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ABSTRACT

This study evaluated the anxiolytic and memory-protective effects of withanolide D in adult zebrafish (Danio rerio). The compound
was administered at doses of 4, 20, and 40 mg/kg and showed no signs of toxicity after 96 h of observation at any of the doses tested.
In the open field test, withanolide D reduced locomotor activity, indicating a sedative-like effect. Nevertheless, in the light/dark
test, doses of 20 and 40 mg/kg produced an anxiolytic-like response, suggesting that anxiolytic and motor effects may partially
overlap depending on dose. The anxiolytic effect observed at the minimum effective dose (20 mg/kg) was reversed by flumazenil
(FMZ), supporting the involvement of a benzodiazepine-sensitive GABA, modulatory domain. Furthermore, withanolide D, at a
dose of 4 mg/kg, prevented ethanol-induced memory impairment in the inhibitory avoidance task, suggesting a protective effect
on memory consolidation. Molecular docking analyses revealed favorable interactions of withanolide D at the extracellular aly2
interface of the GABA, receptor, supporting a putative allosteric interaction in a functionally related modulatory region rather
than definitive occupation of the classical diazepam site. Consistently, normal mode analysis (NMA) showed that withanolide
D increases receptor mobility compared to diazepam, with RMSF values reaching up to 0.98 A, indicating enhanced structural
flexibility and dynamic modulation of the protein. Thus, these findings suggest that withanolide D has therapeutic potential for
the treatment of anxiety, in addition to providing protective effects on memory.

1 | Introduction and cost compared to synthetic compounds [1, 2]. Among these,

medicinal plants have been extensively investigated as reservoirs
Natural products remain a central source for drug discovery, of bioactive secondary metabolites, many of which have already
particularly due to their structural diversity and ability to mod-  led to effective therapeutic agents for the treatment of human

ulate multiple biological targets with potentially lower toxicity = diseases [3, 4].

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.
© 2026 The Author(s). Chemistry & Biodiversity published by Wiley-VHCA AG.

Chemistry & Biodiversity, 2026; 23:202272 10f20
https://doi.org/10.1002/cbdv.202502272


https://doi.org/10.1002/cbdv.202502272
mailto:helcio_santos@uvanet.br
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/cbdv.202502272

Within this context, plants of the family Solanaceae are recog-
nized for producing a wide range of steroidal metabolites, notably
withanolides, a class of naturally occurring polyoxygenated C28
steroidal lactones characterized by an ergostane skeleton and
structural variability in oxygenation patterns and degrees of
unsaturation [6]. Approximately 90% of known withanolides
possess a ketone group at C-1, a structural feature associated with
relevant biological activities [6].

Withanolides have attracted increasing scientific interest due to
their broad spectrum of pharmacological effects, including anti-
inflammatory, antitumor, immunomodulatory, neuroprotective,
and cholinesterase inhibitory activities [4, 7-11]. In the context of
central nervous system (CNS) disorders, these compounds have
demonstrated anxiolytic-like, neuroprotective, and cognition-
modulating effects in both in vitro and in vivo studies, which
have motivated further investigations using experimental and
computational approaches [9-15].

Despite these promising effects, it is important to note that
withanolides are not devoid of limitations, particularly regarding
dose-dependent toxicity, which has been reported for some
members of this class, especially those isolated from Withania
somnifera [12, 16-19]. Such findings reinforce the need to inves-
tigate alternative botanical sources of withanolides, aiming to
identify structurally distinct molecules with improved safety and
pharmacological profiles.

In this regard, Acnistus arborescens, a Solanaceae species native to
northeastern Brazil [5], represents a less explored but promising
source of withanolides. Although most pharmacological studies
on withanolides focus on W. somnifera, emerging evidence
suggests that withanolides isolated from other Solanaceae species
may exhibit distinct biological activities and toxicity profiles
due to subtle structural differences [4, 6-11]. However, detailed
phytochemical characterization and in vivo behavioral evalua-
tions of A. arborescens remain scarce, particularly concerning
CNS-related effects.

Anxiety disorders affect millions of individuals worldwide and
are commonly treated with benzodiazepines and selective sero-
tonin reuptake inhibitors (SSRIs) [21]. Although effective, these
drugs are associated with significant adverse effects, includ-
ing sedation, tolerance, dependence, cognitive impairment, and
withdrawal symptoms following prolonged use [22-24]. Simi-
larly, neurodegenerative diseases such as Alzheimer’s disease,
characterized by progressive cognitive decline and memory loss,
represent a major global health burden [25]. Current therapeutic
strategies for Alzheimer’s disease include cholinesterase enzyme
inhibitors (ChEIs); however, their limited efficacy and side effects
highlight the need for new compounds with multitarget activity
and improved safety [10, 26, 27].

To investigate novel neuroactive agents with anxiolytic and
cognitive-modulating properties, validated animal models are
essential. While rodents are traditionally employed, their high
maintenance costs and ethical constraints have encouraged the
use of alternative models such as the zebrafish (Danio rerio)
[21, 28, 29]. Adult zebrafish present well-characterized behavioral
paradigms relevant to anxiety and memory, substantial neuro-
chemical and genetic homology with humans (approximately

FIGURE 1 |
A. arborescens.

Structural representation of withanolide D isolated from

70% for neurotransmitter systems), and practical advantages
including low cost, rapid drug absorption by immersion, and
compliance with the 3Rs principles [30, 31].

Therefore, the present study aimed to investigate the anxiolytic-
like effects of withanolide D isolated from A. arborescens,
elucidate its possible mechanism of action, and evaluate its
impact on memory performance using adult zebrafish as an
experimental model. By exploring a non-conventional botanical
source of withanolides, this work seeks to contribute to the identi-
fication of neuroactive compounds with therapeutic potential and
improved safety profiles for CNS disorders.

2 | Results and Discussion

Although there are many studies analyzing the pharmacological
potential of other withanolides isolated from plants, mainly
related to cancer, anti-inflammatory, anti-stress, immunomodu-
latory, neuroprotective, among others [4, 6], this is believed to
be the first to investigate the anxiolytic activity and memory
protection of withanolide D, a withanolide isolated from A.
arborescens in an experimental model of adult zebrafish.

2.1 | Characterization

Withanolide D (Figure 1) was isolated from the acetone extract of
A. arborescens leaves. Its high-resolution mass spectrum (Figure
S1) showed a peak at m/z 493.2595 [M]* compatible with the
formula C,gHs3O4, which showed IDH = 10. The B¥C NMR
spectrum (Figure S2) of the chemical shifts of withanolide D
showed the presence of eight non-hydrogenated carbons, includ-
ing two carbonyls at 8- 202.9 (C-1) and 166.8 (C-26), the latter
being characteristic of conjugated d-lactone, very common in
withanolides. Signals referring to nine methine carbons were also
observed, including four oxygenated carbons: §. 60.4 (C-6), 70.7
(C-4), 145.3 (C-3), as well as six methylene carbons at §. 60.4 (C-
7), 21.4 (C-11), 40.1 (C-12), 24.5 (C-15), 21.9 (C-16), and 32.0 (C-23)
and five methyl carbons at 8. 14.2 (C-18), 20.5 (C-19), 22.8 (C-21),
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TABLE 1 | Results of acute toxicity tests (n = 6 fish/group).
Mortality
Amostra Control D1 D2 D3 96 h DL, (mg/kg)/CI
Withanolide D 0 0 0 1 > 40

Note: Control: DMSO 3%; D1, Dose 1 (4 mg/kg); D2, Dose 2 (20 mg/kg); D3, Dose 3 (40 mg/kg); DL50—TIethal dose to kill 50% of adult zebrafish; CI—confidence

interval; 6 animals/group.

12.9 (C-27), and 17.4 (C-28). In the 'H NMR spectrum (Figure S3)
of withanolide D, signals corresponding to two olefinic hydrogens
were observed at 8 6.47 (d;1H J = 9.8 Hz) and 7.25 (dd;1H J = 6.3;
9.8 Hz), referring to olefinic hydrogens 2 and 3, respectively, as
well as a doublet at 8;; 4.0 (d; 1H J = 5.2 Hz) referring to hydrogen
4, a broad singlet at 8 3.26 (s 1H) for hydrogen 6 and 4.40 (dd;
1H J = 3.1; 8.6 Hz) for hydrogen 22, corresponding to hydrogens
bound to oxygenated carbons. Other simplexes were observed
corresponding to methyl groups in §H 1.84 (3H-21), 1.41 (3H-19),
1.85 (3H-28), 1.94 (3H-27), and 1.10 (3H-18), bound to carbon in
5C 22.8 (C-21), 20.5 (C-19), 17.4 (C-28), 12.9 (C-27), and 14.2 (C-18),
respectively. The NMR values of isolated withanolide D were in
good agreement with reported values [12, 16].

2.2 | Acute Toxicity 96 h

Withanolide D administered intraperitoneally to groups of adult
zebrafish at doses of 4, 20, and 40 mg/kg (n = 6/group; 20 uL;
i.p.) showed no evidence of toxicity (Table 1). No mortality was
observed during the 96 h monitoring period at any of the doses
tested (LD50>40 mg/kg, Table 1), and no apparent anatomical
changes were detected throughout this interval (p > 0.05).
These findings corroborate the preclinical safety of withanolides,
which represents a fundamental step in the search for new drug
candidates. Our results corroborate previous studies, such as
those by Maher et al. [15] and Baig et al. [20], who also investigated
the safety and therapeutic profile of withanolides isolated from
W. somnifera (Solanaceae), a species widely used in traditional
medicine and commonly recognized as a safe medicinal plant.
Furthermore, our data are consistent with the study by Maciel
etal. [32], who evaluated withanolides in adult zebrafish using the
same dose range and similarly reported no signs of toxicity, which
further reinforces the preclinical safety of this class of compounds
and enables subsequent behavioral investigations.

2.3 | Locomotor Activity (Open Field Test)

The evaluation of zebrafish behavior is commonly based on
parameters such as swimming speed, movement patterns, and
overall locomotor activity, which represent essential indicators
for assessing the effects of compounds on the central nervous
system (CNS), particularly in studies focused on anxiety-related
disorders [33]. In this context, the open field test is a suitable
approach, as it enables the detection of alterations in swimming
behavior, including reduced locomotion or maintenance of nor-
mal activity, thereby reflecting the neurobehavioral effects of the
tested substances [34].
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FIGURE 2 | Effect of withanolide D on adult zebrafish locomotor
behavior in the open field test (0-5 min). Values represent the mean +
standard error of the mean for 6 animals/group; ANOVA followed by
Tukey’s test. (****p < 0.0001 vs. control; ####p < 0.0001 vs. DZP).

In this study, one-way analysis of variance (ANOVA) revealed that
all tested doses of withanolide D (4, 20, and 40 mg/kg) signif-
icantly altered zebrafish locomotor activity (****p < 0.0001 vs.
control), promoting a marked reduction in swimming behavior
(Figure 2). This impairment is consistent with a sedative-like pro-
file, comparable to that induced by diazepam (DZP). Specifically,
the 4 and 20 mg/kg doses produced effects similar to DZP, with
the animals exhibiting lethargic behavior indicative of sedation.
Although the 40 mg/kg dose also reduced locomotion, it did not
promote a sedative state and also showed a statistically significant
difference compared to DZP (####p < 0.0001 vs. DZP). Overall,
these results indicate that withanolide D reduced locomotor
activity at all tested doses, suggesting a sedative-like effect and
reinforcing its action on the CNS of adult zebrafish.

Comparable findings were reported by Kumar and Kalonia
[35], who investigated the effects of W. somnifera root extract,
rich in withanolides, in mice and observed anxiolytic activity
accompanied by alterations in locomotor behavior, similarly
associated with the effects of DZP. These results suggest that the
observed sedative-like profile may be related to modulation of
the GABAergic system, which is a well-established mechanism
of action for DZP. Additionally, Candelario et al. [36], in a study
using rat brain models, associated W. somnifera extracts with
pharmacological activity against neurological disorders linked to
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FIGURE 3 | Effect of compounds and emulsions on the anxiety
behavior of adult zebrafish in the light/dark test (0-5 min). Values
represent the mean + standard error of the mean for 6 animals/group;
ANOVA followed by Tukey’s test. (***p < 0.001, ****p < 0.0001 vs. control),
and ####p < 0.0001 vs. diazepam (DZP).

dysfunction in GABAergic signaling, including anxiety-related
conditions.

2.4 | Anxiolytic Assessment

The results obtained in the light/dark test (Figure 3) demon-
strated that withanolide D, at doses of 20 and 40 mg/kg,
significantly increased the time spent by zebrafish in the light
compartment (***p < 0.001; ****p < 0.0001 vs. negative control
- DMSO 3%, Figure 3), indicating a reduction in anxiety-like
behavior. This anxiolytic profile is consistent with the attenuation
of the animals’ natural preference for the dark zone, a behavioral
response commonly associated with anxiety in zebrafish. Fur-
thermore, the effects observed at these doses were comparable
to those produced by the positive control diazepam (DZP),
reinforcing the significant anxiolytic potential of the compound.

In contrast, the 4 mg/kg dose did not produce a similar anxiolytic
effect and showed a significant difference compared to the DZP-
treated group (p < 0.0001 vs. DZP), suggesting that a higher dose
is needed to trigger the anxiolytic response, with the minimum
effective dose observed from 20 mg/kg. The significant difference
between the 4 mg/kg group and the DZP group corroborates the
presence of a dose-dependent behavioral effect of withanolide D.

These findings are consistent with previous reports, such as
the study by Zahiruddin et al. [10], which demonstrated the
anxiolytic activity of withanolide class compounds isolated from
Withania somnifera, a plant belonging to the same botanical
family as the species investigated in the present study. Due to their
natural origin and favorable safety profile, withanolides have
been highlighted as promising candidates for the development of
new therapeutic approaches for anxiety disorders.

Thus, to investigate the underlying mechanism of the anxiolytic
effect of withanolide D, the 20 mg/kg dose, identified as the
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FIGURE 4 | Anxiolytic mechanism of action via GABA of the sample

withanolide D (20 mg/kg) in adult zebrafish in the light and dark test
(0-5 min). Control—DMSO 3% (20 pL; i.p.). DZP (4 mg/kg; 20 uL; i.p.).
The values represent the mean + standard error of the mean (S.E.M.) for
6 animals/group. ANOVA followed by Tukey (###p < 0.001 vs. FMZ +
withanolide D; ####p < 0.0001 vs. FMZ + DZP).

most effective concentration in the light/dark test, was selected
for pharmacological neuromodulation analysis. Considering the
involvement of the GABAergic system in anxiety-related behav-
iors, the possible modulation of GABAA receptors was evaluated
using flumazenil (FMZ), a selective antagonist of the benzodi-
azepine binding site. In general, FMZ is expected to block the
effects mediated by GABAA receptors, preventing compounds
that act through this pathway from exerting anxiolytic responses.
Consequently, it is expected that zebrafish will maintain their
natural anxiety-like behavior.

In this context, withanolide D (20 mg/kg; Figure 4) exhibited
an anxiolytic effect that was significantly reversed by FMZ,
as evidenced by the statistically significant difference between
the group treated with withanolide D alone and the group
treated with FMZ plus withanolide D (withanolide D vs. FMZ
+ withanolide D; Figure 4). These findings indicate that the
anxiolytic response induced by withanolide D was blocked by
FMZ, corroborating the involvement of the GABAergic system
and supporting the participation of a benzodiazepine-sensitive
GABAA modulatory domain in its mechanism of action.

Taken together, these results suggest that withanolide D exerts
its anxiolytic-like effect through modulation of the GABAergic
system. More specifically, the FMZ-sensitive profile indicates
that this effect is functionally associated with a benzodiazepine-
sensitive GABAA modulatory domain [21, 36, 50, 51, 54]. Previous
studies have reported that compounds isolated from W. somnifera,
including withanolides, can interact with GABAA channels and
exhibit therapeutic potential in neurological disorders associated
with impaired GABAergic signaling, such as anxiety and epilepsy
[36]. Furthermore, Alex et al. [37] reinforced these findings by
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demonstrating significant antistress and anxiolytic activity of root
and leaf extracts of W. somnifera in both animal models (rats) and
humans, suggesting the involvement of the GABAergic pathway.

In addition, molecular docking analyses suggested favorable
binding of withanolide D in the extracellular interface between
the al and y2 subunits of the GABAA receptor, a region
functionally related to diazepam recognition [54]. However, the
interaction pattern predicted for withanolide D differed from that
observed for DZP, particularly by the predominance of hydrogen-
bond contacts and the absence of the characteristic hydrophobic
interaction pattern described for classical benzodiazepines [52,
54]. Therefore, the present docking results do not support the
conclusion that withanolide D occupies the classical benzodi-
azepine pocket in the same manner as diazepam. Instead, they
are more consistent with a distinct binding orientation within,
adjacent to, or functionally coupled to the same modulatory
region [54, 57, 58]. Taken together, the behavioral reversal by
flumazenil and the docking profile support the interpretation
that withanolide D may act as a putative allosteric modulator of
GABAA receptors, although the precise localization of its binding
mode cannot be definitively established from static docking
alone. Thus, the present in silico data should be interpreted as
hypothesis-generating evidence of a plausible receptor interac-
tion site, rather than definitive proof of occupation of the classical
benzodiazepine site [52, 54].

2.5 | Inhibitory Avoidance Test

The inhibitory avoidance test, based on an aversive elec-
troshock stimulus, demonstrated that withanolide D significantly
enhanced memory retention in adult zebrafish. These findings
indicate a positive effect on memory consolidation and retention,
rather than on acquisition or retrieval processes. Significant
effects were observed at two of the tested doses, particularly
at 20 and 40 mg/kg (*p < 0.05; ***p < 0.0001 vs. test).
Moreover, the memory retention index revealed no statistically
significant differences between the withanolide D-treated groups
and the DNZP group, suggesting that zebrafish treated with
withanolide D preserved memory of the aversive stimulus at
levels comparable to those induced by the standard cognitive-
enhancing drug (Figure 5B). Although withanolides have been
reported to exhibit cholinesterase inhibitory and antioxidant
properties, these mechanisms were not specifically investigated
in the present study. Therefore, the memory-enhancing effect
observed for withanolide D cannot be directly attributed to
these pathways, but they may represent plausible mechanisms
underlying its activity. However, the protective effect against
ethanol-induced memory impairment further supports a role of
withanolide D in memory consolidation processes, although the
precise molecular mechanisms involved remain to be elucidated.

Considering that withanolide D was administered prior to the
training session and memory retention was assessed in a sub-
sequent test session, the inhibitory avoidance paradigm used in
this study primarily reflects effects on memory consolidation. The
increased latency observed during the test session therefore sug-
gests that withanolide D enhances consolidation of the aversive
memory.

The effects of ethanol on memory acquisition in adult zebrafish
were also investigated. Withanolide D, at the lowest effec-
tive dose (4 mg/kg), significantly preserved memory perfor-
mance (***p < 0.0001 vs. test) and protected the animals
against the deleterious effects of ethanol on memory acquisition
(##p < 0.01 vs. ethanol) (Figure 6A).

Consistently, the memory retention index showed a signifi-
cant difference between the group treated with withanolide D
(4 mg/kg) and the group exposed to 1% EtOH (##p < 0.01 vs.
EtOH), indicating that withanolide D effectively prevented
ethanol-induced memory impairment (Figure 6B).

Withanolide D is a relevant bioactive compound with promising
therapeutic potential for the treatment of nervous system dis-
orders. It has been extensively investigated in extracts obtained
from the roots and other parts of W. somnifera, mainly due to
its neuroprotective effects associated with acetylcholinesterase
(AChE) inhibition and butyrylcholinesterase (BChE) inhibitory
activity [7, 38, 39].

Moreover, in vivo studies exploring the multitarget potential
of withanolides against mechanisms involved in beta-amyloid
(AP) processing and clearance have demonstrated that these
compounds can increase the expression levels of two key
ApB-degrading enzymes, insulin-degrading enzyme (IDE) and
neprilysin (NEP), particularly in brain regions selectively affected
during Alzheimer’s disease pathology [40, 41].

The brains of patients with Alzheimer’s disease are characterized
by the accumulation of AS plaques, which occur in substantially
higher amounts than those observed in healthy individuals [42,
43]. Importantly, A plaque burden is strongly correlated with
the severity of cognitive impairment [44, 45]. Preclinical studies
using mouse models have also supported the memory-protective
effects of W. somnifera [46, 47]. The neuroprotective properties
of withanolides have been attributed, at least in part, to their
antioxidant and anti-inflammatory activities, which may con-
tribute to the modulation of enzymes involved in A degradation
pathways [48, 49]. Therefore, the search for new cholinesterase
inhibitors remains an important strategy for the development
of drug candidates aimed at preventing Alzheimer’s disease and
related dementias.

2.6 | Molecular Docking of Anxiolytic Assessment
to the GABAergic System

In vivo behavioral results showed that withanolide D produced
an anxiolytic effect similar to DZP, which was reversed by the
presence of the antagonist FMZ. These findings indicate that
the compound may act through modulation of the GABAergic
system, functionally associated with a benzodiazepine-sensitive
GABAA modulatory domain, rather than allowing a definitive
assignment of the classical diazepam-binding mode. In this con-
text, molecular docking simulations were utilized to investigate a
plausible structural basis for the involvement of the GABAergic
system [50, 51].

Predicting the binding sites of GABAA receptor-modulating drug
candidates is essential for the rational design of new anxiolytics
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FIGURE 5 |

The evaluation of withanolide D on aversive memory in adult zebrafish studied the inhibitory avoidance task (0-5 min). (A) Latency

to enter the dark area of the aquarium during training and test sessions. (B) Memory retention indices. The values represent the mean + standard error
of the mean for 6 animals/group; Two-way ANOVA; One-way ANOVA followed by Tukey’s test (*p < 0.05;****p < 0.0001 vs. training and (#p < 0.05 vs.

DNZP). Control—DMSO (3% dimethyl sulfoxide). DNZP—donepezil.

and anticonvulsants. The structure of the GABAA receptor has
multiple allosteric sites, which allows it to be modulated by
various binding sites. Although the binding sites on this receptor
may not be functionally equivalent, the DZP agonist is believed
to interact with the a1-D and y2-C chains in the receptor’s extra-
cellular domain, as described in structural studies of this receptor
[54]. Molecular docking simulations showed that withanolide D
displayed favorable predicted affinity (E(A) < —6.0 kcal mol™)
[53] for the binding site located between the a1-D and y2-C chains
of the GABAA receptor, although it did not interact directly with
amino acid residues located in the DZP binding site. Therefore,
the docking results suggest interaction in a functionally related
region, but not direct reproduction of the canonical diazepam
interaction pattern.

Based on the results, it was possible to observe that withanolide
D binds with the GABAA receptor between the al-D and y2-C
chains, where the co-crystallized agonist DZP binds (Figure 7A),
with an affinity energy (EA) in the order of —9.195 kcal mol™!

(Table 2). Within the accepted validation criterion formed by
an RMSD of less than 2.0 A [52], the EA values suggest that
withanolide D has a greater predicted affinity for the binding
site on the GABAA receptor when compared to DZP, which
showed an EA calculated from the simulations in the order of
—6.463 kcal mol™! (Table 2) [53]. The DZP redocking simulation
yielded an RMSD of 1.224 A, indicative of the reproducibility
of the simulation protocol with the agonist, exhibiting a low
mean squared deviation from the co-crystallized pose (Figure 7B).
This result supports the suitability of the docking protocol for
exploratory pose prediction in the selected receptor structure [52,
54]. However, predicted affinity values should not be interpreted
as direct measures of pharmacological potency, especially when
comparing chemically distinct ligands within a broad search
space.

DZP has a series of hydrophobic interactions with aromatic
side-chain amino acid residues, including Tyr58, Phe77,
Phel00, Tyrl60, and Tyr210 (Figure 7C), which characterize
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TABLE 2 |

Data from molecular docking simulations between the ligands DZP and withanolide D and the GABA, receptor, expressed in affinity

energy (E,) and root mean square deviation (RMSD), and details of ligand-protein interactions, expressed in interaction type, residue, and donor-

acceptor distance.

Ligands E, (kcal mol™!)

RMSD (A)

Interactions

Residue (distance in A)

Type

Withanolide D —9.195 1.635

DZp* —6.463 1.224

Pro64C (3.96), Ala67C
(3.89), Tyr199C (3.65), and
Lys279D (3.66)

Asn66C (3.18), Ala67C
(2.16), 11e68C (3.18),
Thr73C (2.15), and
Aspl48C (2.30)

Lys279D (4.31)

Tyr58C (3.52), Phe77C
(3.47), Phel00D (3.83),
Phel00D (3.92), Tyrl60D
(3.56), Val203D (3.95),
Tyr210D (3.38), and
Tyr210D (3.86)

Ser205D (2.94) and
Ser206D (3.16)

His102D (3.82)

Hydrophobic

H-bond

Salt bridge
Hydrophobic

H-bond

Halogen bond

Note: *Control ligand used as a comparison in molecular docking simulations.

the hydrophobic binding cavity of benzodiazepines [52]. When
analyzing the ligand-protein interactions, it was possible to
observe that withanolide D formed H-bond interactions with
the polar portion of the residues Asn66 (3.18), Ala67 (2.16), 1le63
(3.18), Thr73 (2.15), and Aspl48 (2.30) (Figure 7D), where donor-
acceptor distances of approximately 2.1 A reveal strong H-bond
interactions (with residues Ala67 and Thr73), while donor-
acceptor distances > 2.5 A indicate weaker H-bond interactions
(Table 2) [53]. In addition, the alkene located in the cyclic ester
structure of withanolide D contributes to the formation of
hydrophobic interactions with the aromatic portion of Tyr199
and with the alkyl portion of Lys279 (Figure 7D), indicating
that unsaturation can favor the formation of hydrophobic
interactions with the receptor [54, 55]. However, the interaction
pattern predicted for withanolide D differed from that observed
for DZP, particularly by the predominance of H-bond contacts
and the absence of the characteristic hydrophobic interaction
pattern described for classical benzodiazepines [52, 54].

At the end of the cycle of independent molecular docking simu-
lations, it is noteworthy that the compound exhibits interactions
with amino acid residues located in proximity to those that
directly interact with DZP. These interactions occur within the
loop formed between the ol and y2 subunits, facilitated by
weak van der Waals interactions, which can be expressed as
hydrophobic interactions. Taken together, these findings support
the interpretation that withanolide D may bind within, adjacent
to, or functionally coupled to the same modulatory region associ-
ated with DZP recognition, rather than occupying the classical
benzodiazepine pocket in the same manner as diazepam [54,
57, 58]. This observation lends support to the hypothesis that
the anxiolytic effect exhibited by the agonist and withanolide D

is attributable to functionally related, although not necessarily
identical, modulatory mechanisms.

The grid box was adjusted to 94 x 92 x 126 A to cover the
whole GABAA receptor structure to find alternative binding
sites in the GABAergic system [56, 57]. A substantial amount of
research has emerged that establishes a correlation between in
vitro experimentation with the GABAergic system and molecular
simulation. These studies have led to the identification of an
alternative binding region. The region in question has been
localized within the loop region of the 1 and 32 subunits [58].
Thus, the present docking strategy was designed as a receptor-
wide exploratory analysis rather than a narrowly restricted
binding-pocket refinement. This approach provides insight into
the allosteric modulation of GABAA receptors, corroborating
the similar anxiolytic potential between withanolide D and
DZP observed in the in vivo assay with zebrafish. Nevertheless,
because the present analysis is based on static docking, with-
out post-preparation receptor energy minimization or dynamic
receptor-ligand evaluation, the proposed binding mode should
be interpreted as hypothesis-generating evidence of a plausible
interaction site, rather than definitive proof of occupation of the
classical benzodiazepine site.

2.7 | ADMET Study
2.7.1 | Lipophilicity Potential (LP) and Structural
Complexity

When analyzing the molecular lipophilicity potential (LP), it was
possible to note that withanolide D has a polycyclic structure
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rich in Fsp® (0.79) which enables the formation of an essen-
tially hydrophobic molecular surface (green to blue spectra in
Figure 8A), with logP calculated at 3.78, within a lipophilicity
threshold of between 3.0 and 5.0 for more lipophilic compounds
with CNS activity. The MCEI18 score of around 149.24 is indicative
of structural complexity with a very good alignment between
degree of structural novelty and synthetic accessibility, basically
following the new trends observed in patent-registered com-
pounds in recent years, such as high lipophilicity and high

polarity [59].

In terms of polarity, it can be seen that the lactone-derived rings
(OC=0) and the hydroxyl groups (OH) contribute strongly to the
formation of the water-soluble polar portion (low MLP), with
TPSA calculated at 96.36 A(2) (Figure 8A). These descriptors
are aligned within a favorable threshold attributed to drug-
like compounds with viable bioavailability for achieving the
therapeutic effect (Figure 8B). When the lipophilicity (logP)
and polarity (TPSA) descriptors were aligned, it was possible to
observe that the compound resides in a physical chemical space
formed by CNS-active compounds with a low toxic response in
vivo (Figure 8C), according to the Pfizer, Inc. biopharmaceutical
classification system (TPSA 75-120 A2) [60, 61].

2.7.2 | Cell Effective Permeability Prediction

According to the Pfizer, Inc. pharmacokinetic parameter classi-
fication system, compounds with high lipophilicity can readily

permeate more selective biological membranes, such as the
Madin-Darby Canine Kidney (MDCK) cell line, used to measure
the permeability of candidates with CNS action. The P,,, values
observed in this context are typically in the order of X107 cm/s,
indicating a promising effect on the CNS [61, 62]. When the
physicochemical descriptors of withanolide D were aligned, it
was possible to estimate a pharmacokinetic profile based on
high permeability in more selective cell membranes (BBB-like),
favoring the compound’s anxiolytic effect.

From an absorption, distribution, metabolism, excretion, and
toxicity (ADMET) profile prediction guided by artificial intelli-
gence, it was possible to observe that withanolide D presents a
structural similarity with compounds with low hepatic clearance
and moderate cell permeability, deposited in the Drugbank
database, within a threshold formed by —6.0< logP(app) < —5.0
(Figure 9A) [63], which corroborates with the estimated human
intestinal absorption (HIA) of at least 98% (Figure 9B), showing
a similarity of data with at least 91% of the molecular fragments
with optimized HIA [64].

With the consensus prediction of ADMET, it was possible to
observe that most of the estimated values of P,,, Caco-2, in
different predictive models, are concentrated in a range of 0.2—
0.7 X 1075 cm/s, indicating that the compound can diffuse at a
moderate speed in intestinal cell membranes, ensuring gradual
absorption (Figure 9C) [65]. On the other hand, a P,,, MDCK
value of around 2.73 x 107> cm/s is estimated, indicating that
withanolide D shows better passive diffusion in more selective
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biological membranes, including the blood-brain barrier (BBB),
reinforcing intestinal absorption, and favoring activity in the CNS
(Table 3).

Furthermore, the compound is not a P-gp substrate, avoiding
passive efflux back into the lumen of the gastrointestinal tract,
while the predicted intrinsic clearance (Cl;,, ) of 6.92 mL/min/kg
indicates a low clearance of the biotransformed molecular frac-
tion in the human liver, preserving good oral bioavailability
(Table 3).

2.7.3 | Predicting Oral Bioavailability

A consensus prediction across ADMET multiplatforms revealed
a correlation between P,,, Caco-2 rates, clearance, and intestinal
absorption on the oral bioavailability of withanolide D [66, 67].
The prevailing consensus among experts in the field suggests that
the compound in question exhibits a predominantly lipophilic
character, as evidenced by its moderately elevated lipophilicity
levels (logP > 3.0), aligned with low aqueous solubility. This
property has the potential to enhance passive diffusion within
the lumen of the gastrointestinal tract, a phenomenon that may
be attributed to increased permeability. This finding aligns with
the predicted P,,, Caco-2 rates (Caco-2 permeability) of > —5.3
(log cm/s), indicating a convergence of the P,, values to > 5.0 X
107° cm/s (see Table 4). Furthermore, the predicted P,,, Caco-2
value of approximately 21.56 nm/s aligns with P,,, ranges greater
than 2.1 x 107° cm/s, as classified by the biopharmaceutical clas-
sification system [66]. This is consistent with predicted intestinal
(human) absorption rates of over 90%, as indicated in Table 4. This
finding supports the HIA prediction made by the data similarity
test (Figure 9B). The pkCSM estimate in Caco-2 permeability (log

P,,, in cm/s) has been shown to converge to P,,, rates > 8 X

10° cm/s for log P,,, values tending to 0.90, thereby estimating a
moderate permeability for withanolide D (log P,,, = 0.83).

When these values are aligned with the estimated low intrinsic
clearance (6.92 mL/min/kg), an alignment can be observed
between high permeability and low microsomal clearance.
This, in turn, leads to high oral bioavailability after first-pass
metabolism (clearance < 8.0 mL/min/kg) [62]. The ADMET-AI
web service employs a classification system from AstraZeneca,
which is deposited in the ChEMBL database. Values within
an optimal clearance range, defined as 3.0-150 mL/min/g, are
concentrated in this system. It is noteworthy that withanolide D
converges to the ideal spectrum with an estimated liver micro-
some clearance of 16.64 uL/min/mg (Table 4) [68, 69]. The results
suggest that the compound may exhibit high bioavailability in the
systemic circulation.

2.7.4 | Plasma Protein Binding

The estimation of plasma protein binding (PPB) demonstrates its
contribution to systemic distribution and drug access to different
physiological environments, such as cell membranes. The degree
of binding of these serum proteins directly correlates with the
reduced permeability of the molecules, which can potentially
impact the permeability of the BBB [9]. In this study, the
prediction of PPB rates > 79% was observed for the majority of
the analyzed databases (Table 4), indicating that the bioavailable
molecular volume may be more confined to the blood. This
suggests that a small free molecular fraction in the plasma has
BBB permeability. In this instance, a BBB permeability (logBB) of
approximately —0.32 is predicted, expressing a moderate passive
diffusion (see Table 4). This finding corroborates the predicted
blood-brain distribution coefficient (Cp,ain/Cpiooa) Of 0.29 [70].
The classification system indicates that logBB values ranging
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TABLE 3 | ADMET properties expressed in PAMPA descriptors,
cytochrome P450 (CYP450) isoform-dependent metabolism and predicted
toxicity for withanolide D.

Properties Values Sources
P,,, MDCK 2.73x107° cm/s ADMETlab 3.0
P-gp efflux — ADMETIab 3.0
Cliyey 6.92 mL/min/kg ADMETlab 3.0
Clyticro 16.64 pL/min/mg ADMET-AI
Clitepa 83.91 pL/min/10° ADMET-AI
cells
Vi 0.84 L/kg ADMETlab 3.0
CYP2C9 0.01 ADMET-AI
CYP2D6 0.02 ADMET-AI
CYP3A4 0.69 ADMET-AI
HLM stability +++ ADMETIab 3.0
Ames 0.61 ADMETlIab 3.0
mutagenicity
H-HT 0.67 ADMETIab 3.0

Note: For the classification endpoints, the prediction probability values are
transformed into six symbols: 0-0.1 (—), 0.1-0.3 (-), 0.3-0.5 (-), 0.5-0.7 (+),
0.7-0.9 (++), and 0.9-1.0 (+++).

Abbreviations: P,,, MDCK, passive permeability in Madin-Darby canine
kidney cell line; P-gp, P-glycoprotein; Cli,,, intrinsic hepatic clearance;
Clyjicro» Clearance in liver microsomes; Clyep,, clearance in human hepatocytes;
Vss» Volume of distribution of steady state; HLM, human liver microsome;

H-HT, human hepatotoxicity.

from —1.0 to 0.3 and BB (brain/blood) values between 0.1 and 2.0
are associated with moderate distribution ranges to the central
nervous system (CNS). These results suggest that withanolide D
presents a free molecular fraction in blood plasma that can access
the CNS via BBB permeability.

The degree of confidence in the results may vary depending
on differences in units of measurement, algorithms, and the
applicability domains of the platforms used; therefore, the data
should be interpreted qualitatively in the context of ADMET in
silico predictions.

2.7.5 | Volume of Distribution

The hydrophobic nature of withanolide D is closely related to
its human volume of distribution of steady state (Vdss), which
expresses the theoretical volume of the total drug dose capable
of uniformly distributing between blood plasma and tissues [9].
According to the findings of the ADMET consensus test, the
logP rates are predicted to be greater than 3.0. This suggests
that the Vdss rates are likely to be less than 0.9 L/kg, as
indicated by most algorithms. This indicates that the molecular
fraction of bioavailability in systemic circulation has a higher
affinity for blood plasma and minimal distribution to biological
tissues, such as adipose tissue and the BBB. This suggests that a
pharmacological active principle may act in the CNS, with control
of the daily oral dose administered. However, the actual efficacy

of the compound in the CNS for the treatment of anxiety disorders
can only be corroborated in in vivo assays.

2.7.6 | Predicting Metabolism Profile

The consensus ADMET prediction indicated that the metabolism
profile may be directly associated with the efficiency of with-
anolide in systemic circulation and the safety profile after oral
administration [71]. The consensus test demonstrated that the
compound exhibited low susceptibility to being a substrate for
isoforms such as CYP2C9 and CYP2D6 in the human liver
microsome (HLM) system. However, it demonstrated structural
susceptibility to being a substrate for the CYP3A4 isoform, which
is predominant in the human liver for xenobiotic metabolism.
This substrate may undergo aliphatic hydroxylation in its isolated
unsaturated centers [72]. However, the prediction of drug-
induced liver damage (DILI) may be inconclusive regarding the
metabolic processes and toxicity of metabolites formed in first-
pass metabolism. This may be a limitation in the predictive model
when analyses extend to toxicity endpoints. Given the inherent
discrepancies in the methodological approaches employed by the
disparate data platforms (como o ADMETboost), a direct and
objective comparative analysis of the absolute values is rendered
unfeasible. Consequently, the interpretation of the results was
conducted qualitatively, with a focus on identifying concordant
trends across the datasets.

2.7.7 | Site of Metabolism and Toxicity Prediction

Phase I metabolism, mediated by CYP450 isoenzymes, can
result in the generation of reactive secondary metabolites, often
formed by processes such as epoxidation, generated from the
hydroxylation of aromatic centers [73, 74]. These substructures
can give rise to metabolites capable of binding covalently to
proteins and DNA, causing liver damage. In addition, these
biotransformation reactions can significantly impact the hepatic
clearance pathways, both in hepatic microsomes and hepatocytes,
affecting oral bioavailability. In this predictive test, it was possible
to observe that the compound can be metabolized by the CYP3A4
isoform, forming epoxide-based metabolites that are reactive
in hepatic microsomes and can be slowly released in cellular
hepatocytes, which can result in a toxic response due to metabolic
activation.

From the site of metabolism prediction, it was possible to observe
that withanolide D has two aliphatic hydroxylation-dependent
epoxidation sites, located at the ketone ring site (Figure 10A),
catalyzed by the CYP3A4 isoform in phase I metabolism, with a
data similarity > 0.8 in relation to toxic and reactive fragments
(Figure 10B) [72]. This fragment has often been related to muta-
genic compounds, since the epoxide is an electrophilic receptor
capable of interacting covalently with nucleophiles present in
DNA [73]. This result corroborates the toxicity prediction, where a
probability of at least 0.6 of the compound inducing mutagenic or
hepatotoxic damage was estimated (Table 3). However, it should
be noted that the organic toxic response is a typical behaviour
observed in in vivo assays. Therefore, experimental validation is
needed for corroboration.
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TABLE 4 |

Resultados da predicao consensual multiplataforma de ADMET para o withanolide D.

Intestinal
Lipophilicity Caco-2 per- absorption P-gp
Datasets (logP) meability (human) inhibitor Clearance BBB
ADMETlab 3.0 3.12 —4.747 (—) (—) 6.92 mL/min/kg +)
ADMETboost 35 —5.31 70.69% 39.86% 41.48 mL/min/g 19.34%
ADMET-AI 3.50 —-5.27 1.00 0.69 16.64 uL/min/mg 0.48
PreADMET 2.95 21.56 nm/s 94.73% Inhibitor — 0.29
(Cbrain/cblood)
pkCSM 3.49 0.83 99.2% Yes 0.35log —0.32 (logBB)
mL/min/kg
admetSAR 3.0 35 —4.6 91.0% 55.8% — 1.00
Vdss
Dataset PPB (human) CYP2C9 CYP2D6 CYP3A4 DILI
ADMETIab 3.0 79.8% 0.83 L/kg (+++) (+++) (+++) 0.29
ADMETboost 52.22% 410 L/kg 30.18% 54.26% 35.66% 42.7%
ADMET-AI 88.52% — 0.01 0.02 0.69 0.32
PreADMET 93.65% — Non- Substrate —
substrate
pkCSM — 0.89 L/kg No Yes No
admetSAR 3.0 81.39% 0.51 L/kg 33.0% 24.9% 92.9% 73.6%

In addition, these are biotransformation processes that can affect
the daily oral dose administered of the compound [74]. In the
prediction of acute toxicity in rats, a lethal dose (LDs,) of around
727.2 mg/kg was estimated for the oral route of administration,
which is below the ideal expected for a well-tolerated toxic
response, indicating an organic toxic response due to metabolic
activation [75]. In addition, LDy,values of less than 600 mg/kg
were estimated for the other routes of administration, which
include intraperitoneal (IP), subcutaneous (SC) and intravenous
(IV), indicating that the safest route of administration is oral,
despite the predicted toxic response (Figure 10C).

2.7.8 | Molecular Dynamics

The Normal Mode Analysis (NMA) module was employed to
observe the impact of withanolide D on the natural dynamics of
the GABA, receptor, as expressed in the 6HUP PDB. The results
demonstrated fluctuations in amino acid residues, considering
the mobility (B-factors in A)and deformability of the C-terminal,
N-terminal, and Ca structures. In this round of molecular
dynamics simulations, considerable fluctuations were observed
in withanolide D around residues 321 (A-chain), 656-688 (B-
chain), 1022 (C-chain), and 1707 (E-chain), with root mean square
fluctuations (RMSF) > 0.8 A (Figure 8A). It is noteworthy that
the binding of withanolide D resulted in an enhancement of
sensitivity in GABA, channels, attributable to the high mobility
that ensued from the fluctuations. The DZP agonist exhibited
its maximum fluctuation peak (RMSF) at residue 1022, with an

RMSF of approximately 0.72 A, whereas the highest fluctuation
observed for withanolide D demonstrated an RMSF of 0.98 A at
the corresponding residue (Figure 11A). Withanolide D promotes
a greater range of motion (RMSF) in the GABA, receptor
compared to Diazepam, but the structural deformation centers
remain localized in specific residues (686, 1019, and 1705), which
act as focal points for the conformational transition of the receptor
(Figure 11B).

Global movements suggest that the peripheral helices, which
determine the transmembrane domains, have the greatest mobil-
ity (yellow/red color). This region has high mobility/low deforma-
bility, indicating that this part has greater flexibility as a rigid
block, but does not change its internal shape (Figure 11C) [74].
On the other hand, the opposite alpha-helix region shows high
deformability and low mobility, indicating a region that does
not move large distances within the conformational space of
GABAA (Figure 8D), but which undergoes significant structural
distortion, indicating a possible allosteric effect of withanolide D.
The observation of dynamic movements that overlap suggests the
potential presence of residues within the loop and alpha-helix
regions that exhibit directional movement in a similar manner
(Figure 12A). These movements are based on the graph-based
signature model integrated into the NMA model, indicating a
corroboration between the results of the analysis of the protein’s
global flexibility [75]. In the dynamical cross-correlation map
(DCCM), it is possible to observe how the movement of residues is
mechanically linked, such as residues 200 and 1400 and residues
400 and 800 (red color spectra). This finding suggests that the
binding of withanolide D not only induces mobility within its
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binding domain but may also impact the flexibility of the protein
as a whole, indicating that the extracellular domain region
exhibits coordinated mobility with the transmembrane domain
(Figure 12B).

3 | Conclusions

In view of the results, the study showed that withanolide D caused
anxiolytic behavior in adult zebrafish with concomitant reduc-
tion in locomotor activity, indicating partial overlap between
anxiolytic-like and sedative-like effects depending on dose, and
that the GABA_A receptor is involved in this effect, more
specifically suggesting the participation of a benzodiazepine-
sensitive GABAA modulatory domain, demonstrating promising
pharmacological potential. In addition, the preclinical safety
of the sample was indicated, since there were no significant
numbers of deaths in the 96 h of analysis. Withanolide D
also prevented the impairment of memory consolidation in
adult zebrafish. In silico analyses based on molecular docking
estimated that withanolide D may interact with the aly2 domain
of the GABA, receptor, although it did not show interactions in
common with the DZP agonist. Therefore, these results suggest
a putative allosteric interaction in a functionally related region,

rather than definitive occupation of the classical benzodiazepine
site. Withanolide D increases the intrinsic flexibility of the
GABAA receptor compared to diazepam, as shown by NMA
with higher RMSF values and localized residue fluctuations
associated with conformational changes. ADMET predictions
showed a PAMPA profile based on moderate cell permeability,
while metabolic stability affected by first-pass biotransformation
may be indicative of a pharmacological principle based on control
of the daily oral dose administered. Overall, withanolide D
appears to be a promising natural scaffold for the development
of new anxiolytic agents, although further studies are neces-
sary to clarify its mechanism of action and pharmacokinetic
limitations.

4 | Experimental Section

4.1 | Vegetable Material

A. arborescens, belonging to the Solanaceae family was collected
in August 2006 in the locality of Pico Alto, in the municipality
of Guaramiranga, Ceard, Brazil, by Professor Edilberto Rocha
Silveira and then cultivated at the Center for Studies and Research
in Urban Agriculture—NEPAU, of the Agronomy Department
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of the Federal University of Ceard. The botanical material was
identified by Professor Edson de Paula Nunes, and an exsiccate
(number 34289) was deposited in the Prisco Bezerra Herbarium,
Department of Biology, Federal University of Ceard, Brazil.

4.2 | Obtaining the Withanolide D

Withanolide D was isolated by Batista et al. [19] from the acetone
extract of A. arborescens leaves, and provided by Prof. Otilia

Deusdénia Loiola Pessoa, Coordinator of the Natural and Marine
Products Laboratory of the Department of Organic and Inorganic
Chemistry at the Federal University of Ceard. The 'H and *C
NMR data are from the literature [12, 16].

4.3 | Drugs and Reagents

The drugs/reagents used in the experiments with zebrafish
were diazepam (DZP; Neo Quimica), donepezila (DNZP, Neo
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Quimica), flumazenil (FMZ; Sandoz), dimethylsulfoxide (DMSO;
dynamic) and ethanol (1% EtOH; dynamic).

4.4 | Animal Model (Zebrafish)

Wild adult zebrafish (Danio rerio) were purchased from a local
supplier (Fortaleza/Ceard, Brazil), with a mixture of males and
females. The animals were properly acclimatized for 24 h in
10 L aquariums (n = 3/L), at a temperature of 25°C and pH
7.0 with dechlorinated water (ProtecPlus) and an air pump
with submerged filters. The fish were monitored, as were the
temperature and water quality conditions. The fish were also
fed (Spirulina) ad libit + 2°C and pH 7.0 with dechlorinated
water (ProtecPlus) and an air pump with submerged filters.
The fish were monitored, as were the temperature and water
quality conditions. The fish were also fed (Spirulina) ad libitum
24 h before the experiments. At the end of the experiments, the
animals were euthanized. The experiments were approved by the
Animal Use Ethics Committee of the State University of Ceara
(CEUA-UECE; no. 04983945/2021) in accordance with the Ethical
Principles for Animal Experimentation.

4.5 | General Protocol

Zebrafish of both sexes were randomly selected for the experi-
ments, anesthetized in ice water, transferred to a damp sponge
and then treated (n = 6/group) with 20 uL of withanolide D at
doses of 4, 20, and 40 mg/kg, diazepam (DZP; 4 mg/kg) and 3%
DMSO (control group—drug diluent) or distilled water (emulsion
diluent) intraperitoneally (i.p.). Next, to simulate social isolation,
an anxiety-inducing factor, the animals were placed individually
in a beaker (500 mL) containing 250 mL of aquarium water and
kept at rest. For intraperitoneal (i.p.) treatments, insulin syringes
(0.5 mL; UltraFine BD) with a 30G needle were used.

4.6 | Acute Toxicity 96 h

After the open field experiment, the fish (n = 6/group) that had
been treated intraperitoneally (i.p.) with the doses evaluated (4,
20, and 40 mg/kg, 20 uL) and the negative control (3% DMSO,
20 uL) were placed individually in a beaker (500 mL) containing
250 mL of aquarium water for analysis of the mortality rate over
a period of 96 h, recording the number of dead fish in each
group every 24 h, with the lethal dose capable of killing 50% of
the animals (LDs,) with a 95% confidence interval according to
the Organization for Economic Cooperation and Development
(OECD) [65, 76].

4.7 | Assessment of Locomotor Activity (Open
Field Test—OFT)

The open field experiment was carried out with zebrafish of
both sexes and they were randomly selected to assess the pres-
ence or absence of changes in the animals’ motor coordination
[77], whether due to anxiolytic effect, sedation, and/or muscle
relaxation. Initially, the fish (n = 6/group) were treated intraperi-
toneally (i.p.) using an insulin syringe (0.5 mL; UltraFine BD)

with a 30G needle to apply withanolide D (20 uL) at doses of 4,
20, and 40 mg/kg, DZP (4 mg/kg) and 3% DMSO (drug diluent).
After 30 min of treatment, the animals were placed in glass Petri
dishes (10 x 15 cm) containing the same water as the aquarium,
marked with four quadrants, and analyzed for locomotor activity,
counting the number of lines crossed (CL) by the animals during
5 min of analysis [78].

4.8 |
(LDT)

Anxiolytic Assessment—Light and Dark Test

The anxiety behavior of the animals can be observed using the
light/dark test, in the same way as rodents, zebrafish instinctively
avoid bright areas [78, 79]. The fish were initially placed individu-
ally in a glass aquarium (30 cm X 15 cm X 20 cm) divided into two
light and dark chambers to allow the animal to make an initial
choice of side and then move freely between the chambers. The
aquarium was filled to 3 cm with pre-treated water free of chlorine
and heavy metals, simulating a new environment, different from
a conventional aquarium and with a social isolation factor that
could induce anxiety behaviors [34]. The animals (n = 6/group)
were treated intraperitoneally (20 uL) with the sample at doses
of 4, 20 and 40 mg/kg each. The negative and positive control
groups were composed of 3% DMSO (withanolide D diluent) and
a4 mg/kg solution of DZP, respectively. After 30 min of treatment,
the animals were individually placed back in the aquarium in
the clear zone, and the anxiolytic effect was measured based on
the time the animals remained in the clear zone of the aquarium
during 5 min of analysis [78].

4.9 | Inhibitory Avoidance Test

In this assay, memory impairment was induced by ethanol
exposure. Adult zebrafish were exposed to 1% ethanol for 20 min
to promote cognitive deficits, and this group was used as the
memory impairment control (EtOH group). In contrast, 3%
DMSO was used exclusively as the vehicle control for withanolide
D administration, since the compound was dissolved in DMSO.
Therefore, DMSO 3% represents the negative control for vehicle
effects, whereas 1% EtOH represents the negative control for
ethanol-induced memory impairment. As described by Blank
et al. [80] and Bertoncello et al. [81], inhibitory avoidance was
performed using an aquarium (28 X 14.7 x 19 cm) containing 1.3
L of dechlorinated water, divided into two equal compartments
(light and dark) separated by a manually controlled guillotine
door (10 x 10 cm). The dark compartment contained three metal
bars (1 cm diameter), positioned vertically along the wall and
spaced 3 cm apart, connected to an electrostimulation device.
When activated, the device delivered an aversive stimulus (100 Hz
for 5's; 125 mA, 3 + 0.2 V) in the dark compartment. Zebrafish
(n = 6/group) were individually placed in 500 mL beakers for
identification. Each animal was then transferred to the light
compartment with the guillotine door closed and allowed to
acclimate for up to 1 min. After acclimation, the door was raised,
allowing access to the dark compartment. The latency to enter the
dark side was recorded, and upon entry, the electrical stimulus
was applied. This latency time was used as the behavioral
parameter for statistical analysis. Immediately after the training
session, animals were treated intraperitoneally (20 pL) with
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withanolide D at 4, 20, or 40 mg/kg. Additional groups received
DMSO 3% (vehicle control) or donepezil (DNZP; 0.5 mg/L,
i.p.) as a reference drug. Memory retention was evaluated 24 h
later using the same procedure, but without electric shock. To
evaluate ethanol-induced memory impairment, the experimental
design followed the protocol described by Luchiari et al. [82].
Immediately after the training session and drug administration,
zebrafish were exposed by immersion to 1% ethanol for 20 min, as
previously described [70, 71]. In this assay, animals (n = 6/group)
were treated with the lowest effective dose of withanolide D
(4 mg/kg), while the control groups received DMSO 3% (vehicle
control) or 1% EtOH (impairment control). Memory retention
was assessed 24 h after ethanol exposure, using the inhibitory
avoidance test as described above, without shock.

4.10 | Statistical Analysis

The results were expressed as mean values + standard error of
the mean for each group of 6 animals. After confirming the
normality of the distribution and the homogeneity of the data,
the differences between the groups were subjected to one-way
analysis of variance (one-way ANOVA) for the open field and
light/dark tests, and two-way ANOVA for the mechanisms of
action, followed by Tukey’s test. All analyses were carried out
using GraphPad Prism software (version 9.0.0; GraphPad Soft-
ware, San Diego, CA, USA). The level of statistical significance
was set at 5% (p < 0.05).

4.11 | Molecular Docking Procedures

To prepare the chemical structures for the molecular
docking simulations, the programs MarvinSketch, version

24.1.0, Chemaxon (https://chemaxon.com/marvin), and
AutoDockTools(TM)  (https://autodocksuite.scripps.edu/adt/)
were used.

Initially, the two-dimensional (2D) representation of the with-
anolide D and DZP chemical structures, exported in simplified
molecular input line entry system (SMILES) linear notation
from the PubChem repository (https://pubchem.ncbi.nlm.nih.
gov/), was plotted in the MarvinSketch software. The program
was configured to perform a structural optimization using the
Merck molecular force field (MMFF94) method, considering the
pre-hydrogenated chemical structure, returning only the lowest
energy conformation.

The chemical structure of the type-A y-aminobutyric (GABA,)
receptor, complexed to the agonist diazepam (DZP), was reported
from the RCSB Protein Data Bank (https://www.rcsb.org/),
deposited under PDB code ID 6HUP, classified as a membrane
receptor in a Homo sapiens and Escherichia Coli expression sys-
tem, whose structure was characterized by electron microscopy
at a resolution of 3.58 A [54]. In order to preserve the pro-
tein’s structural integrity and maintain its biological relevance,
the experimental coordinates of the protein’s structure were
preserved during the experimental process. To prepare the pro-
tein, the water molecules (H,0) and co-crystallized DZP were
removed, the hydrogens were added considering the protonation
states of amino acid residues at physiological pH (approximately

7.4), and the Kollman and Gasteiger charges were computed
using the AutoDockTools program [83]. Residues with basic H-
bond acceptor centers, such as histidine, were maintained in their
protic state according to their protonation state at physiological
pH. The dimensions of the grid-box were set to delimit the
entire conformational space of the protein, adjusted between the
axes x = 134.39, y = 135.69, and z = 133.776 and dimensions
94 A x 92 A x 126 A (x, ¥, and z). Then, the AutoDockVina
code (https://vina.scripps.edu/) was configured to perform a
series of 50 independent simulations of 20 poses each, for each
withanolide ligand D and DPZ, ranked by affinity energy (E,)
and root mean square deviation (RMSD), where the best-pose
selection criteria include E(A) «6.0 kcal mol~ and RMSD < 2.0
A [84].

4.12 | ADMET Predictive Study
4.12.1 | Molecular Lipophilicity Potential and Structure
Complexity

Based on the optimized 3D structure of withanolide D, the
molecular lipophilicity potential (MLP) was analyzed, as shown
in Equation (1):

N
MLP = Z Fif (dy) €))

i=1

where N denotes the number of molecular fragments (i) dis-
tributed in the respective lipophilicity indices (F), while f(d)
represents the function describing the spatial distance between
two fragments, i and k [85]. The data obtained was correlated with
the physicochemical descriptors of intrinsic lipophilicity (logP)
and the topological polar surface area (TPSA) [86].

A quantitative estimate of drug-likeness was then made using
the Medicinal Chemistry Evolution, 2018 (MCEI8) algorithm, as
shown in Equation (2):

Fsp® + Cyc — Acyc
MCE18 = ( AR + NAR + Chiral + Spiro—b— < —_ 29 o
1+ Fsp3

@
The number of aromatic (AR) and non-aromatic (NAR) rings,
as well as the presence of chiral centers and spirocyclic (Spiro)
centers, along with the distribution of the fraction of atoms
with hybridization (Fsp®) between cyclic (Cyc) and acyclic (Acyc)
substructures, were evaluated with regard to new trends in
medicinal chemistry. These guidelines emphasize the prioritiza-
tion of compounds with greater size and polarity, differentiating
them from molecules with potential intracellular toxicity. The
results were categorized according to the following thresholds:
(i) MCE-18< 45.0: low 3D complexity, characterizing old or
trivial molecular skeletons. (i) MCE-18> 45.0: high similarity to
compounds present in patents, reflecting an optimal degree of
structural complexity and optimized synthetic accessibility [59].

4.12.2 | Cell Effective Permeability Prediction

The artificial intelligence module of the ADMET-AI server
(https://admet.ai.greenstonebio.com/) was applied to estimate
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the degree of passive cell permeability (P,,,) and clearance
in human liver microsomes (ClMicro), based on the similar-
ity test with compounds registered in the Drugbank database
(https://go.drugbank.com/). For validation, properties related to
ADMET were estimated based on consensus between different
predictive platforms, using descriptors from the parallel artificial
membrane permeability assay (PAMPA). The analyses were con-
ducted using the ADMET-AI (https://admet.ai.greenstonebio.
com/), ADMETlab 3.0 (https://admetlab3.scbdd.com/), Deep-
PK (https://biosig.lab.ug.edu.au/deeppk/), Pre ADMET (https://
preadmet.qsarhub.com/) and admetSAR 3.0 (https://Immd.ecust.
edu.cn/admetsar3/about.php) databases. The properties evalu-
ated included P,,, in colorectal adenocarcinoma (Caco-2) and
MDCK cells, interaction with P-glycoprotein (P-gp), intrinsic
hepatic clearance (Cl;,,), clearance in human hepatocytes
(Clyepa)» and volume of distribution at steady state (Vdss).

4.12.3 | Consensus ADMET Prediction

The qualitative ADMET profile of withanolide D was estimated
using a cross-platform consensus prediction with the following
tools: ADMETIlab 3.0  (https://admetlab3.scbdd.com/),
ADMETboost (https://ai-druglab.smu.edu/), ADMET-
Al (https://admet.ai.greenstonebio.com/), PreADMET
(https://preadmet.webservice.bmdrc.org/), pkCSM
(https://biosig.lab.ug.edu.au/pkesm/), and admetSAR 3.0
(https://lmmd.ecust.edu.cn/admetsar3/). The results were
analyzed using critical profiles of oral bioavailability, plasma
protein binding (PPB), volume of distribution in steady state
(Vdss), and cytochrome P450 (CYP450)-dependent first-pass
metabolism profiles and drug-induced liver damage.

4.12.4 | Site of Metabolism and Acute Rat Toxicity
Metabolic stability was predicted by identifying sites of
metabolism and assessing acute toxicity in rats. To do
this, the XenoSite (https://xenosite.org/) and STopTox
(https://stoptox.mml.unc.edu/)  servers were used to
estimate the sensitivity to reactivity induced by metabolic
activation, considering the dependence on CYP450 isoforms.
Subsequently, the results were correlated with the lethal dose
descriptors (LDs,) in rats, considering the oral, intraperitoneal
(IP), intravenous (IV) and subcutaneous (SC) routes of
administration, using the GUSAR Online—Way2Drug server
(https://www.way2drug.com/gusar/) [87].

4.12.5 | Molecular Dynamics

The best-pose molecular docking, for withanolide D and redocked
DZP, in the GABAA receptor (PDB: 6HUP), was subjected to
molecular dynamics simulations based on normal mode analy-
sis (NMA) using the iMODS server (https://imods.igf.csic.es/),
according to Equation (3):

q =q + Z a;. X, cos 2yt + 8;) 3)
k=1

where g and &, are the initial conditions, x; is the k, eigen-
vector, and vy is its frequency associated with the normal mode.
Normal modes are defined as a set of vectors with displacements
that are perpendicular to the protein structure. High-frequency
modes indicate specific, local movement. Low-frequency modes
represent more general, group changes [88]. These changes were
identified from the DCCM using the DynaMut server — BioSig Lab
(https://biosig.lab.ug.edu.au/dynamut/).
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