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ABSTRACT

Benzodiazepines are widely used in the treatment of anxiety, but their use may be interrupted due to side effects. This study
evaluated the indole alkaloids isocarapanaubine (indole alkaloid 1 [AIN1]) and 18-3-hydroxy-3-epi-a-yohimbine (indole alkaloid
2 [AIN2]), extracted from Rauvolfia ligustrina, in adult zebrafish. Three doses (4, 12, and 20 mg/kg) were tested, along with
dimethyl sulfoxide (DMSO) 3% and Diazepam (4 mg/kg) in toxicity, locomotion, and anxiolytic effect assays. AIN1 and AIN2
showed low toxicity (lethal dose capable of killing 50% of the animals >20 mg/kg) and reduced locomotor activity. Both exhibited
anxiolytic effects, with AIN1 acting through the GABAergic system and AIN2 via the serotonergic pathway (5-HT;, ). Interactions
with receptors were confirmed by molecular docking, and drug metabolism and pharmacokinetics studies indicated that AIN2 is
promising in terms of permeability and safety in the central nervous system.

[3]. However, unwanted side effects may occur, such as sexual
problems, cardiovascular toxicity, drug interactions, and weight
gain as a result of treatment, which may lead to discontinuation
of treatment [4]. Thus, treatment for anxiety disorders requires

1 | Introduction

The World Health Organization reports that one in eight people
suffers from mental disorders, with a significant increase fol-

lowing the coronavirus disease 2019 pandemic [1]. More than
1 billion people worldwide suffer from mental, neurological,
and substance use disorders [2]. Treatment often includes the
use of anxiolytics such as benzodiazepines, selective serotonin
reuptake inhibitors, §-adrenergic antagonists, and azapirones

ongoing research focused on investigating new compounds that
offer better therapeutic profiles and reduce side effects [5].

In this context, alkaloids emerge as a promising research alter-
native. They are present in various plant species and are a
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FIGURE 1 | Structural representation of isocarapanaubine.

FIGURE 2 | Structural representation of 18-8-hydroxy-3-epi-a-
yohimbine.

chemical characteristic of the Apocynaceae family [6]. In the
Rauvolfia genus, the presence of indole alkaloids has been studied
for a long time [7]. These alkaloids have a bicyclic structure,
with a benzene ring attached to a pyrrole ring, similar to the
structure of serotonin, a neurotransmitter essential for mood
balance and brain functions [8]. Several indole alkaloids have
been described in the literature with promising results in the
treatment of anxiety, such as sarpagine, 3-hydroxysarpagine,
17-epi-rauvovertine B, Peraksine, 17-epi-peraksine B°, Alstonine
[10], 9-methoxy-2-phenyl-11H-indolisino[8,7-beta]indole [11], and
Psicolatine [12], all showing positive results, except for 3-
hydroxysarpagine. However, studies on the indole alkaloids
Isocarapanaubine and 18-3-hydroxy-3-epi-a-yohimbine have pri-
marily focused on their phytochemical study and isolation, with
a significant gap remaining in the investigation of their anxiolytic
properties.

To study the causes and effects of human diseases, science relies
on animal models. Thus, zebrafish, a small freshwater fish with
genomes similar to humans, is excellent for investigating various
diseases and allowing testing for new treatments [13, 14].

Therefore, due to the biological potential of indole alkaloids for
the development of new drugs, combined with the increasing
cases of anxiety in society, the value of searching for new
substances that act on the central nervous system is clear. Thus,
using zebrafish as an animal model and conducting a pharma-
codynamic analysis (molecular docking) and pharmacokinetic
analysis (drug metabolism and pharmacokinetics [DMPK]) of the
substances, the objective of this study was to evaluate the toxicity
and anxiolytic activity of the indole alkaloids isocarapanaubine
(AIN1) and 18-B-hydroxy-3-epi-a-yohimbine (AIN2), obtained
from Rauvolfia ligustrina, as well as to assess their mechanism
of action (Figures 1 and 2).
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FIGURE 3 | Effect of indole alkaloid dosages on zebrafish survival

rate. DZP—diazepam (4 mg/kg; 20 uL/animal; i.p.). Control—DMSO (3%;
20 puL/animal; i.p.).
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2 | Results and Discussion
2.1 | Acute in Vivo Toxicity

Zebrafish is an animal known for its susceptibility to intoxication
by toxic agents [15]. As such, this model has been widely used
since the development of new drugs depends on toxicological
assessment to anticipate potential risks, thereby reducing the
chance of harming human health [16]. Therefore, samples AIN1
and AIN2 showed no toxicity over 96 h at the studied doses (4,
12, and 20 mg/kg). These data allowed for the continuation of
the study with the in vivo open-field behavioral test, aiming to
identify safe doses with possible activities in the central nervous
system of zebrafish.

The toxicity of indole alkaloids has already been reported in
the literature, such as in the research by Sousa et al. [9],
who studied sarpagine, 3-hydroxy-sarpagine, sarpaginine, 17-epi-
peraksisna, peraksine, 17-epi-rauvertina B, and rauvovertina B,
indole alkaloids isolated from R. ligustrina, at doses of 4, 20 and
40 mg/kg, with none showing toxicity to zebrafish, reinforcing the
data described in the present study.

The graphs in Figure 3 showed that the AIN1 and AIN2 samples,
at the doses selected for the study, did not exhibit toxicity, as the
fish survival rate was above 50%, which is the threshold consid-
ered in lethal dose capable of killing 50% of the animals (LDs)
analysis. However, the 40 mg/kg dose of both samples proved to
be toxic to the fish, showing a survival rate of approximately 15%.

2.2 | Evaluation of Locomotor Activity

The open field test is one of the gold standard assays in preclinical
studies and is commonly used to investigate compounds with
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FIGURE 4 | Effect of indole alkaloids on the locomotor activity of zebrafish. DZP—diazepam (4 mg/kg; 20 pL/animal; i.p.). Control—DMSO (3%;
20 pL; i.p.). The values represent the mean + standard error of the mean (S.E.M.) for 6 animals/group. Analysis of variance (ANOVA) followed by Tukey
for the isocarapanaubine (AIN1) sample and Kruskal-Wallis test for the 18-3-hydroxy-3-epi-a-yohimbine (AIN2) sample; *p < 0.05; **p < 0.01, ****p <

0.0001 versus Negative control.

activity in the nervous system, as well as to confirm their efficacy
[17]. In this test, the locomotor activity of the animals was
significantly altered when compared to the negative control (LC
=163 + 6.38) in the line crossing (LC) analysis, at least at one dose
of each sample studied (Figure 3). AIN1 showed this difference at
all tested doses (****p < 0.0001) with LC = 60.50 + 21.09; LC =
60.67 + 15.85; LC = 20.83 + 5.91 for doses of 4, 12, and 20 mg/kg,
respectively (Figure 4A); while AIN2 was distinguishable from
the negative control at doses of 4 mg/kg (**p < 0.01) with LC =
24.67 + 13.74 and 20 mg/kg (*p < 0.05) with LC = 25.83 + 10.40
(Figure 3B). It is noteworthy that the positive control showed a
result equal to LC =18 + 2.02.

The absence of alteration in the locomotor activity of the AIN2
sample at the intermediate dose (12 mg/kg) (Figure 4B) can be
attributed to the phenomenon known as the inverted U-shaped
dose-response curve or biphasic response. This type of response
is characterized by significant biological effects occurring only
at low and high doses of a substance, while intermediate doses
do not produce substantial changes. In the context of this study,
it is particularly relevant that the sample did not cause changes
in the fish locomotor system but still demonstrated anxiolytic
effects. This suggests that the sample has the potential to act as
an anxiolytic agent without inducing the sedative effects observed
in the positive control (diazepam [DZP]), indicating a promising
pharmacological profile for anxiety treatment [18].

Corroborating the data from the present study, Sousa et al. [9]
found alterations in the locomotion of zebrafish for all the studied
indole alkaloids at least at one of the evaluated doses (4, 20, and
40 mg/kg) when compared to the negative control. Additionally,
the research by Sakakibara et al. [19] investigated the effect of
indole alkaloids corinoxine (30 mg/kg), corinoxine B (30 mg/kg),
isorincofiline (100 mg/kg), and methyl ether of geissoschizine
(100 mg/kg) on the locomotor activity of mice and concluded that
there was a significant decrease.

2.3 | Evaluation of Anxiolytic Activity

The light/dark test evaluates the animal’s behavior in response
to anxiety and fear. Samples with anxiolytic characteristics

allow animals to spend more time in the illuminated area of
the aquarium while anxiety-inducing drugs reduce this time.
The anxiolytic activity was assessed using the light/dark test
by measuring the time spent in the light zone (TSLZ) of the
aquarium, and the samples exhibited an anxiolytic effect in adult
zebrafish when compared to the negative control (TSLZ =16.67 +
13.10), as shown in Figure 5. The alkaloid AIN1 showed a TSLZ =
297.17 + 2.29 for the 20 mg/kg dose (Figure 5A), and the alkaloid
AIN2 showed a TSLZ = 204.50 + 27.85 for the 12 mg/kg dose
(Figure 5B), similar to the DZP-treated group (TSLZ = 194.00
+ 22.18). As a result, the best doses for AIN1 and AIN2 were
20 mg/kg and 12 mg/kg, respectively, as they exhibited anxiolytic
activity without significant adverse effects. It is worth noting that
AIN1 demonstrated a visually superior anxiolytic effect compared
to DZP at the 20 mg/kg dose (Figure 5A).

2.4 | Evaluation of GABAergic and Serotonergic
Neuromodulation

The anxiolytic mechanism of action was investigated via GABAer-
gic (GABA,) and 5-HT using the best doses with anxiolytic effects
of the indole alkaloids AIN1 (20 mg/kg) and AIN2 (12 mg/kg). The
alkaloid AIN1 had its anxiolytic effect blocked by FMZ (TSLZ =
81.17 + 16.30) (####p < 0.0001 AIN1 vs. AIN1 + FMZ), indicating
that the sample acted via GABA, (Figure 6A), similar to what
occurred with DZP (TSLZ = 43.50 + 3.17) (####p < 0.0001 DZP
vs. DZP + FMZ).

However, the AIN2 alkaloid did not have its effect reversed via
GABA, (Figure 6B) and was subsequently investigated through
5-HT;,, showing its effect to be significantly blocked by the
granisetron (GSTN) antagonist (####p < 0.0001 AIN2 vs. AIN2 +
GSTN) with TSLZ = 23.5 + 14.88, similar to how fluoxetine (FLX)
blocked it with TSLZ = 39.33 + 5.38 (####p < 0.0001 FLX vs. FLX
+ GSTN) (Figure 7). As a result, the animals reverted to anxious
behavior, spending more time in the dark zone of the aquarium.

The anxiolytic potential of indole alkaloids is well-established in
the literature. The study by Sousa et al. [9] showed that the indole
alkaloids sarpagine, sarpaginine, 17-epi-peraksisna, peraksine, 17-
epi-rauvertina B, and rauvovertina B exhibited similarities to
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(A) Evaluation of isocarapanaubine (AIN1) and its interaction with flumazenil (FMZ) and diazepam (DZP). ####p < 0.0001 AIN1

versus AIN1 + FMZ; ####p < 0.0001 DZP versus DZP + FMZ. (B) Evaluation of 18-8-hydroxy-3-epi-a-yohimbine (AIN2) and its interaction with FMZ
and DZP. ##p < 0.01 DZP versus DZP + FMZ. DZP (4 mg/kg; 20 uL/animal; i.p.); FMZ (4 mg/kg; 10 uL i.p.); Negative control -DMSO (3%; 20 uL/animal;
i.p.). The values represent the mean + standard error of the mean for 6 animals/group; Two-way analysis of variance (ANOVA) followed by Tukey.
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FIGURE 7 | Anxiolytic action mechanism via 5-HT3A of the

18-B-hydroxy-3-epi-a-yohimbine (AIN2) sample. GSTN—Granisetron
(20 mg/kg; i.p.); FLX—Fluoxetine (0.05 mg/kg; oral); Negative control—
DMSO (3%; 20 uL/animal; i.p.). The values represent the mean + standard
error of the mean for six animals/group; Two-way analysis of variance
(ANOVA) followed by Tukey. ####p < 0.0001 AIN2 versus AIN2 +
GSTN; ####p < 0.0001 FLX versus GSTN + FLX.

DZP, indicating that they possess anxiolytic characteristics. The
authors investigated the mechanism of action and concluded that
all compounds acted via GABA, pathways, except for sarpagine,
which demonstrated action through the serotonergic system.

Additionally, Costa-Campos et al. [10] used the light/dark test in
mice to evaluate the anxiolytic activity of alstonine and obtained
positive results with a serotonergic mechanism of action. Both
et al. [12] studied the indole alkaloid psicotina at doses of 7.5
and 15 mg/kg, finding that it exhibited anxiolytic effects involving
serotonergic receptors.

2.5 | Molecular Docking Analysis

2.5.1 | GABA,4R Interaction Analysis

At the end of the independent molecular docking simulation
cycle via GABA 4R, it was observed that the ligand AIN1 bound to
the receptor at a distinct binding site from that of DZP (Figure 8A),
although it interacts with residues in the C chain, where the DZP
binding site is located, forming an AIN1/GABA R complex with
an affinity energy of approximately —7.6 kcal/mol (Table 1), which
is within an ideal specificity threshold (E < —6.0 kcal/mol) [21].
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FIGURE 8 | (A) Three-dimensional representation of the isocarapanaubine (AIN1) ligand docking on the GABA,R receptor in relation to the

diazepam (DZP) inhibitor and ligand-receptor interactions of (B) DZP inhibitor (grey color) and (C) AIN1 (cyan color) in relation to amino acid residues

(green color) of the GABA, R receptor.

All simulations performed within an ideal statistical threshold
assessed by root mean square deviation (RMSD) < 2.0 A, indi-
cating that the binding poses of the ligands exhibited a low root
mean square deviation, allowing for the reproducibility of this
simulation protocol (Table 1).

When analyzing the ligand-receptor interactions, it was observed
that DZP forms a series of hydrophobic interactions through its
aromatic systems, particularly with the aromatic portion of the
residues Tyr58, Phe77, Phel00, Tyrl60, and Tyr210 (Figure 8B),
constituting the key residues for GABA, R receptor modulation
[22]. On the other hand, it is noteworthy that AIN1 formed
H-bond interactions with the receptor through its heterocyclic
amide system (Figure 8C), where the nitrogen group interacted
with the H-bond accepting portion of the residue Lys118 (NH---O
= C), and the carbonyl portion acted as an H-bond acceptor
in relation to the residue Thrl46 (C = O---H—0), with donor-
acceptor distances of 2.23 and 3.35 A (Table 1), respectively,
indicating moderate strength interactions [23]. This analysis
suggests a possible synergistic effect of AIN1 associated with the
presence of DZP, enhancing the anxiolytic effect.

2.5.2 | 5-HT;,R Interaction Analysis

In evaluating the serotonergic mechanism (5-HT;,R), it was
found that the derivative AIN2 can interact with residues at the

binding site of the co-crystallized inhibitor CWB (Figure 9A),
located between chains B and C (Table 1). In contrast, the control
FLX binds to the CWB binding site located between chains A
and B (Figure 9A). At the end of the simulation cycles, an
affinity energy of -8.9 kcal/mol was evaluated for the formation
of the AIN2/5-HT;,R complex, indicating a more energetically
favorable coupling pattern compared to the drug FLX, which had
a calculated value of -7.1 kcal/mol (Table 1) [21]. The simulations
showed an RMSD < 2.0 A, demonstrating a binding pattern with
low root mean square deviation (Table 1).

When analyzing the ligand-receptor interactions, it was observed
that FLX interacts with residues at the CWB binding site between
chains A and B, including a hydrophobic interaction with the
aromatic portion of Tyr207 (B chain), through its aromatic ring
with a trifluoromethyl radical (Figure 9B). Similarly, the ligand
AIN2 presents a heterocyclic aromatic center capable of forming
hydrophobic interactions with the residue Tyr207 (C chain),
in addition to forming an H-bond interaction with Arg65 (B
chain), where the hydroxyl group acts as an H-bond donor to
the carbonyl group of the residue (O—H---O = C), showing that
the ligand binds at the CWB binding site between chains B and
C (Figure 9C). These analyses indicate that the compound AIN2
may act as an antagonist of the serotonergic mechanism.

Through molecular docking, Sousa et al. [9] analyzed several
indole alkaloids, including sarpagine, 3-hydroxy-sarpagine, and
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TABLE 1 | Data from molecular docking simulations expressed in statistical parameters (root mean square deviation [RMSD]), energetics, and

details of ligand-receptor interactions.

Ligand Target RMSD Energy Interactions
Type Residue Chain Distance
GABA,R AIN1 1824 A -7.6 kcal/mol Hydrophobic Pro64 C 3.97A
Lys118 C 3.54 A
Thr146 C 3.95A
H-bond Lysl18 C 2.23A
Thrl46 C 335A
Salt bridges Lysl118 C 439 A
Diazepam* 1.495 A -6.6 kcal/mol Hydrophobic Tyr58 C 352A
Phe77 C 3.47A
Phel00 D 383A
Phel00 D 3.92A
Tyrl60 D 3.56 A
Val203 D 3.95A
Tyr210 D 338A
Tyr210 D 3.86 A
H-bond Ser205 D 2.94 A
Ser206 D 3.16 A
Halogen bond His102 D 3.82A
5-HT;,R AIN2 1.876 A -8.9 kcal/mol Hydrophobic Trp63 B 341A
Arg65 B 370 A
Phel99 C 3,69 A
1le201 C 325A
Tyr207 C 336 A
H-bond Asp42 B 226 A
Arg65 B 353A
Salt bridges Arg65 B 5.46 A
Fluoxetin® 1.637 A -7.1 kcal/mol Hydrophobic Tle44 A 344 A
Tled4 A 3.70 A
1le180 A 3.90 A
Tyr207 B 3.80 A
H-bond Asnl01 B 3.28A
*Comparative ligand used in molecular docking simulations.
ligustrine. The authors concluded that the sarpagine nuclei 2.6 | In Silico DMPK Analysis
operated through the GABA, system, with the interactions
of 3-hydroxy-sarpagine occurring at the same site as DZP, 2.6.1 | Central Nervous System Multiparameter

while sarpagine acted at a distinct site, similar to AIN1 in
the present study. Regarding ligustrine, it showed an affinity
for the serotonergic receptor, acting at a different site than
risperidone (the reference drug used), similar to AIN2 when
compared with FLX. It is important to highlight that no molec-
ular docking data were found for any of the samples under
study.

Optimization Analysis

A multiparameter optimization (MPO) model developed by
Pfizer, Inc. is capable of estimating the pharmacokinetic pro-
file of small molecules with suitable properties for the central
nervous system (CNS). According to Wager et al. [24], weak
bases with low lipophilicity (logP < 3) that are larger and
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FIGURE 9 | (A) Three-dimensional representation of the docking of the 18-8-hydroxy-3-epi-a-yohimbine (AIN2) ligand on the 5-HT3 R receptor
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AIN2 (cyan color) in relation to the CWB antagonist (blue color) in relation to the amino acid residues (green color) of the 5-HT;4 R receptor.

more polar (topological polar surface area [TPSA] 40-90 A2)
than commonly active compounds in the CNS demonstrate
a positive correlation between safety and in vitro absorption,
distribution, metabolism, and excretion (ADME) properties: high
apparent permeability (Papp in 107° cm/s), low passive efflux
mediated by P-glycoprotein (P-gp), and low intrinsic clearance
in plasma (CLint,u < 8.0 mL/min/kg) [25]. These attributes
are associated with oral absorption and metabolic stability of
drugs.

Topological analysis of the molecular lipophilicity potential
(MLP) can reveal relationships between the lipophilic surface
and the polar surface of small molecules, highlighting their
permeability and diffusion potential across the cellular lipid
bilayer [26]. In this analysis, it was observed that the derivative
AINI exhibited a higher molecular weight (MW > 400 g/mol)
and, by extension, a larger molecular surface compared to the
derivative AIN2. However, it was noted that AIN2 has two
hydrogen bond donor (HBD) groups of the OH type, resulting
in a more hydrosoluble molecular surface (red color spectra)
compared to AIN1, where the presence of polar hydrogen bond
acceptor groups results in a less hydrophilic surface (yellow to
blue spectra), as shown in the MLP map in Figure 10A, resulting
in a logP of approximately 1.39 for AIN1 (most lipophilic) and 1.02
for the derivative AIN2 (less lipophilic).

The alignment of these descriptors resulted in a CNS MPO score
of 4.26 for AIN1, due to its high MW, and 5.15 for AIN2, indicating
abetter active profile in the CNS for the AIN2 derivative (Table 2).

When the lipophilicity (logP) and topological polarity (TPSA)
descriptors were aligned, it was possible to observe that the
compounds AIN1 and AIN2 reside in a physicochemical space
that is safe for the CNS, especially due to logP values < 3 and
TPSA > 75 A% (Figure 10B). Supporting this, the MDCK Papp
descriptors were greater than 1.0 X 10~° cm/s, favoring the passive
permeability of AIN2 across the BBB (Figure 10C) (Table 3),
indicating gradual access to the CNS [25]. On the other hand,
when the solubility attributes at physiological pH (logD at pH 7.4)
were aligned with MW, it was observed that AIN2 is in a favorable
physicochemical space for passive intestinal permeability and
low hepatic clearance, agreeing with the estimated Caco-2 Papp
of 1.3 x 1075 (Table 3), indicating gradual diffusion in the
gastrointestinal tract.

The prediction of ADME descriptors showed an estimated
absorption fraction (F%) of 97.01% for AIN1 and 86.75% for the
AIN2 derivative (Table 3), although the activity spectrum in
the CNS is more favorable for AIN2 due to the alignment of
physicochemical attributes (Table 2). This result corroborates
with the predicted BBB permeability descriptors expressed in
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FIGURE 10 | (A) surface map of molecular lipophilicity potential (MLP), (B) alignment between logP and topological polar surface area (TPSA)

in the prediction of the permeability in the central nervous system (CNS), (C) alignment between solubility at physiological pH (logD) and molecular
weight in estimating the balance between permeability and metabolic stability, and (D) site of metabolism prediction.

TABLE 2 | Physicochemical properties of isocarapanaubine (AIN1) and 18-B-hydroxy-3-epi-a-yohimbine (AIN2) calculated and applied to the MPO

score system.

MwW TPSA CNS Pfizer
Compound logP logD, , (g/mol) (A?) HBD pKa MPO rule
AIN1 1.39 -1.28 428.49 86.33 1 10.14 4.26 Optimized
AIN2 1.02 0.28 370.45 85.79 3 8.05 5.15 Optimized

TABLE 3 | Pharmacokinetic properties of the ligands isocarapanaubine (AIN1) and 18-3-hydroxy-3-epi-a-yohimbine (AIN2) predicted by consensus
absorption, distribution, metabolism, and excretion (ADME) testing between the PreADMET and ADMETIab platforms.

P,,, Caco-2 P,,» MDCK PAMPA BBB class. CLintu
Compound (in 107 cm/s) (in107% cm/s) (Pegr) F% Clbrain]/ Cblood] (mL/min/kg)
AIN1 2.869 0.304 — 97.01 0.085 6.18
AIN2 1.379 1.021 — 86.76 0.614 6.43

brain/blood concentration (C[brain]/C[blood]), with a predicted
value of 0.6 for the AIN2 derivative [27] (Table 3).

2.7 | Human Liver Microsome Stability Prediction

The prediction of phase I metabolic sites allows for the estimation
of secondary metabolites formed in human liver microsomes
(HLM), defining the metabolic profile of drug candidates and the
potential toxic effects of these processes [28]. Biotransformations
commonly associated with the CYP450 isoform system include
oxidation, reduction, and dealkylation reactions at polar N-
and O-centers, as well as oxygenation reactions at aromatic
centers, resulting in more polar metabolites for excretion [29].

However, some metabolites may be reactive and covalently
bind to unwanted targets, such as proteins and DNA, causing
liver damage [30]. These processes can also affect the oral
bioavailability and hepatic clearance of these drug candidates
[25].

In this analysis, it was observed that the heterocyclic ring
containing a tertiary amine (R3N) is a CYP450-dependent
N-dealkylation site in both ligands. The predictive ADME test
showed that both can be substrates of major metabolizing iso-
forms in the human liver. However, the AIN1 derivative has two
—OCH; groups attached to the aromatic ring that are susceptible
to CYP450-dependent O-dealkylation biotransformation. On
the other hand, the AIN2 ligand presents a greater number of
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phase II biotransformation sites, where the —OH and —COOCH;
groups are sites for glucuronidation and hydrolysis, respectively,
potentially resulting in a low concentration of first-pass
secondary metabolites. These analyses suggest that AIN2 exhibits
greater resistance to phase I metabolism, making the compound
more metabolically stable compared to the AIN1 derivative.

3 | Conclusions

Zebrafish assays demonstrated that the samples AIN1 and AIN2
were non-toxic and exhibited anxiolytic behaviors at doses of
20 mg/kg for AIN1 and 12 mg/kg for AIN2, despite acting through
different mechanisms. Molecular docking simulations suggested
that AIN1 may act synergistically with other GABAAR receptor
inhibitors, while AIN2 may modulate 5-HT3AR receptors by
interacting with common residues of the co-crystallized inhibitor.
Predictive DMPX tests revealed that the AIN2 derivative showed
better alignment between permeability, metabolic stability, and
safety for the CNS, although AIN1 also appears to be a viable can-
didate for anxiolytic action. Thus, this research contributes to the
understanding that the indole alkaloids AIN1 and AIN2 should
be further explored as potential tools in psychopharmacology.

4 | Experimental
4.1 | Drugs and Reagents

In this research, the following substances were used: FLX (San-
doz), DZP (Neo Quimica), DMSO (3%; Dynamic), GSTN, and
FMZ (Sandoz). The indole alkaloid compounds used in the study
were AINI and AIN2, the extraction and isolation from the R.
ligustrina plant, as well as the determination of their chemical
structure, were conducted by the research group and have already
been described in the literature [31].

4.2 | Zebrafish

Zebrafish aged between 90 and 120 days (0.4 + 0.1 g), wild and
of both sexes, were purchased from a store located in Fortaleza,
CE. The animals were divided into groups of 50 individuals
and acclimated in glass aquariums (30 x 15 x 20 cm) with
dechlorinated water (ProtecPlus) and air pumps with submerged
filters, maintained at 25°C, pH 7.0, and a light-dark cycle of 10-14
h. The fish were fed with Spirulina food 24 h before the tests. At
the end of the experiments, the fish were sacrificed by immersion
in cold water (2-4°C) for 10 min until cessation of opercular
movement. All activities involving the animals were approved by
the Ethics Committee for the Use of Animals (CEUA) of the State
University of Ceara (04983945/2021).

4.3 | Acute Toxicity

The acute toxicity assessment was conducted in adult zebrafish
according to the Organization for Economic Cooperation and
Development (OECD) [32] standard testing method to determine
the LDy, over 96 h. Each of the AIN1 and AIN2 samples was
administered in doses of 4, 12, or 20 mg/kg via intraperitoneal

(i.p.; 20 pL) injection, with each treatment dose group consisting
of n = 6 fish. A negative control was DMSO (3%; 20 pL; i.p.)
and a positive control was DZP (4 mg/kg; 20 uL; i.p.) were also
used. Fish mortality was recorded every 24 h for each group to
determine the LD, [33].

4.4 | Evaluation of Locomotor Activity

The open field test was conducted to investigate the influence
of the studied samples on the locomotor activity of the animals.
Each of the samples, AIN1 and AIN2, was administered at doses
of 4, 12, or 20 mg/kg via intraperitoneal injection (i.p.; 20 uL),
with each treatment dose group consisting of 6 fish. A negative
control was DMSO (3%; 20 uL; i.p.) and a positive control was DZP
(4 mg/kg; 20 pl; i.p.) were also used. After 30 min of treatment,
the animals were placed in Petri dishes (10 x 15 cm), divided into
four quadrants and filled with the same aquarium water, and the
locomotor activity was assessed for 5 min by counting the number
of LCs [20].

4.5 | Anxiolytic Evaluation

The assay was conducted in a glass aquarium (30 X 15 x 20 cm)
divided into a light and a dark area, filled with dechlorinated
water to a height of 3 cm, simulating an environment different
from a conventional aquarium and capable of inducing anxiety-
like behaviors. Each sample, AIN1 and AIN2, was administered
in doses of 4, 12, or 20 mg/kg via intraperitoneal (i.p.; 20 pL)
injection, with each treatment dose group consisting of six fish.
A negative control was DMSO (3%; 20 uL; i.p.) and a positive
control was DZP (4 mg/kg; 20 uL; i.p.) were also used. After 30
min, the animals were placed individually in the light area of the
aquarium, and the anxiolytic effect was assessed based on the
time spent in the illuminated area of the aquarium over 5 min
[20]. At the end of the test, the optimal dose providing the desired
activity without significant adverse effects for each sample was
determined by comparing the anxiolytic test with the toxicity
curve.

4.6 | Evaluation of GABA, Neuromodulation

The zebrafish (n = 6/group) was pre-treated with FMZ (4 mg/kg;
20 uL; i.p.). After 15 min, the best anxiolytic dose of the sample,
identified in the previous test, was administered. A group treated
with DMSO (3%; 20 uL; i.p.) served as the negative control, and
DZP (4 mg/kg; 20 uL; i.p.) served as the positive control and
agonist of the benzodiazepine binding site on GABA,. After 30
min of treatment, the animals were subjected to the light/dark
test, as described previously [34].

4.7 | Evaluation of Serotonergic Neuromodulation

Groups of 6 fish were pretreated with the GSTN antagonist (5-
HT,,, 20 mg/kg, orally), and after 30 min, the fish received the
optimal dose of the sample with anxiolytic effects. One group
served as the negative control and received DMSO (3%; 20 uL;
i.p.), while another group received FLX (0.05 mg/kg; i.p.), which
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was used as the positive control and agonist for the 5-HT binding
site. Finally, the groups were subjected to the light/dark test, as
described in the “Anxiolytic Evaluation ” section [34].

4.8 | Statistical Analysis

The results were expressed as mean values + standard error
of the mean for each group of 6 fish. After confirming the
normality of the distribution and data homogeneity, differences
between groups were analyzed using one-way analysis of variance
(ANOVA) for parametric data, followed by the Tukey test, and the
Kruskal-Wallis test was used for non-parametric data. Two-way
ANOVA was employed in experiments with antagonists, followed
by the Tukey test. All analyses were conducted using GraphPad
Prism v. 10.3.1 software. The statistical significance level was set

at 5% (*p < 0.05).

4.9 | Molecular Docking Analysis

To theoretically analyze the anxiolytic mechanism of action,
a series of independent molecular docking simulations were
performed using the GABA, (GABA,R) and serotonergic (5-
HT;,R) pathways. The “CryoEM structure of human full-length
alphalbeta3gamma2L. GABA,R in complex with DZP (Valium),
GABA, and megabody Mb38” and the “Cryo-EM structure of the
5SHT3A receptor in the presence of GSTN” were retrieved from
the RCSB Protein Data Bank (https://www.rcsb.org/) under PDB
ID codes 6HUP and 6NPO, respectively. These are classified as
membrane receptors and present chemical structures resolved by
electron microscopy at resolutions of 3.58 and 2.92 A, respectively.

The protein preparation stage involved the removal of water
residues and co-crystallized small molecules, as well as the
addition of polar hydrogens and Gasteiger charges, using the
AutoDockToolsTM program (https://autodocksuite.scripps.edu/
adt/). The grid box was adjusted to encompass the entire con-
formational space of the proteins, with dimensions of 94 x 92
x 126 A along the axes x = 134.39, y = 135.69, and z = 133.776
for the GABA,R receptor, and dimensions of 86 X 90 X 126
A along the axes x = 159.616, y = 159.619, and z = 144.899
for the 5-HT; R receptor. Finally, the AutoDockVinaTM code
(https://vina.scripps.edu/) was configured to perform a cycle of
50 independent simulations of 20 docking poses each, using the
Lamarckian Genetic Algorithm, where the selection criteria for
the best pose included affinity energy parameters lower than
-6.0 kcal/mol and a RMSD of less than 2.0 A [35].

4.10 | In Silico DMPK Analysis

To predict the properties of DMPK, analyses of the physicochem-
ical attributes of the ligands AINI1 and AIN2 were conducted
based on the CNS MPO developed by Pfizer, Inc., as shown in
Equation (1):

d= iwk(T (x)), @)

w represents the weighting factor (ranging from 0 to 1) for
each physicochemical attribute (k), associated with the sat-
isfaction function of the statistical thresholds (T(x)). These
thresholds include: intrinsic logP < 3, lipophilicity at physi-
ological pH (logD at pH 7.4) < 2, MW < 360 g/mol, TPSA
between 40 and 90 AZ, number of HBDs < 1, and basic pKa
< 8 (N = 6). The summation of these weightings results in
a desirability score (d), ranging from 0 to 6, which indicates
DMPXK viability. The physicochemical properties were calculated
using the academic licensed program MarvinSketch LTS ver-
sion Neon.3, Chemaxon (https://chemaxon.com/marvin), and
the results of the CNS MPO analyses were related to the
predicted DMPK properties expressed in the Parallel Artificial
Membrane Permeation Assay and ADME profile, utilizing the
PreADMET (https://preadmet.qsarhub.com/adme/), ADMETlab
(https://admetlab3.scbdd.com/), and ADMETboost—AI Drug
Lab (https://ai-druglab.smu.edu/admet) servers.

The prediction of stability in HLM was conducted through the
prediction of the metabolism site of the ligands AIN1 and AIN2
using the XenoSite server (https://xenosite.org/) to identify phase
Imetabolism sites, dependent on cytochrome P450 (CYP450), and
phase II, dependent on conjugation reactions.

Author Contributions

Nadia Aguiar Portela Pinheiro: investigation, writing — review and
editing. Ivana Carneiro Romdo and Amanda Maria Barros Alves:
supervision, formal analysis, software. Sénia Maria Costa Siqueira
and Andreia Ferreira de Castro Gomes: writing the original draft
and reviewing the manuscript. Emmanuel Silva Marinho and Marcia
Machado Marinho: software and validation. Jane Eire Silva Alencar
de Menezes and Hélcio Silva dos Santos: administration and project
writing. Herbert de Sousa Magalhaes and Otilia Deusdénia Loiola
Pessoa: extraction, isolation of samples, and characterization of samples.

Acknowledgments

The authors acknowledge Fundacdo Cearense de Apoio ao
Desenvolvimento Cientifico e Tecnologico (FUNCAP), Conselho
Nacional de Desenvolvimento Cientifico e Tecnolégico (CNPq), and
the Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES) for financial support and scholarship. Helcio Silva dos Santos
acknowledges financial support from CNPq (Grant 306008/2022-0) and
FUNCAP-INTERNACIONALIZACAO (Grant ITR-0214-00060.01.00/23).
Otilia Deusdénia Loiola Pessoa acknowledges financial support from
CNPq—Universal (Grant 406119/2021-0).

The Article Processing Charge for the publication of this research was
funded by the Coordenagdo de Aperfeicoamento de Pessoal de Nivel
Superior - Brasil (CAPES) (ROR identifier: 00xOma614).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. WHO. Mental Disorders, Accessed March 22, 2025 https://www.who.
int/news-room/fact-sheets/detail/mental-disorders.

10of11

Chemistry & Biodiversity, 2025

85UB0 | SUOWIWIOD) BAIRERID 3|01 jdde U Aq peusnob a1e 3ol O ‘@SN JO S| 10§ ALeiq1 8UIIUO AB]IM UO (SUORIPUOD-PUR-SWLBILIOD" A3 | IM ARe.q 1 U UO//SENY) SUORIPUOD Pue S L 3L} 885 *[5202/90/60] U0 Ariq1auliuO AB|IM ‘28D 0p [eieped 8pepSRAIUN - N -SOLNYS SOA YATIS OIDT3H Ad 910005202 APGO/Z00T OT/10p/wiod" AB| m-Aseiq1jput uo//sdny Wwouy pepeojumoq ‘0 ‘088TZTIT


https://www.rcsb.org/
https://autodocksuite.scripps.edu/adt/
https://vina.scripps.edu/
https://chemaxon.com/marvin
https://preadmet.qsarhub.com/adme/
https://admetlab3.scbdd.com/
https://ai-druglab.smu.edu/admet
https://xenosite.org/
https://www.who.int/news-room/fact-sheets/detail/mental-disorders

2. WHO. World Mental Health Day, 2023: Mental Health is a Basic
Human Right, Accessed March 22, 2025 https://www.emro.who.int/
media/news/world-mental-health-day-2023-mental-health-is-a-basic-
human-right.html#:~:text=The%20global%20burden%200f%20mental,
prevalence%20among%20all%20WHO%20regions.

3. J. Shanmugasundaram, V. Subramanian, J. Nadipelly, P. Kathirvelu, V.
Sayeli, and B. V. Cheriyan, “Anxiolytic-Like Activity of 5-methoxyflavone
in Mice with Involvement of GABAergic and Serotonergic Systems—In
Vivo and in Silico Evidences,” European Neuropsychopharmacology 36
(2020): 100-110.

4. M. K. A. Ferreira, A. W. Da Silva, F. C. O. Silva, et al., “Anxiolytic-Like
Effect of Chalcone N-{4'[(2E)-3-(3-nitrophenyl)-1-(phenyl)prop-2-en-1-
onel} Acetamide on Adult Zebrafish (Danio rerio): Involvement of the
5-HT System,” Biochemical and Biophysical Research Communications 526
(2020): 505-511.

5. Robert Peter Biney, Charles Kwaku Benneh, James Oppong Kyekyeku,
Elvis Ofori Ameyaw, Eric Boakye-Gyasi, and Eric Woode, “Attenuation
of Anxiety Behaviours by Xylopic Acid in Mice and Zebrafish Models of
Anxiety Disorder,” Journal of Pharmaceutical and Biosciences 6 (2018): 07—
16.

6. M. M. Pereira, R. L. R. P. Jacome, A. F. C. Alcantara, R. B. Alves,
and D. S. Raslan, “Alcaldides Indélicos Isolados de Espécies do Género
Aspidosperma (Apocynaceae),” Quimica Nova 2007, 30, 970-983.

7. S. Surendran, R. Raju, P. Prasannan, and A. Surendran, “A Compre-
hensive Review on Ethnobotany, Phytochemistry and Pharmacology of
Rauvolfia L. (Apocynaceae),” The Botanical Review 87 (2021): 311-376.

8. S. Munir, A. Shahid, B. Aslam, et al., “The Therapeutic Prospects
of Naturally Occurring and Synthetic Indole Alkaloids for Depression
and Anxiety Disorders,” Evidence-Based Complementary and Alternative
Medicine 1 (2020): 8836983.

9. H. M. Sousa, A. B. Silva, M. K. A. Ferreira, et al., ““Indole Alkaloids
of Rauvolfia Ligustrina and Their Anxiolytic Effects in Adult Zebrafish’,”
Biological and Pharmacological Activity 89 (2023): 979-989.

10. L. Costa-Campos, S. C. Dassoler, A. P. Rigo, M. Iwu, and E. Elisabetsky,
“Anxiolytic Properties of the Antipsychotic Alkaloid Alstonine,” Pharma-
cology Biochemistry and Behavior 77 (2004): 481-489.

11. R. B. Seidakhmetova, L. I. Arystan, G. M. Muldaeva, L.
S. Haydargalieva, and Z. S. Nurmaganbetov, “Assessment of
Neuroprotective Effects of Alkaloid Compounds,” Periodico Tche
Quimica 17 (2020): 1-11.

12. F. L. Both, L. Meneghini, V. A. Kerber, A. T. Henriques, and E.
Elisabetsky, “Psychopharmacological Profile of the Alkaloid Psycholla-
tine as a SHT2 A/C Serotonin Modulator,” Journal of Natural Products 68
(2005): 374-380.

13.J. D. R. Lima, M. K. A. Ferreira, K. V. B. Sales, et al., “Diterpene Sonde-
rianin Isolated from Croton blanchetianus Exhibits Acetylcholinesterase
Inhibitory Action and Anxiolytic Effect in Adult Zebrafish (Danio rerio)
by 5-HT System,” Journal of Biomolecular Structure and Dynamics 40
(2022): 13625-13640.

14. N. Dhiman, S. Deshwal, V. Rishi, N. K. Singhal, and R. Sandhir,
“Zebrafish as a Model Organism to Study Sporadic Alzheimer’s Disease:
Behavioural, Biochemical and Histological Validation,” Experimental
Neurology 383 (2025): 115034.

15. I. C. Martins and P. G. Cadena, “Antiepileptic Drugs Cause Lethal,
Sublethal, Teratogenic Effects and Morphometric Parameters on Embryos
and Larvae of Zebrafish (Danio Rerio),” Revista Ibero-Americana De
Humanidades, Ciéncias e Educacdo 6 (2020): 485-504.

16. M. G. D. Silva, M. M. Furtado, A. T. Osério, et al., “A Importancia
dos Ensaios de Toxicidade para o Desenvolvimento e o Registro de
Fitoterapicos no Brasil,” Research, Society and Development 10 (2021):
€538101220137.

17. F. Ahmad and M. K. Richardson, “Exploratory Behaviour in the
Open Field Test Adapted for Larval Zebrafish: Impact of Environmental
Complexity,” Behavioural Processes 92 (2013): 88-98.

18. C. Maximino, A. W. B. Da Silva, A. Gouveia, and A. M. Herculano,
“Pharmacological Analysis of Zebrafish (Danio rerio) Scototaxis,”
Progress in Neuro-Psychopharmacologicy and Biological Psychiatry 35
(2011): 624-631.

19. I. Sakakibara, S. Terabayashi, M. Kubo, et al., “Effect on Locomotion
of Indole Alkaloids from the Hooks of Uncaria Plants,” Phytomedicine 6
(1999): 163-168.

20. D. Gebauer, N. Pagnussat, A. Piato, I. C. Schaefer, C. D. Bonan, and
D. R. Lara, “Effects of Anxiolytics in Zebrafish: Similarities and Differ-
ences between Benzodiazepines, Buspirone and Ethanol,” Pharmacology
Biochemistry and Behavior 99 (2011): 480-486.

21. S. Shityakov and C. Foerster, “In Silico Predictive Model to Deter-
mine Vector-mediated Transport Properties for the Blood-Brain Barrier
Choline Transporter,” Advances and Applications in Bioinformatics and
Chemistry 7 (2014): 23.

22. S. Masiulis, R. Desai, T. Ucharniski, et al., “GABAA Receptor Signalling
Mechanisms Revealed by Structural Pharmacology,” Nature 565 (2019):
454-459.

23. A.Imberty, K. D. Hardman, J. P. Carver, and S. Perez, “Molecular Mod-
elling of Protein-carbohydrate Interactions. Docking of Monosaccharides
in the Binding Site of Concanavalin A,” Glycobiology 1 (1991): 631-642.

24. T. T. Wager, X. Hou, P. R. Verhoest, and A. Villalobos, “Central
Nervous System Multiparameter Optimization Desirability: Application
in Drug Discovery,” ACS Chemical Neuroscience 7 (2016): 767-775.

25. M. Pettersson, X. Hou, M. Kuhn, T. T. Wager, G. W. Kauffman,
and P. R. Verhoest, “Quantitative Assessment of the Impact of Fluorine
Substitution on P-glycoprotein (P-gp) Mediated Efflux, Permeability,
Lipophilicity, and Metabolic Stability,” Journal of Medicinal Chemistry 59
(2016): 5284-5296.

26. N. Oberhauser, A. Nurisso, and P. A. Carrupt, “MLP Tools: A PyMOL
Plugin for Using the Molecular Lipophilicity Potential in Computer-aided
Drug Design,” Journal of Computer-aided Molecular Design 28 (2014): 587
596.

27.X. L. Ma, C. Chen, and J. Yang, “Predictive Model of Blood-brain
Barrier Penetration of Organic compoundsl,” Acta Pharmacologica Sinica
26 (2005): 500-512.

28. K. Yu, X. Geng, M. Chen, et al., “High Daily Dose and Being a
Substrate of Cytochrome P450 Enzymes Are Two Important Predictors of
Drug-Induced Liver Injury,” Drug Metabolism and Disposition 42 (2014):
744-750.

29. M. Zheng, X. Luo, Q. Shen, et al., “Site of Metabolism Prediction for
Six Biotransformations Mediated by Cytochromes P450,” Bioinformatics
25 (2009): 1251-1258.

30. T. B. Hughes, G. P. Miller, and S. J. Swamidass, “Modeling Epoxidation
of Drug-Like Molecules With a Deep Machine Learning Network,” ACS
Central Science 1 (2015): 168-180.

31. H. S. Magalhaes, A. B. Da Silva, N. R. F. Nascimento, et al., “Effect of
Indole Alkaloids From Roots of Rauvolfia Ligustrina in the Noradrenergic
Neurotransmission,” Fitoterapia 143 (2020): 104545.

32. OECD, “Test N°. 203: Fish, Acute Toxicity Testing, Section 2: Effects on
Biotic Systems. Guidelines for the Testing of Chemicals,” OECD Library
203 (2019): 1-24.

33. O. Arellano-Aguillar, S. Solis-Angeles, L. Serrano-Garcia, E. Morales-
Sierra, A. Méndez-Serrano, and R. Montero-Montoya, “Use of the
Zebrafish Embryo Toxicity Teste for Risk Assessment Purpose: Case
Study,” Journal of FisheriesSciencescom 9 (2015): 52.

34. C. K. Benneh, R. P. Biney, P. K. Mante, A. Tandoh, D. Adongo, and
E. Woode, “Maerua angolensis Stem Bark Extract Reverses Anxiety and
Related Behaviours in Zebrafish—Involvement of GABAergic and 5-HT
Systems,” Journal of Ethnopharmacology 207 (2017): 129-145.

35. E. M. Marinho, J. Batista De Andrade Neto, J. Silva, et al., “Virtual
Screening Based on Molecular Docking of Possible Inhibitors of Covid-19
Main Protease,” Microbial Pathogenesis 148 (2020): 104365.

1 of11

85U90 SUOLILOD BA 11810 |G e aU A PoULBAD 8.2 D11 YO (95N J0 SN 10} AXeicl1 BUIIUO AB]1 UO (SUONIPUOO-PUE-SLLLBYWIOD" A3 I ARIqIPU1U0//SdIY) SUOIPUCO PUE S L 8U) 89S *[G20Z/00/80] U0 ARIG1T3UIIUO AB1I * BESD) 0P [EBPO< 3PRpSAIN - 04N - SOLNYS SOA YATIS 010 TaH Ad 9T0005202 APGO/Z00T OT/10p/LC0" 3| AReic)|[pUIIUO//ScY W1y popeojumo ‘0 ‘088TZTIT


https://www.emro.who.int/media/news/world-mental-health-day-2023-mental-health-is-a-basic-human-right.html#:%7E;:text=;The%20global%20burden%20of%20mental,prevalence%20among%20all%20WHO%20regions

	Anxiolytic Effects of Indole Alkaloids From Rauvolfia ligustrina in Adult Zebrafish: Involvement of the GABAergic and 5-HT Systems
	1 | Introduction
	2 | Results and Discussion
	2.1 | Acute in Vivo Toxicity
	2.2 | Evaluation of Locomotor Activity
	2.3 | Evaluation of Anxiolytic Activity
	2.4 | Evaluation of GABAergic and Serotonergic Neuromodulation
	2.5 | Molecular Docking Analysis
	2.5.1 | GABAAR Interaction Analysis
	2.5.2 | 5-HT3AR Interaction Analysis

	2.6 | In Silico DMPK Analysis
	2.6.1 | Central Nervous System Multiparameter Optimization Analysis

	2.7 | Human Liver Microsome Stability Prediction

	3 | Conclusions
	4 | Experimental
	4.1 | Drugs and Reagents
	4.2 | Zebrafish
	4.3 | Acute Toxicity
	4.4 | Evaluation of Locomotor Activity
	4.5 | Anxiolytic Evaluation
	4.6 | Evaluation of GABAA Neuromodulation
	4.7 | Evaluation of Serotonergic Neuromodulation
	4.8 | Statistical Analysis
	4.9 | Molecular Docking Analysis
	4.10 | In Silico DMPK Analysis

	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement

	References


