2).

The coumaric acid:5-HT3; complex showed hydrogen bonds with the Tyr64 residue
of chain E and 7-rt T-shaped hydrophobic interactions with the Tyr207 residue of chain A.
van der Waals interactions were also detected with residues Tyr126, Ile44, Arg65, Trp63,
and Lys127 of chain E and residues Trp156, Ser155, and Thr154 of chain A, also located in
the pocket binding site (Figure 5).

For the DR receptor, ferulic acid showed the lowest AG and Kd,,. values (Tables 4
and S2).

The ferulic acid:D,;R complex showed only hydrophobic interactions, including alkyl-
alkyl interactions with Vall1l, as well as interactions between the m-orbitals (7--7t T-shaped)
of Phe390 and the aromatic ring of ferulic acid. In addition, van der Waals interactions
were recorded with Val190, Ile184, His394, Ser193, Ser194, Ser197, Phe391, Vall15, Asp114,
Trp387, Tyr417, and Thr413 (Figure 5).
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3. Discussion

Rural communities in developing countries rely on traditional herbal medicines to treat
their illnesses [8]. Several have been shown to play a therapeutic role in treating depression
at a lower cost, and, in general, the adverse effects of using medicinal plants are lower [14].
Conventional antidepressants used as first-line therapy for depression include serotonin—
norepinephrine reuptake inhibitors, selective serotonin reuptake inhibitors, serotonin
modulators, and atypical antidepressants [5]. Among the disadvantages of these first-line
drugs are cholinergic effects and weight gain. Therefore, research into new ways to treat
depression is needed [15-17].

The two most common animal models for evaluating the action of samples with a
potentially antidepressant effect are the tail suspension test (TST) and the forced swimming
test (FST). The TST involves suspending mice by their tails with adhesive tape; in the
FST, mice are placed in a cylinder in an inescapable situation. In both tests, the animals
are observed for six minutes. Their escape-related mobility behavior is measured during
the last four minutes. In both tests, an antidepressant-like effect induced a decrease in
immobility time compared with a control group [18,19].

In line with our previous research on aerial parts [13], the present findings support the
antidepressant-like potential of the ethyl acetate fraction of Aloysia gratissima var. gratissima
(AggAcE), as evidenced by reduced immobility time after oral treatment in both the TST
and the FST. This effect was comparable to that of the standard antidepressant imipramine.
When mice are subjected to stressful situations, they become immobile after a brief period
of struggling, as was the case in the experiments performed here; this can be interpreted
as a reflection of behavioral despair. Therefore, the TST and FST are valuable tools in the
preclinical study of potential antidepressants [18,19]. Our results demonstrate the ability of
AggAcE in the reversion of behavioral despair in mice orally pretreated with both 0.1 and
1 mg/kg (Figures 1 and 2). Furthermore, 1 mg/kg of AggAcE (p < 0.001 compared with
the control group) exhibited a stronger effect than imipramine (32 mg/Kg, i.p.; p < 0.01
compared with the control) during the forced swimming test after treating mice three
times over 24 h. This is interesting given that plant extracts (or fractions) contain complex
mixtures of phytochemicals that vary in their abundance, often working synergistically [20].
Furthermore, in the open field trial (on day 1, and on day 7) with the ethyl acetate fraction,
it has been shown that it does not induce sedation or motor impairment in mice treated
with orally administered doses of 0.1 and 1 mg/kg, as no difference was observed in the
time spent immobile compared to the control group. Previous studies have shown that the
crude extract of Agg does not induce sedation or motor impairment in mice treated with
orally administered doses between 50 and 200 mg/kg [21]. Additionally, in the FST with
the ethyl acetate fraction, no motor impairment was observed, as there was no reduction in
active fighting (kicking or climbing) nor an early increase in immobility (floating), unlike
the control group [10,18].

Butanol fraction also exhibited an antidepressant-like effect, but the reduced immo-
bility time was evident only after seven days of treatment, and only during the FST. No
effect was detected during the TST when this fraction was administered, precluding further
studies with the butanol fraction. This result could be due to the amount of active ingre-
dients present in the butanol fraction, relative to the amount present in the ethyl acetate
fraction, where a slight antidepressant-like effect was observed in the caudal suspension
test. Notably, the mice treated with imipramine showed an antidepressant-like effect, that
is, a significant reduction in immobility time during both the TST and the FST (p < 0.0001
and p < 0.001, respectively), thus validating the method. Considering these results, to
determine the mechanism of action, we tested the interaction between the antagonist and
ethyl acetate fraction (AggAcE).
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The monoaminergic system is one of the most important targets in the pathophys-
iology and treatment of depression [22]. Thus, our study explored the influence of this
system on the antidepressant-like effect of AggAcE. We explored the serotonergic system’s
involvement in antidepressant-like effects with the 5-HT; 5 antagonist (WAY100635), 5-
HT;a antagonist (ketanserin), and 5-HT3 antagonist (ondansetron). The involvement of the
dopamine system was tested with D; receptor antagonist SCH23390 and the D, receptor
antagonist haloperidol. In addition, the involvement of the adrenergic system was assayed
with prazosin (x-adrenergic receptor antagonist). Furthermore, we tested the GABAergic
system’s involvement in the antidepressant action of Agg using bicuculline, considering the
growing body of evidence pointing to an association between major depressive disorders
and diverse types of GABAergic deficits [23,24].

The pathophysiological basis of depression is due, at least in part, to a decrease in
the levels of serotonin, norepinephrine, and/or dopamine in the central nervous system.
The mechanism of action of antidepressants currently used in the treatment increases the
levels of these neurotransmitters in the brain [5]. Most antidepressant drugs in clinical
use promote an increase in 5-HT availability, directly affecting serotonin turnover and
reuptake and interacting with the 5-HT; 4 and 5-HT, receptors [25]. Dysregulation of brain
dopamine (DA), primarily in mesolimbic and mesocortical neuronal systems, influences
the pathophysiology of depression and offers new potential targets for drug development
focused on DA-modulated micro-circuits. Pharmacological interventions that block or
reduce DA worsen depression in humans. Furthermore, antidepressant drugs such as
imipramine or amitriptyline have been found to enhance DA mechanisms in rats [8,26]. One
hour after oral AggAcE administration, reduced immobility time was evident. However,
with ondansetron, ketanserin, WAY100635, and haloperidol, this reduction was reversed.
Animals pretreated with these antagonists exhibited significant differences compared with
the AggAcE-treated group, providing evidence that the effects of AggAcE are probably
mediated by an interaction with the serotonergic and dopaminergic systems.

Nevertheless, to firmly establish the mechanisms involved, more studies are needed.
Evidence of the mechanisms involved in depression includes hypothalamus—pituitary axis
dysregulation, a rise in oxidative stress and inflammatory mediators, reduced neurotrophic
factors, and hypofunction of N-methyl-D-aspartate receptors [8]. For example, Zeni et al.
studied the oil of A. gratissima, a variety of Agg, and demonstrated that antidepressant-like
activity occurs through the inhibition of N-methyl-D-aspartate (NMDA) receptors [27].
Another difference is that these authors tested the activity in an aqueous extract, a more
complex matrix of metabolites; they associated the antidepressant effect with interactions
with the serotonergic, noradrenergic, and dopaminergic systems [28]. In our research,
the active fraction did have an effect on the adrenergic system. Moroni et al. described
a complex of four A. gratissima varieties, contributing to variation in the composition of
secondary metabolites and, therefore, mechanisms [29].

In our study, phenolic acids and related derivatives were among the most abundant
metabolites. Compounds 1 and 2 were consistent with hydroxybenzoic acid, showing
[M—H]™ ions at m/z 137 and UV absorption maxima near 255 nm [30]. Compound 3 was
identified as coumaric acid, supported by its [M—H]~ ion at m/z 163 and absorption at
307 nm [30,31]. Ferulic acid (compound 6) was identified by its [M—H]~ ion at m/z 193
and a diagnostic band at 325 nm [31], while methylferulic acid (compound 10) showed
a pseudomolecular ion at m/z 207 and a UV maximum at 324 nm [32]. Additionally,
compound 4 was tentatively identified as 2-O-caffeoyl-hydroxymalonic acid, considering
its [M—H] ™~ ion at m/z 281 and caffeate-type absorption at 329 nm [33].
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Within the phenylethanoid glycosides, verbascoside (compound 5) was identified
by its pseudomolecular ion at m/z 623 and a characteristic UV absorption maximum at
329 nm [31].

Flavonoids and methylated flavones were also abundant. Peak 8 ((M—H]™ at m/z
373) was consistent with methylsudachitin [34]. Methoxyapigenin (compound 13) was
supported by its pseudomolecular ion at m/z 299 and UV maxima at 331 and 271 nm [31].
Hydroxy-di-O-methylluteolin (compound 14) shows a [M—H] ™~ ion at m/z 329 [34], while
compound 15, with [M—H] ™~ at m/z 313 and maxima at 343 and 271 nm, was consistent with
dihydroxy-dimethoxyflavone [31]. Compound 16 ((M—H]~ at m/z 343) was tentatively
identified as dihydroxy-trimethoxyflavone [35]. Methyl apigenin (compound 17) was
supported by its [M—H] ™ ion at m/z 283 and UV maxima at 342 and 270 nm. Peak 12, with
[M—H] ™ at m/z 327 and absorption at 309 nm, was consistent with a coumaroyl derivative.

Some terpenoid derivatives were detected, including compounds 7 and 19, both of
which exhibited [M+H]" ions at m/z 337, in agreement with hydroxylated methylhoffman-
niaketone isomers [36]. The only fatty acid derivative was compound 20, with [M—H]~ at
m/z 293, tentatively identified as oxooctadecadienoic acid [34].

Compounds 9 and 11, despite weak UV absorption, were observed with significant
intensity. Compound 9 ([M+H]* at m/z 341) was compatible with trijuganone C [37],
while the 114 Da difference with compound 11 ([IM+H]" at m/z 454) suggested a glutaryl
derivative, pending further confirmation. Similarly, compounds 18 and 21 ((M—H] ™ at
m/z 267 and 284; weak UV absorption near 300 nm) were consistent with ketonic structures
but remain uncharacterized.

Several of these metabolites—including diterpenes, coumaric acid, verbascoside, fer-
ulic acid, and methylated flavonoids—have been previously reported in A. gratissima [31]
and A. gratissima var. gratissima leaves [13], supporting the current findings. Moreover,
caffeoyl tartronic acid has been described in diverse plant species such as Nepeta cataria, Gle-
choma hederacea, Vigna radiata, and Chondrilla juncea [33,38-40]; to the best of our knowledge,
this is the first report of its occurrence in A. gratissima var. gratissima. Overall, the detection
of phenylethanoids, diterpenes, monoterpenes, hydroxycinnamic acids, and methylated
flavonoids reflects the chemical diversity previously described in the Verbenaceae family,
particularly within Aloysia and Lippia [13,31,41,42]. Importantly, this study provides the
first chemical characterization of active fractions of A. gratissima var. gratissima associated
with antidepressant-like effects. Nevertheless, further work is still needed, including com-
prehensive spectroscopic and spectrometric analyses to confirm compound identities and
strengthen mechanistic interpretations.

Predictions regarding the blood-brain barrier permeant activity of compounds
are consistent with previous reports that highlight the presence of 4-hydroxybenzoic
acid in the mammalian brain as a rapid product of the oxidative metabolism of the 4-
hydroxybenzaldehyde compound [43,44]. The presence of 3-hydroxybenzoic acid has also
been reported in human cerebrospinal fluid [45].

In the same way, coumaric acid, ferulic acid, and an isomer of oxooctadecadienoic acid
(9-oxo-octadecadienoic acid) have also been described in previous studies as molecules
with blood-brain barrier permeant activities [46,47]. However, methylferulic acid has been
reported to have very low blood-brain barrier permeant potential [48].

In silico predictions also revealed some compounds (oxooctadecadienoic acid, 13-
oxooctadecadienoic acid, and (6E,8Z)-5-oxooctadecadienoic acid) with potential inhibitory
activities in cytochrome P450 isoforms (CYP1A2, CYP2D6, and CYP2C9). However, no
studies have shown the inhibitory activities of these compounds on any of the CYP450 iso-
forms. These compounds, considered oxylipins, have been reported as products of linoleic
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acid metabolism mediated by cytochrome P450 isoforms, and they are thus considered
potential substrates of these enzymes [49].

Molecular docking simulations with selected phytoconstituents showed similar bind-
ing affinities to the molecular structures of all receptors evaluated in this study (5-HTj4,
5-HTa, 5-HT3, and D,R), with approximations agreeing with the AG values (—7.1 to
—4.6 kcal/mol) and calculated Kd_,. values (Table S52). However, these binding affinities
were lower than those registered with standard inhibitors (Tables 4 and S2).

Notably, the binding site of 13-oxooctadecadienoic acid in the 5-HT; 4 receptor topo-
logically corresponds to the interaction region of the standard inhibitor Way100635 used in
this study, which, in turn, is located within an identified druggable site (Figure S4). This
site showed a druggability score of 0.82, indicating a high pharmacological potential for
drug design studies [50] (Figure S5; Table S3).

Active residues identified in the 5-HTj 4:13-oxooctadecadienoic acid complex were
also found at the identified druggable site. Furthermore, residues such as Cys120, Asp116,
Thr121, Phe361, and Tyr390 play fundamental roles in ligand recognition, and residues
Asp116 and Phe361 are essential for the stability of the protein [51].

The ferulic acid binding site topologically colocalizes with the inhibitor ketanserin.
Likewise, this region is located in an identified druggable site (Figure S4), which showed a
high score (0.99), indicating a high pharmacophore capacity for drug design [52] (Figure S5;
Table S3).

Previous studies have shown that Trp151 and Cys227 residues play a very important
role in stabilizing ligands in the receptor (5-HT;4) by establishing interactions mediated
by 7-orbitals present in aromatic rings of the residue side chain in the case of Trp151, and
hydrogen bonds and hydrophobic interactions in the case of Cys227 [52]. Ser131 and Thr134
residues actively participate in the interactions with ligands and receptor inhibitors due to
their ability to maintain hydrogen bond interactions because of low hydrophobicity, the
polarity of the side chain, and the presence of hydroxyl functional groups [53].

Coumaric acid has interaction affinity with the same binding site as ondansetron
(standard inhibitor) and is a neuroprotector compound [46]. This region was also identified
as a druggable site with a score of 0.82, indicative of pharmacophoric suitability [50]
(Figure S5; Table S3).

In this study, the active residues that interacted with coumaric acid were also located
at the predicted druggable site. Earlier investigations emphasized the functional relevance
of Trp63, Trp156, Tyr126, Tyr207, and Tyr64 in ligand /neurotransmitter recognition due to
the presence of an aromatic ring in the side chain of these residues; this directly contributes
to the stability of ligand /neurotransmitter interactions [54].

Similarly, ferulic acid interacts with the D,R receptor in the same region as haloperi-
dol (standard inhibitor), which corresponds to a druggable site identified in the receptor
(Figures 5S4 and S5). The registered druggable site showed a score of 0.81 and a hydropho-
bicity ratio of 43%, supporting its relevance for structure-based drug development strate-
gies [52] (Figure S5; Table S3).

Previous research has reported that Valll and Phe390 are essential for ligand inter-
actions, as well as for complex stabilization and D;R receptor activation. The interactions
of ligand molecules with Ile184 and Asp114 are also crucial for antagonist/agonist activi-
ties [55].

The binding affinity of compounds for the same interaction sites of the standard
inhibitors in receptors (Way100635, ketanserin, ondansetron, and haloperidol), based on
computational approximations, suggest a potential competitive activity for the receptor-
predicted druggable site; however, experimental validations using techniques such as
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radioligand binding assays or CETSAs (Cellular Thermal Shift Assays) with isolated com-
pounds are necessary [56].

Despite AlphaFold’s predictive accuracy in protein structural modeling, challenges
persist in accurately modeling G-Protein-Coupled Receptors (GPCRs) due to their intrinsic
conformational flexibility. Despite these limitations, this research opted to use structures
modeled by AlphaFold (5-HT4 and D;R receptors) due to the absence of crystallized
structures and their prior application in related computational investigations [57,58].

4. Materials and Methods
4.1. Reagents and Chemicals

All chemicals used in this study were analytical grade. Imipramine hydrochloride
and sodium chloride were obtained from Wako Pure Chemical Industries Ltd. (Osaka,
Japan); ketanserin, WAY100635, ondansetron, SCH233390, haloperidol, prazosin, bicu-
culline, and DMSO were purchased from Sigma-Aldrich, St. Louis, Missouri, USA. Ethanol
for pharmaceutical use was locally purchased. Hexane, dichloromethane, ethyl acetate,
and butanol came from Scharlau, Barcelona, Spain. All reagents used for the UPLC analysis
were LC grade.

4.2. Animals

Male Swiss albino mice in a weight range of 25 to 35 g were used. The experimental
animals came from the bioterium of the Faculty of Chemical Sciences, UNA. Until use,
they were kept in cages, in standard light/dark cycle conditions, at a room temperature of
20-25 °C, and at relative room humidity (70-80%). Mice were provided with fresh water
and food daily (standard pellets). On the day of the experiment, the mice were weighed and
properly identified. They were then taken to the testing laboratory at least one hour before
the experiments began. All experiments were carried out between 8:00 and 11:00 A.M.

4.3. Plant Material, Extraction and Fractionation

Aloysia gratissima var. gratissima (Gillies & Hook. ex-Hook.) Tronc. aerial parts were
collected from the Garden of Acclimatization of Native and Medicinal Plants, Facultad de
Ciencias Quimicas (FCQ), Universidad Nacional de Asuncién (San Lorenzo, Paraguay),
and identified (Y. Gonzalez 197/2024) by researchers from the Department of Botany—FCQ.
Ethanol extract was prepared with freshly collected, dried (oven, 40 °C), and powdered
material by sonication. The solvent was removed, and the residue was partitioned into
successive fractions with hexane, dichloromethane, ethyl acetate, and butanol.

4.4. Tail Suspension Test of Mice

The mice were tested to evaluate the possible antidepressant-like effect of fractions
using the tail suspension test (TST) [13,19]. For administration to the animals, each frac-
tion was pre-dissolved in water on the day of administration. The effects of the hexane,
dichloromethane, ethyl acetate, and butanol fractions of A. gratissima var. gratissima (Agg)
were analyzed. For this purpose, the mice were treated three times over a 24 h period
with 0.1 or 1 mg/kg of Agg fractions. In the other experimental groups, the treatment
was administered daily for seven days. The selected doses were based on our previous
results with Agg ethanol extract, where an antidepressant-like effect was observed at
all doses analyzed, the lowest being 50 mg/kg (p < 0.0001). Therefore, we used at least
one-tenth of the effective dose (50 mg/kg) [13]. The administration schedule was decided
considering our previous research with the same and other plants [13] and considering
that antidepressant treatment in clinical practice usually has a delayed effect. Thus, the
animals (n = 6) in the first administration regimen were treated with the vehicle in which
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the fractions were dissolved (water; 0.1 mL/10 g of weight, orally), as well as doses of
the hexane fraction of A. gratissima var. gratissima (AggHex, 0.1 and 1 mg/kg, orally), the
dichloromethane fraction (AggDCM, 0.1 and 1 mg/kg, orally), the ethyl acetate fraction
(AggAcE, 0.1 and 1 mg/kg, orally), the butanol fraction (AggBu, 0.1 and 1 mg/kg, orally),
and imipramine (Im 32 mg/kg, intraperitoneal route). In the first set of experiments, this
treatment was administered 24, 18, and 1 h before the mice were individually subjected to
the tail suspension test, except for the imipramine group, where the last dose was 20 min
before the TST assay. In the second case (7 days), the animals were treated for 7 consecutive
days and, one hour after the last administration, they were individually subjected to the
same tail suspension procedure. The imipramine-treated group was subjected to the FST
20 min after the last treatment [19]. Each 6 min session was videotaped, and subsequent
analysis was performed with the EthoVision software; the last 4 min were counted for
analysis. Animal movement was detected with automated 3-point software (EthoVision
XT17, Version essential, multiple arena module, Noldus, Wageningen, The Netherlands).
For analysis, each of the six arenas was divided equally. The EthoVision XT17 software
calculated the time spent immobile.

4.5. Forced Swimming Test in Mice

Immediately after the mice passed the TST, they were subjected to the forced swim-
ming test (FST). This procedure has been used previously in our research group, thus
requiring fewer animals [13]. Although the previous test induces a stressful situation,
which could affect the interpretation of the results in the forced swim test and constitute
a limitation of this study, we have followed the same procedure in previous studies to
reduce the number of experimental animals used [13]. To minimize interpretation errors
and verify the appearance of other effects that might confound the behavioral assessment,
control groups (treated with water, the vehicle in which the samples were dissolved for
administration) and a group treated with imipramine—the reference antidepressant—were
also included. Both groups yielded expected results during the forced swim test; that is, the
control group showed typical behavioral despair, resulting in a long period of immobility
(depressive-like state), while the group treated with imipramine experienced a reduced
immobility time. The mice were individually introduced into a transparent cylinder (25 cm
high and 15 cm in diameter) containing 12.5 cm of water maintained between 23 and
24 °C. Each 6 min session was videotaped; subsequent analysis was performed with the
EthoVision software, and data were tabulated. The immobility time in the last four minutes
was measured [18,19]. In all cases, the cylinder was cleaned with 10% ethanol solution
before being refilled with clean water.

4.6. Open Field Test

The open field test was performed one hour after oral treatment with vehicle (Veh,
0.1 mL/10 g body weight) or AggAcE (0.1 and 1 mg/kg), after 24 h of treatment and after
7 days of treatment. Mice were placed individually in the central part of the box arena
and allowed to freely explore the box for five minutes. The parameters recorded were the
number of rearing, number of defecations, number of crossings (spontaneous locomotor
activity), and the time spent immobile. Motor impairment is associated with decreased
exploration activity and significant reductions in movement. Emotional involvement is
evidenced by increased rearing and defecation. The apparatus was cleaned with ethanol
solution (10%) before placing the next mouse, and the test was carried out in a light-
controlled (red light, 15 W) room [21,59].

https://doi.org/10.3390/ph19020329


https://doi.org/10.3390/ph19020329

Pharmaceuticals 2026, 19, 329

16 of 22

4.7. Mechanism Involved in the Antidepressant-like Effects of Active Fraction of Aloysia gratissima
var. gratissima

The mechanism of action involved in the antidepressant activity of the active fraction
was determined using several antagonists. Mice were divided into 9 groups, with 6 an-
imals in each group [59,60]. To assess the involvement of the serotonergic system in the
antidepressant-like effects of the active fraction, mice were pretreated with WAY100635 (a
5HTa antagonist; 0.1 mg/kg i.p.), ketanserin (a 5HT,5 antagonist; 1 mg/kg i.p.), or on-
dansetron (a 5-HTj3 antagonist; 1 mg/kg i.p.). The dopaminergic system’s involvement was
also assessed by pretreating mice with either SCH23390 (a D; antagonist; 0.05 mg/kg, i.p.)
or haloperidol (a D, antagonist; 0.2 mg/kg, i.p.). Similarly, to assess the adrenergic system,
mice were treated with prazosin (an «1-adrenergic antagonist, 1 mg/kg, i.p.). Finally, the
GABAergic system’s involvement was investigated by treating mice with bicuculline (a
GABAergic antagonist; 2 mg/kg, i.p.).

Mice were pretreated with the antagonist (WAY100635, ketanserin, ondansetron,
SCH23390, haloperidol, prazosin, or bicuculline). All agonists were dissolved in saline
solution containing 1% DMSO [59,60]. After 25 min, the animals in each subgroup received
the ethyl acetate fraction orally (AggAcE, 1 mg/kg). After 35 min of treatment with the
active fraction, the animals underwent the FST, as previously described. Additionally, the
control group received water, and another group was treated with the active fraction (ethyl
acetate, AggAcE; 1 mg/kg, p.o.).

4.8. UPLC-ESI-MS Profiling of the Active Fractions of A. gratissima Extract

Analyses were performed using a Waters Acquity UPLC system (Milford, CT, USA)
equipped with an Acquity PDA eA detector and coupled with a Xevo TQD triple quadrupole
mass spectrometer (QqQ-MS) with an electrospray ionization (ESI) source. Chromato-
graphic separations were achieved on a Phenomenex KINETEX core-shell EVO-C18 column
(2.1 x 100 mm?, 1.7 um) operated at a flow rate of 0.3 mL/min. The column temperature
was maintained at 40 °C, and the injection volume was 10 uL. The mobile phase con-
sisted of water (phase A) and acetonitrile (phase B), both containing 0.1% formic acid and
10 mM ammonium formate. Gradient elution was applied as follows: 0-0.7 min, 90% A;
0.7-2.0 min, 90-80% A; 2.0-6.0 min, 80-45% A; 6.0-9.0 min, 45-0% A; 9.0-11.0 min, 0-60%
A; 11.0-14.0 min, 60-90% A. This was followed by re-equilibration at 90% A for 15.0 min.
Extracts (5 mg/mL) were dissolved in a 1:1 mixture of water and acetonitrile and filtered
through 0.22 pm nylon syringe filters prior to injection. UV monitoring was conducted
at 280, 320, and 500 nm, and PDA spectra were recorded from 200 to 500 nm for peak
characterization. Mass spectrometric data were acquired in full-scan mode (1/z 100-1000)
under both positive and negative ionization. Nitrogen was used as a nebulizing and drying
gas, while argon served as the collision gas. The MS parameters were as follows: capillary
voltage, 3.5 kV; source temperature, 150 °C; desolvation temperature, 350 °C; cone voltage,
30 V; cone gas flow, 80 L/h; and desolvation gas flow, 900 L/h. Instrument control and
data acquisition were managed using Waters MassLynx v4.1.

Compounds were tentatively identified based on their pseudomolecular ions, UV-vis
absorption maxima, and comparison with previously published data for Aloysia or other
species when available.

4.9. Pharmacokinetic and Oral Bioavailability Predictions

Pharmacokinetic predictions (ADME: Absorption, Distribution, Metabolism, and
Excretion) were performed with compounds identified in this study and that are available
in the PubChem database. Some compounds have more than one isomer, so all were
considered equally for in silico study (Table S1) [61]. Lipinski’s rule of five was performed
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for oral bioavailability prediction (molecular weight less than 500 g/mol, number of H-
bond donors less than 5, number of H-bond acceptors less than 10, and water—octanol
partition coefficient value less than 5) only in compounds with the ability to permeate the
blood-brain barrier [62]. These analyses were performed using the SwissADME tool [63].

4.10. Selection of Molecular Targets and Druggability Analysis

The selected molecular targets were the 5-HT1 receptor (PDB: 8JT6), the 5-HTp
receptor (AlphaFold Database: AF-P35363-F1), the 5-HTj3 receptor (PDB: 4PIR), and the
D;R receptor (AlphaFold Database: AF-P61168-F1), which are related to the serotonergic
and dopaminergic pathways [64,65].

The molecular structures of these targets were obtained from the Protein Data Bank
and AlphaFold Database. The structural analysis of druggable sites was carried out using
Gaussian difference methods as a filter for the characterization (dimensions, composi-
tion, and druggability score) of pocket binding sites in the selected receptors, using the
DoGSiteScorer tool [50,66].

4.11. Molecular Docking Simulations

Semiflexible docking simulations were performed using the chemical structure of
compounds with the prediction potential to permeate the blood-brain barrier and the
selected molecular targets. Energy minimization of the molecular structures was performed
using the Merck Molecular Force Field 94 (MMFF94) algorithm, 50,000 steps of conjugate
gradients, and an energy convergence of 0.01 kcal /mol.A. Hydrogen atoms were present at
a physiological pH of 7.2, and partial charges were added using Avogadro v.1 [67].

Simulations were performed using dimensions of a docking box of 53 x 60 x 80 A3
for the 5-HTy 5 receptor, 146 x 69 x 131 A3 for the 5-HT,, receptor, 81 x 103 x 157 A3
for the 5-HTj3 receptor, and 158 x 87 x 122 A3 for the D;R receptor, using AutoDock Vina
v.1 [68]. Binding affinity was approximated by calculating the free binding energy (AG)
and the dissociation constant (Kd,ic) from the AG values [69].

Kdcalc = e(AGE%OOO)

T is the temperature of 310 K (37 °C); the R constant is 1.987207 cal/mol.K.

Analysis of the complexes was carried out using Discovery Studio Visualizer v.20
(Dassault Systemes BIOVIA, San Diego, CA, USA). The score and the molecular docking
protocol were validated using redocking ligands co-crystallized with the 5-HT;5 (PDB:
7E2Y), 5HT,4 (PDB: SUWL), 5-HT3 (PDB: 6Y1Z), and D,R (PDB: 8IRS) receptors using the
same simulation protocols.

4.12. Statistical Analysis

The data obtained from the study groups are expressed as means =+ standard devia-
tions. Statistical analysis was performed using GraphPad Prism 7.0 (La Jolla, CA, USA).
Normality and homogeneity of variances were checked using the Shapiro-Wilk and Levene
tests. One-way ANOVA followed by Dunnett’s multiple comparison test was performed. A
level of p < 0.05 was considered statistically significant. We used GraphPad Prism version
7.0 for Windows, GraphPad Software (www.graphpad.com).

4.13. Ethical Issues

All experiments were carried out in accordance with the standards established by the
European Community Ethics Commission. The handling of the animals was carried out
with standardized procedures, and the basic rule was that “all treated animals must be
euthanized.” The protocol was approved by the Research Ethics Committee of the Facultad
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de Ciencias Quimicas, UNA (Code CEI 944 /2022). The minimum number of animals and
the shortest duration of observation required to obtain consistent data were used. Each
animal was used once. At the end of the study, the mice were subjected to an end-of-cycle
procedure following animal welfare regulations [70].

5. Conclusions

The results showed that Aloysia gratissima var. gratissima retains antidepressant-like
activity in its ethyl acetate and butanol fractions. The chemical composition of both frac-
tions was similar. The ethyl acetate fraction showed an antidepressant-like effect in both
behavioral assays, which appears to be comparable to that of imipramine, without altering
the locomotion of the treated animals. The mechanism by which the ethyl acetate fraction
reduces immobility in mice appears to be mediated, at least in part, by serotoninergic
and dopaminergic systems. Further studies are required to fully understand the molecu-
lar mechanism of action, as well as the interference of other factors in the interpretation
of the data. Forced exposure can induce stressful situations and discomfort in animals,
which could lead to errors in interpreting the results. Therefore, it is important to verify
the effect of a control group and the use of a sensitive reference antidepressant in both
behavioral trials. In the present study, the expected results were also obtained with the
comparison groups. In silico approaches suggest that, among compounds with predictive
blood barrier permeant potential, 13-oxooctadecadienoic acid, ferulic acid, and coumaric
acid have binding affinities to the druggable site of the serotonergic and dopaminergic
receptors; however, these suggestions require experimental confirmation. This study repre-
sents the first chemical analysis of the active fractions of Aloysia gratissima var. gratissima
linked to antidepressant-like activity. These findings contribute to our understanding of
the phytochemical basis of its bioactivity and will generate hypotheses for receptor-level in-
teractions. Future work should include fully spectroscopic and spectrometric confirmation
of compound identities to consolidate mechanistic interpretations.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ph19020329/s1. Figure S1. LC-MS Extracted Ion Chromatograms
(EIC) of the detected compounds from A. gratissima active fractions. Figure S2. Characteristic UV spec-
tra of the major compounds tentatively identified in A. gratissima var. gratissima. Figure S3. Results
obtained in the redocking analysis. (a) 5-HT1 (PDB: 7E2Y). (b) 5HT, (PDB: SUWL). (c) 5-HTj3 (PDB:
6Y1Z). (d) DR (PDB: 8IRS). Figure S4. Tridimensional representation of complexes with the highest
binding affinity and standard inhibitors. (a) 5-HTj receptor binding to 13-Oxooctadecadienoic
acid (green), Way100635 (yellow). (b) 5-HT,4 receptor binding to Ferulic acid (red), Ketanserin
(yellow). (c) 5-HTj3 receptor binding to Coumaric acid (orange), Ondansetron (yellow). (d) DR
receptor binding to Ferulic acid (blue), Haloperidol (yellow). Figure S5. Druggable site identified
in receptors. (a) 5-HT1A receptor. (b) 5-HT2A receptor. (c) 5-HT3 receptor. (d) D2R receptor. Table
S1. Compounds selected for in silico analysis. Table S2. Values of the dissociation constant (Kdcalc)
calculated from the AG values. Table S3. Druggable site properties identified in receptors.
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Abbreviations

The following abbreviations are used in this manuscript:

Agg Aloysia gratissima var. gratissima

FST Forced Swimming Test

TST Tail Suspension Test

UPLC Ultra-Performance Liquid Chromatography
MS Mass Spectrum

AggHex Hexane Fraction
AggDCM  Dichloromethane Fraction
AggAcE Ethyl Acetate Fraction
AggBu Butanol Fraction

ADME Absorption, Distribution, Metabolism, and Excretion
GI-A Gastrointestinal Absorption

BBB-P Blood—-Brain Barrier Permeant

Pgp-S P-glycoprotein Substrate

CYP450 Cytochrome P450
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