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ABSTRACT

Simira paraensis (Baill.) Steyerm (Rubiaceae), popularly known as arariba-rosa, is a small tree found mainly in the
Amazon. Studies on the genus Simira report a chemical composition rich in indole alkaloids of the g-carboline
class, which are associated with effects on the central nervous system. The present study aimed to characterize
the chemical profile and evaluate the anxiolytic activity of S. paraensis bark through in vivo and in silico assays.
The powdered bark was extracted with a hydromethanolic solution, yielding a red-colored extract (SP-EMB),
which was analyzed by Ultra High Performance Liquid Chromatography coupled to Electrospray Ionization Mass
Spectrometry and Quadrupole-Time-of-Flight Analyzer (UPLC-ESI-QToF-MS/MS). The neuropharmacological
activity was evaluated in zebrafish (Danio rerio) using locomotor activity, light/dark, novel tank, GABAergic
neuromodulation, and PTZ-induced seizure assays. UPLC-ESI-QToF-MS/MS analysis revealed 15 f-carboline
alkaloids, 4 phenolic acid derivatives, and 1 phenolic glycoside. Harmane, the major constituent, was isolated by
preparative HPLC and identified by UPLC-ESI-QToF-MS/MS and NMR analyses. SP-EMB exhibited anxiolytic-like
effects in both light/dark and novel tank tests, with low acute toxicity (LDso > 400 mg-kg™) and reduced sedative
effects compared to diazepam (DZP, 4 mg-kg™'). Molecular docking showed that harmane and chlorogenic acid
have high affinity for the GABA, receptor, indicating their influence on the anxiolytic effect. Both compounds
showed low toxicity (LDso > 40 mg-kg™) and dose-dependent anxiolytic-like activity without locomotor
impairment. Furthermore, chlorogenic acid exhibited anxiolytic effects mediated by GABA, receptors. These
findings may suggest that S. paraensis is a promising alternative source of anxiolytic agents with lower sedative
effects.

1. Introduction

ring.
p-carboline alkaloids exhibit diverse biological and pharmacological

Rubiaceae is the fourth largest family of Angiosperms, with 132
genera and 1433 species, occurring predominantly in rainforests such as
the Amazon. The classes of secondary metabolites found in it include
iridoids, anthraquinones, terpenoids (diterpenes and triterpenes), indole
alkaloids, flavonoids and other phenolic derivatives [1]. The genus
Simira is characterized by the presence of p-carboline indole alkaloids
[2], which are characterized by a tricyclic structure with two nitrogen
atoms that varies according to the degree of saturation of the pyridinic

activities, especially in the central nervous system (CNS), and can act as
anxiolytics, sedatives, anticonvulsants, or cause effects such as halluci-
nations and tremors, due to interaction with different receptors [3,4].
Anxiety, while a natural and adaptive response, may become patho-
logical when excessive or persistent, as observed in anxiety disorders,
including social anxiety disorder, which are characterized by a range of
physical and emotional symptoms. Conventional pharmacological
management relies primarily on benzodiazepines, such as diazepam

* Corresponding author at: Embrapa Agroindustria Tropical, R. Dra. Sara Mesquita, 2270, Pici, Fortaleza, CE CEP 60511-110, Brazil.

E-mail address: kirley.canuto@embrapa.br (K.M. Canuto).

https://doi.org/10.1016/j.jpba.2026.117602

Received 30 January 2026; Received in revised form 7 May 2026; Accepted 4 June 2026

Available online 5 June 2026

0731-7085/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:kirley.canuto@embrapa.br
www.sciencedirect.com/science/journal/07317085
https://www.journals.elsevier.com/journal-of-pharmaceutical-and-biomedical-analysis
https://doi.org/10.1016/j.jpba.2026.117602
https://doi.org/10.1016/j.jpba.2026.117602
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpba.2026.117602&domain=pdf
http://creativecommons.org/licenses/by/4.0/

L.R.J. Martins et al.

(DZP); however, their clinical use is often limited by adverse effects,
including excessive sedation and the risk of tolerance and dependence
[5]. In this context, increasing attention has been directed toward me-
dicinal plants and herbal drugs as complementary or alternative stra-
tegies, particularly for the management of mild to moderate anxiety
symptoms [6]. Within this framework, plants rich in bioactive secondary
metabolites with known CNS activity have emerged as especially
promising candidates for pharmacological investigation.

Simira paraensis (Baill.) Steyerm, popularly known as arariba-rosa, is
a small tree endemic to the Amazon rainforest [7]. Although several
studies have addressed the chemical composition and biological prop-
erties of the genus Simira, including antipyretic, purgative, and
dye-related activities [2], investigations specifically focused on
S. paraensis remain limited, with only a single report available to date
[7]. This paucity of available data emphasizes the need for systematic
chemical and pharmacological studies of this species.

Thus, the present study aimed to characterize the chemical profile of
the crude methanolic extract obtained from S. paraensis bark using liquid
chromatography coupled to mass spectrometry, to evaluate its anxio-
lytic activity in zebrafish experimental model, and to investigate its
mechanism of action through molecular docking analyses.

2. Materials and methods
2.1. Plant material

The bark of Simira paraensis was collected in situ in the municipality
of Belém (1° 26" 12.7'S; 48° 26" 37.2' W), in the State of Par4, in March
2024. The plant parts were separated, lyophilized, and stored in an ultra-
freezer at —80 °C. This research was registered in the Brazilian System
for the Management of Genetic Heritage and Associated Traditional
Knowledge (SISGEN) under number A9E4150. A voucher specimen of
Simira paraensis was authenticated by a botanist and deposited in the
Herbarium IAN at Embrapa Amazonia Oriental under accession number
IAN 202.907.

2.2. Solvents, drugs, and reagents

LC-MS grade solvents were purchased from Merck® (Darmstadt,
Germany); ultrapure water (18.2 MQ-cm at 25 °C) was obtained from a
Milli-Q purification system (Millipore, Bedford, USA). Acetic acid PA
(Synth®), sodium hydroxide PA (Dynamic®) and sodium sulfate (Dy-
namic®), diazepam (DZP, Neo Quimica®), dimethyl sulfoxide (3%
DMSO, Dynamic®), flumazenil (FMZ, Sandoz®), pentylenetetrazol
(PTZ, Sigma Aldrich®). Additionally, an analytical standard of chloro-
genic acid (> 95%) was purchased from Sigma-Aldrich.

2.3. Extraction

The bark of S. paraensis (1.0 g) was extracted with methanol:water
(90:10, v/v), previously acidified with acetic acid to pH 2.0. Maceration
was carried out in an ultrasound bath (40 kHz, 25 + 2 °C) for 30 min and
repeated four times, followed by vacuum filtration. The filtrate obtained
was neutralized to pH 7.0-7.5 with 10% NaOH solution and then
concentrated in a rotary evaporator and dried under a nitrogen stream.
The resulting extract, named Crude Methanol Extract (SP-EMB), was
stored at —80 °C until subsequent analyses.

2.4. Chemical analyses

2.4.1. UPLC-ESI-QToF-MS/MS analysis

The SP-EMB (4 mg) was dissolved in 2 mL of methanol:water (50:50,
v/v) and filtered through a PTFE membrane (0.22 pm). Analyses were
performed on a Waters UPLC-ESI-QToF-MS/MS system. Chromato-
graphic separation was performed on an Acquity BEH C18 column
(150 x 2.1 mm, 1.7 pm), maintained at 50 °C. A 5 pL aliquot of SP-EMB
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was eluted with a mobile phase composed of deionized ater (A) and
acetonitrile (B), both containing formic acid (0.1% v/v), in an explor-
atory gradient: 1-50% B (8 min), 98% B (8.1-12.0 min), 100% B
(12.1-13.5 min), 1% B (13.6-15 min) and a flow rate of 0.5 mL-min~ L.
Ionization was performed using an electrospray ionization source in
positive and negative ESI modes, acquired in the range of 110-1180 Da,
and the optimized instrumental parameters were: capillary voltage at
3.2 kV (positive), 2.8 kV (negative), cone voltage at 40 V, source tem-
perature at 125 °C, desolvation temperature at 250 °C, and desolvation
gas flow rate at 600 L-h™!. The system was controlled using MassLynx
2.0 software (Waters Corporation). Compound characterization was
based on molecular formulas generated by MassLynx 4.2 (error <
5 ppm), isotopic matching (i-fit), MS fragmentation patterns, and
chemotaxonomic surveys for the genus Simira using the SciFinder
database.

2.4.2. Isolation and identification of harmane

The alkaloid harmane was isolated by preparative high-performance
liquid chromatography (prep-HPLC) using a system comprising a qua-
ternary gradient pump (Waters 2555), UV-Vis detector (Waters 2489),
and fraction collector (Waters Fraction Collector III). Separation was
performed on a reverse-phase C18 column (SunFire Prep, 100 x 19 mm,
5 um). The mobile phase consisted of ultrapure water (A) and methanol
(B), both acidified with 0.05% trifluoroacetic acid, using a gradient
elution program: 60% B (0 min), increased linearly to 100% B over
20 min, maintained until 25 min, and returned to 60% B at 30 min. The
flow rate was 5 mL min~!, with a total run time of 30 min at 25 °C. A
fixed injection volume of 1 mL (20 mg extract) was used, and chro-
matograms were monitored at 352 nm. Fractions corresponding to the
harmane peak (tr = 9.13 min) were collected, pooled, and concentrated
to yield the isolated compound. Preparative conditions were previously
optimized on an analytical HPLC system (Shimadzu LC—20AB Promi-
nence) fitted to an SPD-M20A diode array detector (DAD) and a C18
column (Shim-pack CLC-ODS (M), 150 x 4.6 mm, 5 um). Chromato-
graphic purity was assessed by HPLC-DAD using area normalization at
352 nm, while peak purity was evaluated by comparing UV spectra at
the upslope, apex, and downslope of the peak.

The identification of the isolated compound was confirmed by UPLC-
ESI-QToF-MS/MS and nuclear magnetic resonance (NMR) spectroscopy.
One- and two-dimensional NMR spectra (COSY, HSQC, and HMBC) were
recorded on a Bruker Neo spectrometer operating at 600 MHz for 'H and
150 MHz for ! 3C, equipped with a 5 mm inverse-detection One Probe
BBFO and a z-axis field gradient. The sample was dissolved in MeOD and
its spectroscopic data were compared with literature values. Afterwards,
this purified compound was used for the biological assays.

2.5. Studies in animal models

2.5.1. Zebrafish

Zebrafish (Danio rerio) (aged 90-120 days; 0.4 + 0.1 g, 3.5 + 0.5 cm),
wild, of both sexes, were acquired from a local store (Fortaleza, Ceara,
Brazil). The animals were kept in a 10 L glass aquarium (30 x 15 x
20 cm) (n = 3/L), circadian cycle of 14-10 h (light/dark) with chlori-
nated water (ProtecPlus®) and air pump with submersible filters, under
a temperature of 25 °C and pH 7.0. The fish received food (Spirulina®)
ad libitum 24 h before the experiments. Before drug administration, the
animals were anesthetized in ice water, and after the experiments, the
animals were sacrificed by immersion in ice water (2 and 4 °C) for 1 min
until loss of opercular movement. The work was approved by the Ethics
Committee on the Use of Animals of the State University of Ceara
(CEUA-UECE; No. 04983945/2021) in accordance with the Ethical
Principles of Animal Experimentation.

2.5.2. General protocol
Zebrafish of both sexes were randomly selected for the experiments,
anesthetized in ice water, and transferred to a moist sponge. Animals
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were treated with 20 uL of either the extract (40, 200, and 400 mg-kg ™)
or pure compounds (4, 20, and 40 mg-kg™!) by oral administration,
while DZP (4 mg-kg 1) and 3% DMSO were used as positive and vehicle
controls, respectively.

2.5.3. Toxicity test

Fish (n = 6 / group) were treated following the general protocol
guidelines and left to rest for mortality rate analysis for a period of 96 h.
The number of dead fish in each group was recorded every 24 h, and
dead individuals were removed from the environment at each evalua-
tion. The lethal dose capable of killing 50% of the animals (LDsg) was
estimated using the Trimmed Spearman-Karber mathematical method
with a 95% confidence interval.

2.5.4. Locomotor activity (Open Field Test)

The open field test was performed to assess the presence or absence
of alterations in motor coordination in animals. The animals (n = 6/
group) were pre-treated as described in the general protocol. DZP
(4 mg-kg™1) and 3% DMSO were used as positive and negative controls,
respectively. After 60 min of treatment, the animals were individually
placed in glass Petri dishes (10 x 15 cm with quadrants at the bottom of
the dish), containing the same aquarium water. Locomotor activity was
analyzed by counting the number of line crossings (CL), recorded during
0-5 min.

2.5.5. Anxiety-like behavior assays

2.5.5.1. Light/dark test. The experiment was conducted in a glass
aquarium (30 cm x 15 cm x 20 cm) divided into a light area and a dark
area. The aquarium was filled to 3 cm with dechlorinated tap water,
simulating a new shallow environment different from a conventional
aquarium and capable of inducing anxiety behaviors. The sample was
administered to the animals (n = 6/group) as described in the general
protocol. The negative and positive control groups consisted of 3%
DMSO and 4 mg-kg~! DZP solution, respectively. After 60 min, the an-
imals were individually placed in the light zone and the anxiolytic effect
was measured based on the time spent in the light zone of the aquarium
within 5 min of observation [8].

2.5.5.2. New tank test. Fish from each experimental group, following a
30 min exposure to SP-EMB extract, DZP (4 mg-kg™!), or 3% DMSO
(control), were individually transferred to a rectangular tank (20 x 15 x
12 cm; total capacity 2.8 L). The lateral and rear walls of the tank were
covered with white paper to minimize external visual stimuli, while the
front wall remained uncovered to allow video recording. Behavioral
activity was recorded immediately for 5 min. The tank was virtually
divided into two equal horizontal zones (upper and lower; 6 cm each) to
assess locomotor performance and anxiety-like behavior. The following
parameters were quantified: total distance traveled, mean swimming
speed, time spent and distance traveled in the upper zone, and per-
centage of exploration. Video recordings were analyzed using ToxTrack
software, as previously described by Moreira and Luchiari (2022). [9]

2.5.6. Evaluation of GABAergic Neuromodulation

The GABAergic neuromodulation involved in the anxiolytic effect
was performed through pretreatment with FMZ (GABA, antagonist)
before the light/dark test [10]. Fish (n = 6/group) were pretreated with
FMZ (4 mg-kg™!; 20 pL; v.0.). After 15 min, the dose with the highest
anxiolytic efficacy found in the previously performed test was admin-
istered. 3% DMSO (vehicle; 20 pL; v.0.) was used as a negative control
and DZP (4 mg-kg™!, 20 puL; v.0.) was used as a GABA, agonist. After
60 min of treatment, the animals underwent the light/dark test, as
described previously.
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2.5.7. Pentylenetetrazol (PTZ)-induced seizure

Animals were treated as described in the general protocol. After
30 min, animals were individually exposed by immersion in a 10 mM
PTZ solution in a 250 mL beaker. Seizure behavior was analyzed by
trained observers, measured in seconds, and classified according to
stages: I - drastic increase in swimming activity; II - swirling behavior; III
- clonus-like seizures, followed by loss of posture when the animal falls
to its side and remains motionless for 1-3 s. At the end of the evaluation
of the three stages of the test, the animals were euthanized on ice [8].

2.5.8. Statistical analysis

Results were expressed as mean values + standard error of the mean
for each group of 6 animals (n = 6). After confirming the normality of
distribution and homogeneity of the data, the differences between the
groups were subjected to analysis of variance - one-way ANOVA or
Kruskal-Walles test, followed by Tukey's test. All analyses were per-
formed using GraphPad Prism v. 8.0.1 software. The level of statistical
significance was set at 5% (p < 0.05).

2.6. Molecular docking

Two-dimensional representations of the ligands were plotted and
rendered using the academic license software MarvinSketch® Neon.3
LTS, Chemaxon®© (https://chemaxon.com/marvin), for structural opti-
mization by the Merck Molecular Force Field (MMFF94) method, using
the Avogadro2 software (https://two.avogadro.cc/index.html), config-
ured to perform 9000 calculation steps with a convergence limit of 105
units using the Steepest Descent algorithm [11], with a resolution of
3.58 A.

The three-dimensional structure of the GABA receptor was obtained
from the RCSB Protein Data Bank (https://www.rcsb.org/) under PDB
code 6HUP [12] at a resolution of 3.58 A. Water molecules (H20) and
the ligand DZP were removed, and Gasteiger charges were calculated
after adding polar hydrogens. The grid box was defined to cover the
entire conformational space of the protein, with dimensions x = 126,
y =102, and z = 127 (in A) and centered at coordinates x = 125.25,
y = 139.52, and z = 136.02, using the AutoDockTools software [13].

AutoDockVina (https://vina.scripps.edu/) was configured to run 50
independent cycles with 20 poses per cycle for each ligand, using the
Lamarckian Genetic Algorithm (LGA) with an exhaustivity parameter of
64. The selection criterion for the best pose included a ligand-receptor
complex with an affinity energy < —6.0 kcal-mol™! and a Root Mean
Square Deviation (RMSD) < 2.0 [14].

3. Results and discussion
3.1. Chemical characterization of SP-EMB

UPLC-ESI-QToF-MS/MS analysis allowed the chemical character-
ization of 20 compounds in SP-EMB, in both positive and negative
ionization modes (Fig. 1). All compounds (Fig. 2) were identified ac-
cording to molecular formulas, fragmentation patterns, and comparison
with literature data (Table 1). The MS and MS/MS mass spectra of all
substances (Figs. S1-S21) and the proposed fragmentation patterns of
those belonging to the alkaloid class (Figs. S22-S26) are presented in the
supplementary material.

Peaks 1 and 2 were assigned to phenolic glycosides. Peak 1
(tr = 1.87 min) showed precursor ion [M-H]  at m/z 433.1346
(C18H25012) and diagnostic ions at m/z 293 and 233 (Fig. S1), allowing
its characterization as the canthoside C or D isomer (1), previously re-
ported in Canthium berberidifolium (Rubiaceae) [15]. Peak 2
(tr =2.19 min) showed precursor ion [M-H]  at m/z 461.1295
(C19H25013) and diagnostic ions at m/z 167 and 123 (Fig. S2), which was
characterized as hydroxy-methoxy-benzoic acid-O-pentosyl hexoside
(2) [16].

Peaks 4, 6 and 9 were assigned to phenylpropanoids, i.e., cinnamic


https://chemaxon.com/marvin
https://two.avogadro.cc/index.html
https://www.rcsb.org/
https://vina.scripps.edu/

L.R.J. Martins et al.

1004

A)

3.03

Journal of Pharmaceutical and Biomedical Analysis 280 (2026) 117602

~e

100

B)

T
1.00

T
3.50

T T 1 Time
7.00

Fig. 1. Chromatogram of the methanolic extract of Simira paraensis stem bark by UPLC-ESI-QToF-MS/MS analyses in positive (A) and negative (B) ionization modes.

acid derivatives. Peak 4 (tr = 2.86 min) exhibited deprotonated pre-
cursor ion [M-H]™ at m/z 353.0873 (C16H1709), as well as the fragment
ion at m/z 191 (Fig. S4), which corresponds to the departure of depro-
tonated quinic acid (CyH;20g), confirming the identification as chloro-
genic acid (4) [17,18]. Peak 6 (tr = 3.38 min) exhibited a deprotonated
precursor ion [M-H] at m/z 337.0923 (C14H;70g) and diagnostic ions at
m/z 191 and 163 (Fig. S6). The fragmentation pattern is consistent with
coumaroylquinic acid derivatives, particularly due to the presence of the
diagnostic ions corresponding to deprotonated quinic acid (CyH120e,
m/z 191) [17] and p-coumaric acid (CoHgO3, m/z 163), supporting the
annotation of this peak as 5-O-p-coumaroylquinic acid (6) [18]. Peak 9
(tr = 3.64 min) exhibited deprotonated precursor ion [M-H] at m/z
367.1029 (C17H1909) and fragment ions at m/z 193, 191 and 173
(Fig. S9). These fragment ions were assigned to ferulic acid (C1oH1004,
m/z 193) and quinic acid (C7H;20¢, m/z 191) [17], while the ion at m/z
173 was attributed to the dehydration of quinic acid through the loss of
Ho0 (18 Da). Therefore, peak 9 was annotated as 3-O-feruloylquinic
acid (9) [18].

Peaks 3, 5, 8, 10, 12 and 13 were assigned to alkaloid compounds.
Peak 3 (tr = 2.70 min) and 5 (tr = 3.03 min) exhibited similar precursor
ions [M + H]" at m/z 513.1877 and 513.1882 (CsH9N20). MS/MS
yielded fragment ions with m/z 469, 351, 333, 307 (Figs. S3 and S5),
which are part of the structure of an indolic-f-carboline alkaloid with a
secologanin group [19]. According to the fragmentation proposal
(Fig. S22), these peaks are justified by the exit of glucose (CgH100s, m/z
162) and carbon dioxide (CO2, m/z 44), being identified as the isomers
ophiorine A (3) and ophiorine B (5). These compounds were previously
described in several Simira species such as S. glaziovii, S. tinctoria, S.
williamsii and S. grazielae [2,19-21]. Peak 8 (tr = 3.63 min) showed the
highest intensity in the chromatogram, exhibiting a protonated pre-
cursor ion [M 4 H] " at m/z 183.0922 (C;2H11N>) and fragment ions m/z
168, 142 and 115 (Fig. S8) due to the departure of the methyl radical
(Me®, m/z 15), the cyano radical (CN°®, m/z 26) and, together, ethyne
(CoHp, m/z 26) and the hydrogen ion (Fig. S23), being characterized as
harmane (8) [22]. Furthermore, this compound was isolated by HPLC
with a purity grade of 97% (Fig. $27). Its 'H and 3C NMR data
(Figs. S28-S30) were consistent with the structure of the f-carboline
alkaloid harmane. Signal assignments were established based on the
combined analysis of 1D and 2D NMR spectra (Tab. S1), allowing un-
ambiguous correlation between protons and carbons in the fused

aromatic system. The spectroscopic data are in agreement with those
reported in the literature for harmane [23]. Harmane is considered as a
chemotaxonomic marker of the genus Simira [2].

Peak 10 (tr = 3.75 min) exhibited a protonated precursor ion
[M + H]* at m/z 513.1873 (Ca6H29N2Og), similar to those observed for
ophiorine A (3) and ophiorine B (5), together with diagnostic fragment
ions at m/z 469, 351, 307, and 183 (Fig. S10). Except for the ion at m/z
183, the remaining fragments were also detected in peaks 3 and 5
(Figs. S3 and S5), supporting similar fragmentation pathways involving
the neutral losses of glucose (C¢H19Os, 162 Da) and carbon dioxide
(CO4, 44 Da), which account for the ions at m/z 351 and 307. However,
the relative intensity of the ion at m/z 307 was lower in peak 10 (~63%)
than in peaks 3 and 5 (100%), suggesting structural differences in the
moiety bearing the carboxyl group [19]. Furthermore, the ion at m/z
183 indicates cleavage of the secologanin portion (C;4H;809, 330 Da),
yielding the characteristic p-carboline core. Based on the proposed
fragmentation pathway (Fig. S24), peak 10 was identified as lyalosidic
acid (10) [20]. This compound has been describer for S. tinctoria, S.
williamsii and S. grazielae [2,20]. Peak 12 (t&r = 3.99 min) showed the
protonated precursor ion [M + H]' at m/z 517.2186 (CasH33N2Oo),
which was noted as strictosidinic acid (12) [19], since the fragments at
m/z 500, 338 and 320 (Fig. S12) are justified by the departure of
ammonia (NHs, m/z 17), glucose (C¢H100s, m/z 162) and water (Hz0,
m/z 18) (Fig. S25), respectively. Furthermore, m/z 144 (Fig. S12) is
indicative of a tetrahydro-g-carboline or dihydro-f-carboline indole
skeleton. Peak 13 (tr = 4.17 min) showed the protonated precursor ion
[M + H]" at m/z 531.2343 (Co7H35N20), i.e., a mass 14 units greater
than compound 12, indicating that peak 13 corresponds to a structure
with an ester function instead of a carboxylic acid (Fig. S26). In addition,
it showed the same diagnostic ion as m/z 144 (Figs. S13 and S26), being
identified as strictosidine (13). Both 12 and 13 were previously found in
S. grazielae [19].

Peaks 11 (tr = 3.81 min), 14 - 19 (&r = 4.20; 4,37; 4.42; 4.52; 4.64
and 4.87 min, respectively) and 21 (tr = 5.08 min) had ions at m/z 183
and 182, in positive mode (Fig. S11, S14-S19 and S21). The occurrence
of these characteristic fragment ions, commonly associated with the core
p-carboline scaffold, allowed their tentative classification as -carboline
alkaloid derivatives [24]. While peak 11 displayed the precursor ion
[M + H]™ at m/z 325.1552 (C;9H21N203), peaks 14-19 showed the same
protonated precursor ion at m/z 339.1709 (CgoH23N203) and peak 21 at
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Fig. 2. Structure of substances tentatively identified in SP-EMB of Simira paraensis trunk bark using UPLC-QToF-MS/MS.



L.R.J. Martins et al.

Journal of Pharmaceutical and Biomedical Analysis 280 (2026) 117602

Table 1
Compounds tentatively identified in SP-EMB of Simira paraensis trunk bark using UPLC-QToF-MS/MS.
Peak  RT [M-H]/ [M-H]/ [M+H]"  MS? Fragments Empirical Error Tentative name Ref.
(min) [M + H]" Obs Calc. formula (ppm)
1 1.87 433.1335/- 433.1346/- 293.0864, 233.0656 C18H25012 -2.5 Canthoside C or D [15]
2 2.19 461.1298/- 461.1295/- 167.0340, 123.0441 C19H25013 0.7 Hydroxy-methoxy-benzoic acid-O- [16]
pentosyl hexoside
3 2.70 -/513.1877 -/513.1873 469.1978, 351.1352, 307.1453 Co6H29N20g 0.8 Ophiorine A [19,
21]
4 2.86 353.0873/- 353.0873/- 191.0553 C16H1709 0.0 Chlorogenic acid [18,
54]
5 3.03 -/513.1882 -/513.1873 469.1984, 351.1357, 333.1252, C26H29N20g 1.8 Ophiorine B [19,
307.1458 21]
6 3.38 337.0922/- 337.0923/- 191.0550, 163.0392 C16H170s -0.3 5-0O-p-Coumaroylquinic acid [18]
7 3.48 -/649.2612 -/649.2609 487.2086, 469.1983, 307.1457 C31H41N2043 0.5 Unknown indole alkaloid -
8 3.63 -/183.0925 -/183.0922 168.0690, 142.0643, 115.0543 Ci12H11Ny 1.6 Harmane [22]
9 3.64 367.1026/- 367.1029/- 193.0503, 191.0550, 173.0444 C17H1909 -0.8 3-O-Feruloylquinic acid [18]
10 3.75 -/513.1876 -/513.1873 469.1976, 351.1351, 307.1451, Ca6H29N20g 0.6 Lyalosidic acid [20]
183.0913
11 3.81 -/325.1559 -/325.1552 183.0909, 182.0847 C19H21N203 2.2 p-carboline alkaloid type derivative [24]
12 3.99 -/517.2192 -/517.2186 144.0813 Co6H33N20g 1.2 Strictosidinic acid [19,
55]
13 4.17 -/531.2346 -/531.2343 326.1404, 308.1372, 183.0908, Co7H3sN20g 0.6 Strictosidine [19]
182.0847, 144.0812
14 4.20 -/339.1713 -/339.1709 183.0904, 182.0843 C20H23N203 1.2 p-carboline alkaloid type derivative [24]
15 4.37 -/339.1710 -/339.1709 183.0908, 182.0847 C20H23N203 0.3 p-carboline alkaloid type derivative [24]
16 4.42 -/339.1711 -/339.1709 183.0908, 182.0846 CooH23N203 0.6 p-carboline alkaloid type derivative [24]
17 4.52 -/339.1714 -/339.1709 183.0910, 182.0847 C20H23N503 1.5 p-carboline alkaloid type derivative [24]
18 4.64 -/339.1715 -/339.1709 183.0911, 182.0846 C20H23N203 1.8 p-carboline alkaloid type derivative [24]
19 4.87 -/353.1871 -/353.1865 183.0909, 182.0844 Co1HsN203 1.7 p-carboline alkaloid type derivative -
20 4.93 545.1658/- 545.1659/- 353.1022, 191.0553 Co7H29012 -0.2 Unknown
21 5.08 -/371.2337 -/371.2335 307.1448, 183.0925, 182.0874, C22H31N503 0.5 p-carboline alkaloid type derivative

144.0810

M + H]Jr m/z 371.2335 (Cy2H31N203).

Peak 7 (tr = 3.48 min) exhibited a protonated precursor ion [M + H]
*at m/z 649.2609 (C31H41N20) and was tentatively characterized as an
unknown indole alkaloid due to the presence of diagnostic fragment ions
at m/z 469 and 307 (Fig. S7), which were also observed for ophiorine A
(3) and ophiorine B (5). Peak 20 presented a precursor ion [M-H] atm/z
545.1658 and MS/MS fragments at m/z 353 and 191, corresponding to
molecular formula Cy7H29012, but remaining unidentified (Fig. S20).

Thus, the chemical profiling of Simira paraensis substantially expands
the chemotaxonomic knowledge of the species, genus, and its botanical
family. Among the identified compounds, canthoside C/D isomer (1),
chlorogenic acid (4), 5-O-p-coumaroylquinic acid (6), and 3-O-fer-
uloylquinic acid (9) are herein reported for the first time in S. paraensis.
In addition, hydroxy-methoxy-benzoic acid-O-pentosyl hexoside (2)
represents the first report for the Rubiaceae family. Although ophiorine
A (3), ophiorine B (5), harmane (8), lyalosidic acid (10), strictosidinic
acid (12), and strictosidine (13) have already been described in other
Simira species, this is the first report of these alkaloids in Simira para-
ensis. Furthermore, the detection of several unidentified p-carboline
derivatives (peaks 11 and 14-21) and an unknown indole alkaloid (7)
highlights the remarkable alkaloidal diversity of the species and re-
inforces the potential of S. paraensis as a promising source of previously
undescribed specialized metabolites.

3.2. Neuropharmacological evaluation of SP-EMB in zebrafish

The doses of SP-EMB tested (40, 200, and 400 mg-kg_l) did not
induce toxicity in adult zebrafish throughout the 96 h observation
period (LDso > 400 mg-kg 1), as evidenced by the absence of significant
mortality and the lack of apparent anatomical alterations (p > 0.05).
These findings confirm the suitability of these doses for subsequent in
vivo pharmacological evaluations.

Locomotor activity was reduced at all tested doses when compared
with the negative control (3% DMSO). However, this reduction was
significantly less pronounced than that observed for DZP, indicating an
intermediate sedative profile (Fig. 3A; ****p < 0.0001 vs. Control;

####p < 0.0001 vs. DZP). This behavioral pattern suggests that SP-
EMB exerts moderate CNS depressant effects, consistent with com-
pounds known to modulate zebrafish CNS activity [25].

Anxiolytic-like behavior was initially assessed using the light/dark
test, a validated paradigm based on the innate preference of zebrafish for
darker environments as an adaptive antipredatory response, analogous
to rodents [26]. SP-EMB elicited a significant anxiolytic effect exclu-
sively at the intermediate dose (200 mg-kg™%; *p < 0.05, ***p < 0.001
vs. Control), as demonstrated by an increased time spent in the illumi-
nated compartment (Fig. 3B). Notably, this effect was comparable to
that observed for DZP (4 mg-kg™!), the positive control, suggesting
pharmacological relevance and supporting further investigation of its
mechanism of action.

To further validate this anxiolytic-like profile through a comple-
mentary behavioral model, the novel tank test was performed, which
evaluates anxiety-like responses based on vertical exploratory behavior.
Upon introduction into a new environment, fish exhibit characteristic
bottom-dwelling and freezing behavior, reflecting an acute stress
response [27], followed by progressive exploration of the upper zone as
habituation occurs. Analysis of the behavioral data revealed that the
lowest doses of SP-EMB significantly reduced locomotor activity, as
evidenced by decreased total distance traveled and mean swimming
speed compared to the 3% DMSO control (*p < 0.05; **p < 0.01;
**xkp < 0.0001) (Fig. 5). Despite this reduction in locomotion,
SP-EMB-treated groups exhibited increased exploratory behavior.
Notably, fish exposed to the highest dose showed a significant increase
in distance traveled in the upper zone, comparable to DZP (*p < 0.05;
**p < 0.01 vs. control), suggesting an anxiolytic-like effect. Consis-
tently, the time spent in the upper region was significantly increased at
doses of 40 and 400 mg-kg~?, reinforcing the anxiolytic-like profile of
the extract.

The anxiolytic activity of SP-EMB may be partially attributed to its
phytochemical composition, which is rich in $-carboline indole alka-
loids, particularly harmane (8), the major constituent. These compounds
are known to interact with multiple CNS targets, including benzodiaz-
epine binding sites, thereby modulating anxiety-related behaviors [3,4].
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Fig. 3. Effect of SP-EMB on tests of A) locomotion, (**** p < 0.0001 vs. Control; #### p < 0.0001 vs. DZP), ANOVA followed by Tukey's test; B) anxiety,
(200 mg-kg™?, *p < 0.05, ***p < 0.001 vs. Control), Kruskal-Walks followed by Tukey's test; and C) GABAergic neuromodulation, (200 mg-kg™, #### p < 0.0001

vs. FMZ+SP-EMB), ANOVA followed by Tukey's test.

In agreement with these findings, we previously demonstrated that an
alkaloid-rich fraction obtained from Griffinia species (Amaryllidaceae)
produced marked anxiolytic-like effects in zebrafish in the light/dark
test at doses ranging from 40 to 200 mg-kg~! (i.p.). This activity was
mainly associated with isoquinoline alkaloids, such as lycorine-, vitta-
tine-, and assoanine-type derivatives, supported by pharmacological
antagonism assays and molecular docking analyses indicating in-
teractions with GABA and serotonergic receptors [28].

In addition to alkaloids, the presence of phenylpropanoids may also
contribute to the observed anxiolytic effects. Chlorogenic acid (4) [29],
as well as p-coumaric acid [30] and ferulic acid [31] moieties identified
within 5-O-p-coumaroylquinic acid (6) and 3-O-feruloylquinic acid (9),
respectively, have been reported to exert anxiolytic and antioxidant
activities. Chlorogenic acid (4), for instance, demonstrated anxiolytic

effects in mice using the elevated plus maze, light/dark, and novel object
recognition tests in studies involving Prunus domestica (Rosaceae) [29].
Likewise, extracts rich in 5-feruloylquinic acid from Sorbaria tomentosa
(Rosaceae) significantly increased light-area exploration in murine
light/dark tests, corroborating its anxiolytic potential [32].

The involvement of the GABAergic system in the anxiolytic effect of
SP-EMB was further confirmed using FMZ, a selective benzodiazepine
site antagonist at the GABA, receptor [33]. Pretreatment with FMZ
significantly attenuated the anxiolytic-like behavior induced by the
lowest effective dose of SP-EMB (200 mg-kg™'; p < 0.0001 vs. FMZ +
SP-EMB), as evidenced by reduced time spent in the illuminated
compartment (Fig. 3C). These results indicate that the anxiolytic action
of SP-EMB is mediated, at least in part, through modulation of
GABAergic neurotransmission, similarly to classical benzodiazepines



L.R.J. Martins et al. Journal of Pharmaceutical and Biomedical Analysis 280 (2026) 117602

A) B)
€ 600007 2 200-
£ =
3 g
T; 5 150
& 40000 T . ) .
3 s 1 E 1004 .
= = L %
2 T 3
2 200004
= % 504 Hkkk
3 g =
g
0- T T T T E 0- T T T T
Control 40 200 400 DZP Control 40 200 400 DZP
SP-EMB SP-EMB
mg-kg*; 20 pL; v.o. mg-kg; 20 pL; v.o.
C) D)
;; = 20000+
3 1507 E * %
£ g 15000~ T
= o *
£ 100 s T T
£ ] = e % 100004 L
= =
= S
g 2
£ 50 Z 5000
£ £ P
s =
ot
= 0. r | T I % L T T T T
S Control 40 200 400 DZP = Control 40 200 400 DZP
SP-EMB SP-EMB
mg-kg'; 20 pL; v.o. mg-kg*; 20 pL; v.o.
E) 100~ "
2 80+ T T 1
=
e
o 60—
= T
= 404
%)
E
= 20—
0‘# T T T T

Control 40 200 400 DZP

SP-EMB
mg-kg*; 20 pL; v.o.

Fig. 5. A) Total distance traveled in the New Tank test under the effect of SP-EMB on zebrafish behavior (0-5 min). B) Total speed traveled in the New Tank test
under the effect of SP-EMB on zebrafish behavior (0-5 min). C) Percentage of exploration in the New Tank test under the effect of SP-EMB on zebrafish behavior
(0-5 min). D) Distance traveled at the top in the New Tank test under the effect of SP-EMB on zebrafish behavior (0-5 min). E) Time at the top in the New Tank test
under the effect of SP-EMB on zebrafish behavior (0-5 min). The values represent the mean + standard error of the mean for 6 animals/group; using One-way
ANOVA followed by Tukey's test (A-D) and Kruskal-Wallis followed by Tukey's test (E).



L.R.J. Martins et al.

commonly used in anxiety treatment [33].

SP-EMB did not attenuate PTZ-induced seizure behavior at any of the
evaluated stages (****p < 0.0001 vs. Control; ####p < 0.0001 vs.
DZP), showing a significant difference relative to DZP (4 mg~kg’1),
which effectively delayed seizure onset across all three stages when
compared with the control groups (Fig. 4).

Seizure generation is primarily associated with disruptions in the
excitatory-inhibitory balance within the CNS, particularly involving
glutamatergic excitation and y-aminobutyric acid (GABA)-mediated in-
hibition [34,35]. While glutamate promotes neuronal excitation, GABA
acts to suppress neuronal firing and stabilize neural circuits [36]. In this
context, PTZ functions as a potent proconvulsant by enhancing excit-
atory neurotransmission and reducing GABAergic inhibitory tone [37],
thereby inducing rapid-onset seizures that typically require fast-acting
anticonvulsant agents. DZP, a positive allosteric modulator of the
GABA, receptor, is widely used in both anxiety and seizure management

Journal of Pharmaceutical and Biomedical Analysis 280 (2026) 117602

and thus serves as a suitable positive control in acute seizure models [8].

Although chlorogenic acid (4) is abundantly found in plant species
with reported neuroprotective and anticonvulsant properties, such as
Morus alba (Moraceae), its activity in seizure models appears to be
context dependent. In electroshock-induced seizure models in mice,
which are not exclusively GABAergic, the protective effects of chloro-
genic acid have been mainly attributed to its antioxidant and anti-
inflammatory properties, whereas the anticonvulsant effects were pri-
marily associated with flavonoids acting on GABAergic pathways [38].
While such neuroprotective mechanisms are relevant for long-term
neuronal resilience, they may be insufficient to counteract acute
chemically induced seizures, particularly when present at low concen-
trations, as observed in SP-EMB.

Similarly, phenylpropanoid derivatives structurally related to 5-O-p-
coumaroylquinic acid (6) and 3-O-feruloylquinic acid (9), have been
identified in Geigeria alata (Rubiaceae), a species traditionally employed
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in epilepsy treatment; however, the specific bioactive constituents
responsible for this ethnopharmacological use have not yet been eluci-
dated [39]. In contrast, studies on Aster glehni (Asteraceae) have
demonstrated that caffeoyl and p-coumaroyl (3-O-p-coumaroylquinic)
moieties, contributed to the attenuation of PTZ-induced seizures in
mice, an effect primarily attributed to antioxidant-mediated neuro-
protection rather than direct modulation of inhibitory neurotransmis-
sion [37,40].

Regarding alkaloid constituents, the f-carboline harmane (8) has
been reported to act either as an agonist or antagonist at the benzodi-
azepine binding site within the GABA, receptor complex [41,42]. Har-
mane (8) has shown significant, dose-dependent anticonvulsant effects
in maximal electroshock seizure models; however, in PTZ-induced
seizure paradigms, higher doses exacerbated seizure severity. This
dual behavior suggests that harmane (8) may exert protective effects in
generalized tonic—clonic seizure models while displaying a narrow
therapeutic window or even proconvulsant activity in absence-type
(petit mal) seizures [43]. In the present study, no anticonvulsant effect
was observed in zebrafish, a model increasingly used in epilepsy
research due to its high genetic homology with humans, including
approximately 70% overall genomic similarity and the expression of
84% of genes associated with human diseases in Danio rerio [44-46].

Taken together, the lack of anticonvulsant activity observed for SP-
EMB may be attributed to the inability of its major constituent, har-
mane (8), to sufficiently counterbalance the complex excitatory neuro-
transmitter release triggered by PTZ, despite its modulatory interaction
with the GABA, receptor. Additionally, chlorogenic acid (4), 5-O-p-
coumaroylquinic acid (6) and 3-O-feruloylquinic acid (9) exhibit phar-
macological profiles more closely related to neuroprotection and
inflammation modulation than to acute seizure suppression.

3.3. Docking-Guided Identification of Putative GABAergic Ligands

To elucidate which constituents might underlie the anxiolytic ac-
tivity mediated by the GABAergic system, molecular docking simula-
tions were conducted using the target protein of interest. At the
conclusion of the simulations, all ligands, including DZP, presented root
mean square deviation (RMSD) values below 2.0 A (Tab. S2), indicating
satisfactory pose stability and reproducibility of the docking protocol
[47]. Accordingly, the lowest-energy binding poses, corresponding to
the most favorable ligand-protein interactions, were selected for further
analysis.

Integration of RMSD (A) and binding affinity energy (kcal-mol 1)
values allowed the identification of two major clusters. Cluster I
comprised compounds exhibiting both low positional deviation (RMSD
<1.6 10\) and high binding affinity (AG < —7.8 keal-mol™1). Within this
group, harmane (8) showed an RMSD of 1.34 Aanda binding free en-
ergy of —8.279 keal-mol ! (Fig. 6), indicating a stable interaction with
the GABA, receptor. Notably, harmane (8) occupied the same benzo-
diazepine binding pocket as DZP, located in the extracellular domain of
the receptor (Fig. 7A).

Cluster II displayed a higher density of data points, particularly for
canthosides C and D (1) (blue spectrum), with RMSD values around
1.4 A and binding affinity energies near —7.1 kcal-mol~}, suggesting
consistent convergence toward similar binding conformations and
reinforcing the robustness of the docking results within this group.

In addition, chlorogenic acid compound (4) exhibited docking pa-
rameters comparable to those of the DZP agonist, including RMSD
values between 1.5 and 1.6 A and binding affinity energies of —7.05 and
—6.658 kcal-mol}, respectively (Fig. 6). Importantly, this compound
also occupied the benzodiazepine binding site (Fig. 7A), indicating po-
tential competitive interaction with DZP at the GABA, receptor.

At the end of the independent molecular docking simulation cycle,
the extract’s ligands are distributed across multiple GABAp receptor
binding sites, suggesting a possible allosteric effect through synergism.
Pocket I (DZP site) shows competitive binding among the ligands 5-O-p-
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Fig. 6. Distribution of compounds in a space defined by binding affinity energy
(kcal-mol~!) and RMSD (A). Clusters I and II indicate distinct energy states,
associated with different binding modes. Compounds such as harmane (8),
ophiorine A (3), ophiorine B (5) and lyalosidic acid (10) are concentrated in
regions of lower RMSD, suggesting greater structural stability, while chloro-
genic acid (4) and DZP occupy regions with greater conformational dispersion.
The arrow indicates the transition associated with the canthoside C or D (1)
site, highlighting changes in the energy and conformational profile of the li-
gands analyzed.

coumaroylquinic acid, chlorogenic acid, and harmane (Fig. 7A). In a
neighboring site (Pocket II), the compounds strictosidine, canthoside C-
D, strictosidinic acid, and ophiorine A bind (Fig. 7B), interacting with
residues near the DZP binding site. In the less frequent sites (Fig. 7C, D),
the compounds lyalosidic acid and hydroxy-methoxy-benzoic acid-O-
pentosyl hexoside (Pocket III) and 3-O-feruloylquinic acid and ophiorine
B (Pocket IV) bind. Specifically, the compounds in Pocket IV bind to the
transmembrane domain, interacting with residues within the receptor
channel (Fig. 7D). In contrast, the other compounds are distributed in
the extracellular binding domains, with pockets I and II associated with
allosteric modulation of the GABA, receptor, located between the a1-D
and y2-C subunits and characterized as DZP agonist binding sites [48].

Analysis of the binding modes revealed the presence of three distinct
binding pockets. Pocket I corresponds to the classical benzodiazepine
(DZP) binding site, located in the extracellular domain at the interface
between the al-D and y2-C subunits of the GABA, receptor (Fig. 8B)
[12]. Within this pocket, chlorogenic acid (4), 5-O-p-coumaroylquinic
acid (6), and harmane (8) were accommodated, indicating that these
compounds may adopt a benzodiazepine-like binding mode at the
GABA, receptor (Fig. 8C). In contrast, Pocket II was preferentially
occupied by the structurally more complex analogues canthoside C or D
(1), strictosidinic acid (12), and strictosidine (13) (Fig. 8B), suggesting
that this region may favor ligands with increased three-dimensional
complexity.

Detailed analysis of ligand—protein interactions revealed that har-
mane (8), an amine-containing heteroaromatic compound, established
several interactions in common with DZP (Fig. 8D). Its aromatic scaffold
enabled n—r stacking interactions with the phenyl ring of Phe77, as well
as hydrophobic (van der Waals) interactions with the aromatic side
chains of Tyr58 and Tyr160. These residues have been reported as key
determinants in the recognition of novel GABA, modulators that target
the benzodiazepine binding site (Fig. 8D) [12,49].
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Similarly, the cinnamic acid-derived phenylpropanoids chlorogenic
acid (4) and 5-O-p-coumaroylquinic acid (6) also possess aromatic
centers that preferentially interact with Phe77 (Fig. 8E). However, when
compared with DZP and harmane (8), these compounds displayed a
more flexible binding mode, likely due to their larger size and higher
conformational freedom.

In addition, harmane (8) formed a hydrogen bond with the polar side
chain of Thr207, with a strong contribution from its secondary amine
(Nsp?>-H). In contrast, the glycosidic moieties of chlorogenic acid (4) and
5-O-p-coumaroylquinic acid (6) engaged in hydrogen bonding in-
teractions with Tyr58 and Asn60. The observed donor-acceptor dis-
tances (> 2.25 A) suggest moderately strong yet reversible interactions,
a feature commonly associated with transient ligand-receptor com-
plexes and favorable pharmacological modulation (Tab. S2) [50].

Taken together, molecular docking simulations identified harmane
(8) and chlorogenic acid (4) as the main contributors to the observed
anxiolytic activity, based on their favorable binding profiles at the
GABA, receptor. Both compounds establish stabilizing hydrophobic
interactions with the Phe77 residue, a key amino acid widely implicated
in the recognition and modulation of benzodiazepine-sensitive GABAA
receptor ligands.

3.4. Assessment of anxiolytic-like of chlorogenic acid (4) and harmane

©)

Based on the molecular docking results, which identified chlorogenic
acid (4) and harmane (8) as the ligands with the most favorable binding
profiles at the GABA, receptor, both compounds were selected for in vivo
evaluation of their anxiolytic-like effects and toxicity in adult zebrafish.
In this regard, chlorogenic acid (4) and harmane (8), administered at 4,
20, and 40 mg-kg ™}, did not induce acute toxicity after 96 h of exposure
(Tab. S3). Indeed, no significant mortality, behavioral alterations, or
anatomical abnormalities were observed compared with the control
group (p > 0.05), indicating an estimated LDso greater than 40 mg-kg™*
and a favorable acute safety profile under the experimental conditions.
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These findings corroborate previous reports describing the low toxicity
of chlorogenic acid and harmane within pharmacologically relevant
concentration ranges [51,52].

In the locomotor activity test, chlorogenic acid and harmane
(Figs. 9A and 9B) did not produce significant alterations in zebrafish
swimming behavior compared with the control group, indicating the
absence of sedative or stimulant effects on the locomotor system. No
relevant changes in locomotion patterns were observed relative to either
the positive or negative controls. These findings are particularly relevant
when interpreted alongside the light/dark test results, as they indicate
that the increased time spent in the illuminated compartment was not
associated with locomotor impairment or immobility, but rather with a
specific modulation of anxiety-like behavior. Thus, the data support an
anxiolytic-like effect without significant interference in zebrafish
locomotion.

In the light and dark test, harmane promoted an increase in the time
spent in the light zone at doses of 20 and 40 mg-kg ™' compared to the
control, with progressive statistical significance, being more pro-
nounced at the dose of 40 mg-kg™!. This effect was comparable to that
observed in the group treated with DZP (4 mg-kg ™), which showed the
longest time spent in the light region, characterizing a typical profile of
anxiolytic effect (Fig. 9D). Similarly, chlorogenic acid also induced a
significant increase in time spent in the light zone, but only at the dose of
40 mg-kg~!, approaching the response observed for DZP (Fig. 9C). Sta-
tistical differences were also observed in relation to DZP at doses of 4
and 20 mg-kg ™!, suggesting a distinction between treated groups and
the positive control, indicating that these doses did not reproduce a
similar effect to DZP. Therefore, the results indicate that both harmane
and chlorogenic acid exhibit dose-dependent anxiolytic activity,
although with lower efficacy than the positive control, especially at
lower doses.

Regarding the neuromodulation test, the results indicate that only
chlorogenic acid, at a dose of 40 mg-kg ™!, exerts an anxiolytic effect in
adult zebrafish through modulation of the GABAergic system, specif-
ically via interaction with GABA type A (GABA,) receptors. This
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receptor binding site (blue color) and the ligands D) DZP, harmane (8), E) chlorogenic acid (4) and 5-O-p-coumaroylquinic acid (6).

inference is supported by the pretreatment experiment with FMZ
(4 mgkg™1), a competitive antagonist of benzodiazepine sites on GABA,
receptors.

In Fig. 9E, related to the GABAergic mechanism of chlorogenic acid,
it can be seen that pretreatment with FMZ significantly reversed the
increase in time spent in the light zone induced by the samples. While
the groups treated only with the samples (40 mg-kg~!) showed anxio-
lytic behavior (longer time in the light zone), the groups that received
FMZ before the samples remained in the dark zone for most of the time, a
typical anxiety behavior in zebrafish. This reversal effect indicates that
the anxiolytic action of chlorogenic acid is dependent on the activation
of GABA4 receptors, being blocked by the antagonist FMZ (chlorogenic
acid + FMZ vs chlorogenic acid #p < 0.05). This mechanism is also
observed for DZP (positive control), a classic benzodiazepine that po-
tentiates the action of GABA at GABA, receptors (DZP + FMZ vs DZP
##p < 0.01). Bouayed et al. (2007) demonstrated that chlorogenic acid
isolated from fruits showed an anxiolytic effect in mice, partially
mediated by interaction with GABA, receptors. Unlike chlorogenic acid,
harmane did not show an anxiolytic effect mediated by the GABAergic
system in the assays (Fig. 9F). This suggests that the anxiolytic mecha-
nism of action of harmane may involve other neurochemical pathways
not directly associated with GABA, receptors, such as the serotonergic
pathway (5-HT). [53]
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4. Conclusion

UPLC-ESI-QToF-MS/MS profiling of the methanolic bark extract of
Simira paraensis (SP-EMB) enabled the annotation of p-carboline alka-
loids, phenolic acids, and phenolic glycosides, with harmane (8) iden-
tified as the major constituent. Behavioral assays in adult zebrafish
demonstrated that SP-EMB exhibits a consistent anxiolytic-like profile
without acute toxicity at the tested doses (LDso > 400 mg-kg1). In the
light/dark test, the intermediate dose of SP-EMB (200 mg-kg™) pro-
duced the most pronounced anxiolytic-like effect, whereas in the novel
tank test the extract increased exploratory behavior in the upper zone,
particularly at 40 and 400 mg-kg™!, supporting its anxiolytic-like ac-
tivity across complementary behavioral models.

Mechanistically, the anxiolytic effect of SP-EMB was partially asso-
ciated with modulation of the GABAergic system, as evidenced by the
reversal of the behavioral effects after FMZ pretreatment. Molecular
docking analyses further supported these findings by demonstrating
favorable interactions of harmane (8) and chlorogenic acid (4) with the
benzodiazepine-binding site of the GABA, receptor. Based on these in
silico results, both compounds were subsequently evaluated in vivo and
displayed low acute toxicity (LDso > 40 mg-kg™') and dose-dependent
anxiolytic-like effects without significant impairment of locomotor ac-
tivity. Harmane induced significant anxiolytic-like effects at 20 and
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Fig. 9. Effect of harmane (A) and chlorogenic acid (B) samples on the locomotor behavior of adult zebrafish in the Open Field Test (0-5 min), (****p < 0.0001 vs.
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and F) were adopted.
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40 mg-kg™!, whereas chlorogenic acid was effective mainly at
40 mg-kg™!. In addition, chlorogenic acid showed anxiolytic activity
mediated by GABA4 receptors, whereas harmane appeared to involve
additional neurochemical pathways, possibly related to serotonergic
modulation.

Overall, our study provides experimental and mechanistic evidence
supporting the potential of Simira paraensis extract and its constituents
as promising sources of anxiolytic agents with reduced sedative effects
compared with commercial drugs.
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