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  Abstract 

Research into natural products of marine origin has experienced a rapid advance during the 21st 

century due to the discovery of the various pharmacological potentialities reported in the literature of 

exclusively marine bioactives with mechanisms of action involving important biological activities 

found in various species of marine organisms. The pyridoacridine alkaloid petrosamine, extracted 

from species of sea sponges of the genus Petrosia sp., which occur on the coast of the state of Ceará, 

is a natural marine compound with experimentally proven neuroprotective pharmacological 

properties. The aim of this article is to evaluate the anxiolytic, sedative, anticonvulsant and memory-

preventing effects of the marine alkaloid extract petrosamine in adult zebrafish. Thus, the findings 

confirm the pharmacological potential of petrosamine as an anxiolytic and memory-suppressing 

agent, supporting its investigation in new therapeutic strategies. Moreover, petrosamine exhibits 

intermediate chemical reactivity, characterized by a moderate HOMO–LUMO energy gap and high 

electrophilicity. The MEP and Fukui function analyses consistently highlight the cationic nitrogen 

atoms as electrophilic centers, while the oxygen and bromine atoms represent the main nucleophilic 

regions. Petrosamine had a sedative and anxiolytic effect and prevented memory in adult zebrafish 

via GABAergic neurotransmission. The studies evaluated indicate that compounds of marine origin 

are emerging as a promising source of bioactive compounds, revealing an important therapeutic 

potential for the treatment of neurodegenerative diseases. 

 

 Keywords: Petrosamine, Anxiety, Memory, GABAergic, Zebrafish. 
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Introduction 

The vast marine biodiversity represents a natural and sustainable source of biologically active 

substances that are promising for obtaining raw materials of great pharmacological interest due to their 

therapeutic properties, especially associated with the treatment of various human diseases[1,2,3]. 

Due to the genetic diversity of organisms and a unique ecological and molecular diversity, the 

ocean has been considered an important source of bioactive compounds[4,5,6,7]. In order to adapt to 

extreme environmental conditions, marine organisms need to produce certain substances vital to their 

survival that cannot be found in other organisms[8,9,10]. Such compounds sometimes show potent 

pharmacological activities[2,10]. 

Most natural marine molecules are produced by invertebrates, such as sponges, corals, bryozoans 

and ascidians, and belong to different structural classes, such as polyethers, terpenes, alkaloids, 

macrolides and polypeptides[1,4,5,11]. 

Currently, several marine natural products have been shown to be effective in experimental 

models for the treatment of neurological disorders[12,13,14]. The screening and isolation of new 

molecules with neuroprotective pharmacological properties from marine organisms has gained the 

attention of the scientific community for the investigation of new therapies with an effect on the 

pathophysiological events of neurodegenerative diseases that cause significant impairment of 

neurological functions, often leading to irreversible brain damage[7,13,14]. 

Alzheimer's, one of the most common neurodegenerative diseases in adults, poses serious threats 

to health, causing severe damage to neural functions in affected individuals[14,15,16]. The disease is a 

progressive neurological disorder manifested by cognitive and memory deterioration, marked by the 

release of neurotoxic and pro-inflammatory factors that intensify neurodegeneration and impair the 

functioning of the central nervous system[16,17,18]. Its symptoms gradually worsen, which include 

impaired motor control and some behavioral changes, such as memory and learning deficits, anxiety, 

agitation and dementia that affect quality of life[7,19]. 

Studies show that pyridoacridine alkaloids identified and isolated from marine animals have 

neuroprotective pharmacology, especially with regard to the treatment of Alzheimer's[20,21,22]. An 

example of a bioactive in this group is the pentacyclic pyridoacridine alkaloid called petrosamine, 

extracted from the marine sponge of the genus Petrosia sp., with a structure based on the 11H 

pyrido[4,3,2-mn]acridine skeleton and existing in enolate and keto forms[7,20,21]. Through chemical 

tests, petrosamine showed potent inhibitory action against the enzyme acetylcholinesterase (AChE), 

which is responsible for degrading the neurotransmitter acetylcholine (ACh) in the synaptic cleft, 

hydrolyzing it into acetate and choline[20,22,23]. 

The cholinergic system plays an essential role in learning and memory processes, and dysfunction 

of this entire process is consistent with the progressive severity of memory impairment observed in 
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Alzheimer's disease[7,21]. Restoring cholinergic neurotransmission is a useful strategy for increasing 

synaptic acetylcholine availability and improving impaired memory in patients with the 

neuropathology[7,24,25]. 

For the study of biomolecules, the use of zebrafish, also known as zebrafish, in experimental 

animal models, has stood out on the scientific scene for presenting a good cost-benefit ratio in 

behavioral and neurophysiological studies to unravel the mechanism of various human diseases, as 

well as testing new therapeutic agents[26,27,28,29]. 

As far as the central nervous system is concerned, studies have shown that this animal model 

contains highly conserved orthologous genes and that despite the lower brain complexity, it has a 

general organization and neuronal circuits similar to what is observed in mammals, proving to be a 

model capable of representing human disorders, such as neurodegenerative diseases[30,31,32]. 

In view of the above, this study aims to investigate the marine alkaloid Petrosamine as a bioactive 

model to treat diseases that mainly affect the central nervous system, inhibiting neurological disorders 

in order to contribute to updating data in the scientific literature on marine bioactives and 

neuropharmacological properties for application against neurodegenerative diseases, as well as 

evaluating bioassays for anxiety, convulsion, learning and memory in the extract of the marine species 

Petrosia sp.  

 

Materials and Methods 

Chemicals and pharmacological agents 

All substances employed in the experimental procedures were obtained from commercial 

suppliers and used without further purification. Diazepam (DZP) was acquired from Neo Química®, 

donepezil (DNZP) from Geolab®, flumazenil from Sandoz®, dimethyl sulfoxide (DMSO, 3%) from 

Dynamic®, and pentylenetetrazole (PTZ) from Sigma-Aldrich®. Fresh solutions were prepared on the 

day of experimentation. 

Marine sponge sampling and taxonomic identification 

Specimens of the sponge Petrosia sp. were collected in March 2014 from the coastal region of 

Trairí, Ceará State, Brazil (3°13′7.29″ S; 39°15′48.40″ W). A representative voucher (MNRJ 17832) 

was deposited in the Porifera Collection of the Museu Nacional, Federal University of Rio de Janeiro 

(UFRJ). Species identification and morphological characterization followed the procedures described 

by Ribeiro et al. (2024) [33]. 

 

Extraction and isolation of the alkaloid 

 

Freshly collected sponge material was immediately immersed in ethanol and stored under freezing 

conditions until processing. Two independent batches (500 g each) were fragmented and submitted to 
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ultrasonic-assisted extraction with methanol (2 × 600 mL). After solvent removal under reduced 

pressure at 40 °C, the resulting hydromethanolic extract was concentrated to approximately 200 mL 

and subjected to liquid–liquid partitioning with n-hexane, dichloromethane (CH₂Cl₂), and ethyl acetate 

(EtOAc), using three successive extractions (200 mL each solvent). Organic fractions were dried over 

anhydrous sodium sulfate and evaporated, yielding n-hexane (1.4 g), CH₂Cl₂ (0.7 g), and EtOAc (0.2 

g) residues. The CH₂Cl₂ fraction was fractionated by size-exclusion chromatography on Sephadex LH-

20 using CH₂Cl₂/MeOH (2:8, v/v) as eluent. A blue-pigmented subfraction (213 mg) was further 

purified by semi-preparative HPLC on a phenylhexyl column employing a linear gradient of H₂O 

(0.01% TFA)/MeOH (60–100%) over 15 min, at 3.0 mL/min and 35 °C. This procedure afforded 

petrosamine (45.5 mg; t_R = 10.6 min) with chromatographic purity of 99.1% (Figure S1). Structural 

identity was confirmed by NMR spectral comparison with published data [20,22] (Figures S2–S6). 

 

Experimental animals and housing conditions 

 

Adult wild-type zebrafish (Danio rerio), aged between 90 and 120 days, were used in all in vivo 

assays. Animals (0.4 ± 0.1 g; 3.5 ± 0.5 cm), of both sexes, were obtained from a commercial supplier 

in Fortaleza, Ceará, Brazil. Fish were housed in glass aquaria (10 L; density 3 fish/L) under controlled 

temperature (25 ± 2 °C), neutral pH (7.0), continuous aeration, mechanical filtration, and a 14/10 h 

light/dark cycle. Commercial Spirulina-based feed was provided until 24 h before experimental 

procedures. Euthanasia was performed by immersion in ice-cold water (2–4 °C) until complete 

cessation of opercular movements. All protocols were approved by the Ethics Committee on the Use 

of Animals of the State University of Ceará (CEUA-UECE; nº 04983945/2021). 

 

Drug administration and experimental workflow 

 

Animals were randomly allocated to experimental groups and gently restrained on a moist sponge 

for intraperitoneal injections. Treatments consisted of petrosamine (4, 12, or 20 mg/kg), diazepam (4 

mg/kg), or vehicle (3% DMSO), administered in a final volume of 20 µL. Injections were performed 

using 0.5 mL insulin syringes equipped with 30G needles. After administration, each fish was 

transferred to an individual 500 mL container containing 350 mL of aquarium water and allowed a 30 

min recovery period prior to behavioral evaluation [34]. 

 

Acute toxicity evaluation, Locomotor activity analysis and Light/dark preference test 

 

To assess short-term toxicity, zebrafish (n = 6 per group) received intraperitoneal injections of 

petrosamine (4, 12, or 20 mg/kg) or vehicle. Animals were observed for 96 h, and mortality was 
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recorded at 24 h intervals following OECD recommendations [35]. The median lethal dose (LD₅₀) and 

confidence interval (95%) were calculated using the Trimmed Spearman–Karber method 

[36].Spontaneous locomotion was evaluated using the open field paradigm to detect alterations in 

motor performance or sedation [37]. Zebrafish (n = 6 per group) were treated as described above and, 

after 30 min, individually placed in glass Petri dishes (10 × 15 cm) divided into four equal sectors. 

The total number of sector crossings was recorded during a 5 min observation period [38].Anxiety-

like behavior was assessed using a two-compartment light/dark apparatus consisting of a glass tank 

(30 × 15 × 20 cm) filled with 3 cm of dechlorinated water [39]. Animals (n = 6 per group) received 

petrosamine, diazepam, or vehicle and were tested 30 min later. Each fish was introduced into the 

illuminated compartment, and the cumulative time spent in this area over 5 min was recorded. The 

dose producing the most consistent anxiolytic-like response was selected for subsequent mechanistic 

assays [40]. 

 

Investigation of GABAergic involvement and PTZ-induced seizure model 

 

To evaluate the participation of GABA_A receptors, zebrafish (n = 6 per group) were pretreated 

intraperitoneally with flumazenil (4 mg/kg). After 15 min, animals received petrosamine at the 

previously identified effective dose (12 mg/kg), diazepam, or vehicle. Behavioral assessment was 

conducted 30 min later using the light/dark test [38]. Anticonvulsant activity was examined using a 

chemically induced seizure model. Zebrafish (n = 6 per group) were pretreated with petrosamine (4, 

12, or 20 mg/kg), diazepam, or vehicle. Thirty minutes later, animals were exposed to PTZ (10 mM), 

and seizure-like behaviors were classified into three progressive stages: increased swimming activity, 

circular swimming, and clonic convulsions with transient loss of posture [30,41]. Animals were 

euthanized immediately after the assessment. 

 

Inhibitory avoidance task 

 

Learning and memory were evaluated using an inhibitory avoidance protocol adapted for adult 

zebrafish [42]. The apparatus consisted of a two-compartment glass tank (28 × 14.7 × 19 cm) with 

contrasting black and white areas separated by a sliding partition. The dark compartment was equipped 

with a grid floor connected to an electrical stimulator. During the training session, fish were placed in 

the white compartment, and latency to enter the dark area was recorded. Entry into the dark 

compartment triggered an aversive stimulus (100 Hz, 5 s; 125 mA; 3 ± 0.2 V). Immediately after 

training, animals received intraperitoneal treatment with petrosamine (4, 12, or 20 mg/kg), diazepam, 

or vehicle. Memory retention was evaluated 24 h later in a test session identical to training, except that 

no electrical stimulus was delivered. To investigate the influence of ethanol on memory performance, 
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an additional experiment was conducted in which zebrafish were exposed to 1% ethanol by immersion 

for 20 min immediately after training. Animals received the lowest effective dose of petrosamine or 

vehicle prior to ethanol exposure. Memory retention was assessed after 24 h, following the same 

protocol described above [43]. 

  

Molecular docking simulations 

Molecular docking - Anxiolytic and anticonvulsant activity 

The two-dimensional representation of the chemical structure of petrosamine was plotted and 

rendered in the program MarvinSketch® version 24.1.0, Chemaxon© (https://chemaxon.com/marvin), 

configured to carry out structural optimization using the Merk Molecular Force Field model 

(MMFF94) with a convergence unit in kcal/mol, parameterized to return only the lowest potential 

energy confomer[44], used in the molecular docking simulations.For the theoretical evaluation of the 

anxiolytic and anticonvulsant activity of petrosamine, we followed the methodology of Mendes et al. 

(2022)[41], where the structures of the proteins were obtained from the RCSB Protein Data Bank server 

(https://www.rcsb.org/) and prepared for molecular docking simulations using the AutoDockTools 

programTM version 1.5.6 - MGL Tools© (https://autodock.scripps.edu/). The structure of carbonic 

anhydrase II (CAII), identified as 'Coumarins are a novel class of suicide carbonic anhydrase 

inhibitors', classified as a lyase in Homo sapiens organism (resolution of 2.0 Å) is deposited on the 

server under PDB code 3F8E[45], while the structure of the GABA receptorA R, identified by 'CryoEM 

structure of human full-length alpha1beta3gamma2L GABA(A)R in complex with diazepam 

(Valium), GABA and megabody Mb38' and classified as a membrane receptor in the organisms Homo 

sapiens and Escherichia coli (resolution of 3.58 Å), is deposited in the database under the PDB code 

6HUP[46]. The polar hydrogens and Gasteiger charges were added to the protein structure in the 

AutoDockTools programTM. The grid-box was delimited to cover the entire conformational space of 

the proteins, adjusted to the dimensions 50Åx47Åx60Å (x,y,z) and coordinates x = -6.650, y = -0.180 

and z = 16.240, for the CAII enzyme, and to the dimensions 129Åx99Åx125Å (x,y,z) and coordinates 

x = 125.282, y = 139.530 and z = 136.020, for the GABA receptorA R. The AutoDockVina codeTM 

was configured to perform a series of 50 independent simulations of 20 poses each, applying the 

Lamarkian Genetic Algorithm (LGA), for the ligand petrosamine and the co-crystallized ligands TE1 

(CAII inhibitor), Diazepam (DZP - GABAA R agonist)[47]. The choice of the best-pose involves the 

evaluation of energetic and statistical parameters, provided that they are within predefined ideal limits: 

an affinity energy below -6.0 kcal/mol and a Root Mean Square Deviation (RMSD) of less than 2.0 

Å[48]. 

 

Molecular docking – inhibitor AChE 
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The production of the molecular docking simulations of AChE inhibitors followed some essential 

steps regarding the preparation of all the components evaluated in the simulations. Among the 

compounds used was galantamine (GNT), classified as a crystallised AChE inhibitor, while the 

biocompound petrosamine was analysed for the drug candidate compound. Both compounds were 

rendered using the software Marvinsketch® version 25.1.0, Chemaxon© 

(https://chemaxon.com/marvin)[49] determined the two-dimensional structures of each structure, then 

the compounds were sent to the software Avogadro® version 1.2.0[50], with the aim of structurally 

optimising the respective compounds in order to achieve the lowest energy state when the force field 

is applied MMFF94 (Merck Molecular Force Field 94)[51], in order to obtain the most stable structures 

in terms of the force field metrics used[52].  The crystal structure of acetylcholinesterase obtained for 

the molecular docking prediction studies was obtained using the Protein Data Bank virtual platform 

using the identification code IDpdb: 4EY6, the crystal structure is labelled “Crystal Structure of 

Recombinant Human Acetylcholinesterase in Complex with (-)-galantamine”, this biological receptor 

is classified as a hydrolase, linked to the Homo sapiens organism, showing no mutations in its three-

dimensional coordinates; the resolution of the structure was realised using the X-ray diffraction 

method, showing a resolution equal to 2.40 Å[53,54]. In order to proceed with the molecular docking 

prediction studies, the crystallised structure needs to go through a preparation process in order to obtain 

the ideal, standardised structure, the first step is to use the software Chimera[55,56], using the 

programme, it is possible to remove all the residues present in the coordinates of the target receptor, 

consisting of water molecules and ligands; after cleaning the receptor, the structure is sent to the 

software AutoDockTools[57], where all the hydrogens in each amino acid present in the enzyme chain 

were added, then all the Gasteiger charges were computed[58]. Finally, the GridBox values specific to 

the AChE target were determined, with the coordinate axes equal to (-0.420 x, -51.390 y, 4.105 z) and 

size (90 x, 91 y, 126 z), these values being used to consider the entire receiver in the prediction studies. 

The molecular docking simulations are based on the individual use of each ligand in relation to the 

target receptor. 50 independent simulations were carried out for each complex, where 20 poses formed 

between the ligand and protein are available for each one, prediction studies were carried out using 

the software AutoDockVina[57,59]. The determination of the best poses is linked to the complex 

formation parameters based on the RMSD value and affinity energy, with values equal to or less than 

2.0 Å (RMSD) and -6.0 kcal/mol (energy)[52]. 

 

 

MPO-based ADME study 

 In order to predict the druglikeness properties and absorption, distribution, metabolism and 

excretion (ADME) descriptors, the physicochemical attributes of petrosamine were analyzed based on 

the Central Nervous System Multiparameter Optimization (CNS MPO) algorithm, as shown in Eq. 1: 



9 

𝑑 = ∑ ௞ே௜=1((0ݔ)ܶ)௞ݓ          (1) 

where w is the weighting factor (0 to 1) of each physicochemical attribute (k), assigned to the function 

of satisfying the statistical thresholds (T(x)), which include: intrinsic lipophilicity (logP) ≤ 3 and at 

physiological pH (logD at pH 7.4) ≤ 2, molecular weight (MW) ≤ 360 g/mol, topological polar surface 

area (TPSA) 40-90 Å², H-bond donors (HBD) ≤ 1 and basic pKa ≤ 8 (N = 6 properties), and the sum 

results in the desirability score (d) which ranges from 0 to 6 according to ADME viability. The 

physicochemical properties were calculated in the ADMETlab 3.0 predictor 

(https://admetlab3.scbdd.com/) and analyzed according to the Pfizer rule classification system[60] and 

Golden Triangle rule[61], based on graphic signatures[62].  The results were related to the ADME 

descriptors associated with oral absorption and metabolic stability provided by the ADMETlab 3.0 

(https://admetlab3.scbdd.com/) and Deep-PK (https://biosig.lab.uq.edu.au/deeppk/)[63], which include 

apparent permeability (Papp) in MDCK cells, intestinal P-glycoprotein (P-gp) substrate, volume of 

distribution (VD), access to the central nervous system (CNS) by permeability at the blood-brain barrier 

(BBB) and intrinsic hepatic clearance rate (CLint,u). Petrosamine metabolism sites were predicted using 

the SMARTCyp server (https://smartcyp.sund.ku.dk/mol_to_som), based on a similarity test of the 

input compound with fragments known to be substrates of cytochrome P450 (CYP450) isoforms, where 

the results were related to toxicity descriptors based on drug-induced liver injury (DILI) and 

mutagenicity, present on the ProTox 3.0 server (https://comptox.charite.de/protox3/). 

 

 

 

Statistical analysis 

Results were expressed as mean values ± standard error for each group of 6 animals. After 

confirming the normality of the distribution and homogeneity of the data (Shapiro-Wilk test), the 

differences between the parametric groups were identified using one-way ANOVA analysis of 

variance for the OFT test and two-way ANOVA for the anxiolytic mechanism of action tests, 

convulsive behavior test and inhibitory avoidance. The non-parametric data from the LDT test was 

analyzed using the Kruskal-Wallis test followed by the Dunn and two-way post hoc tests. All analyses 

were carried out using the GraphPad Prism v. 8.0 program. The level of statistical significance was set 

at 5% (p<0.05). 

 

 

 

Theoretical studies of chemical reactivity 

 Reactivity at the molecular level lies at the heart of chemical science. Reactivity theories 

comprise a set of principles that relate molecular structure to the capacity to donate or accept electrons 
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[107].There are two classes of chemical reactions: charge-controlled and orbital-controlled. In orbital-

controlled reactions, stabilization arises from the transfer of electrons from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). This occurs because 

that interaction incurs the lowest energy penalty[108]. In Density Functional Theory (DFT), the 

electronic energy is a functional of the electron density (ݎ)ߩ, and by analyzing the response of (ߩ)ܧ 

to variations in the number of electrons N and the external potential (ݎ)ݒ, global and local descriptors 

that quantify chemical reactivity emerge [109]. In this study the molecular geometry optimization and 

orbitals energies of the isolated molecule was carried out using Density Functional Theory – DFT[110] 

with wb97xd hybrid functional[111] and GENECP (SDD for Br and 6-31G++(d,p) for all others)  basis 

set specification. The geometric parameters and boundary molecular orbital energy (HOMO and 

LUMO) were duly obtained from the optimised structure. Thus, the global reactivity descriptors were 

predicted using the equations[112]:  ீܧ∆ :ݕ݃ݎ݁݊ܧ ܲܣܩ஺௉ = ுைெைܧ − :ݕ݃ݎ݁݊ܧ ݊݋݅ݐܽݖ݅݊݋ܫ ௅௎ெை (2)ܧ ܫ = :ݕݐ݂݂݅݊݅ܣ ݊݋ݎݐ݈ܿ݁ܧ ுைெை (3)ܧ− ܣ = ߯ :ݕݐ݅ݒ݅ݐܽ݃݁݊݋ݎݐ݈ܿ݁ܧ ௅௎ெை (4)ܧ− = − ுைெைܧ) + ௅௎ெை)2ܧ  (5) 

ߟ :ݏݏ𝑑݊݁ݎܽܪ ℎ݈݁݉݅ܿܽܥ = ௅௎ெைܧ) − ுைெை)2ܧ  (6) 

ߪ :ݏݏ݁݊ݐ݂݋ܵ ℎ݈݁݉݅ܿܽܥ = ߟ1  (7) 

߱ :ݕݐℎ݈݅݅ܿ݅݌݋ݎݐ݈ܿ݁ܧ = ߟ22߯  (8) 

 The Fukui function ݂(ݎ) is a local reactivity descriptor that shows where the electron density 

most respond to the addition or removal of electrons, thereby linking frontier orbital theory to DFT. 

The Fukui function is defined as ݂(ݎ) =  [డఘ(௥)డே ]ఔ(௥) = [ ఋఓఋఔ(௥)]ே    (9), 

that is, as local change in electron density with respect to a charge in the number of electrons at fixed 

external potential or, equivalently, it quantifies the sensitivity of the chemical potential to a localized 

external perturbation. Intuitively, ݂(ݎ) highlights reactive sites, large values indicate regions more 

prone to accept or donate density in chemical processes, generalizing the frontier orbital concept. For 

nucleophilic attack, ݂+(ݎ) = [డఘ(௥)డே ]ఔ(௥)+ ≈ (ݎ)(ே+1)ߩ −  for ,(electron addition) (10)  (ݎ)ேߩ

electrophilic attack ݂−(ݎ) = [డఘ(௥)డே ]ఔ(௥)− ≈ (ݎ)ேߩ −  and for ,(electron removal) (11)  (ݎ)(ே−1)ߩ

radical attack ݂0(ݎ) = [డఘ(௥)డே ]ఔ(௥)0 ≈ (ݎ)(ே+1)ߩ −  .(12)  (ݎ)(ே−1)ߩ
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 In this work, the numerical Fukui function values were approximated using the Hirshfeld-

condensed Fukui approximation, which computes atomic Fukui indices as finite differences of 

Hirshfeld charges evaluated at the three charge states (N, N+1 and N-1). Therefore, ௞݂+ ܰ)௞ݍ= + 1) − −௞(ܰ)   (13), ௞݂ݍ = (ܰ)௞ݍ − ܰ)௞ݍ − 1) (14) and ௞݂0 = ܰ)௞ݍ + 1) − ܰ)௞ݍ −1)  (15). This approximation is valid when the frontier-electron picture is adequate, the N ± 1 species 

are well-behaved (bound or effectively stabilized), and all three calculations use the same level of 

theory so that population differences reflect genuine response rather than methodological 

inconsistency[112-114]. 

 

Molecular electrostatic potential (MEP) 

 The electrostatic potential V(r) is defined as the contribution of electrons and nuclei to the 

space around the molecule. It is a rigorous property that can be obtained both experimentally and 

through quantum chemistry. In standard notation, ܸ(ݎ) = ∑ ௓೔|ோ೔−௥|ே௜=1 − ∫ ఘ(௥′)|௥′−௥| 𝑑ݎ′   (16), where ܼ௜ is 

the charge on the nucleus (i) located at ܴ௜ and (′ݎ)ߩ, the electron density is found at a point ݎ′ near 

the given molecule. This equation highlights the dependence of V(r) on both the nuclear distribution 

and the computed electron density[115]. Therefore, after the DFT calculations, which provide the 

electron density ρ(r) and the geometry/electronic states of the optimized structure, the MEP was 

calculated from the self-consistent electron density and nuclear positions, evaluating the classical 

potential at points in space.  

 

 

 

Results 

Structural Analysis 

The marine alkaloid petrozoamine was isolated as dark blue needles, showing a melting point 

of 330–332 °C. The UV-PDA spectrum (H₂O/MeOH) exhibited absorption maxima at 286, 345, and 

589 nm, typical of highly conjugated aromatic systems present in marine phenazinone-type alkaloids. 

The ¹H NMR spectrum (300 MHz, MeOD, Figure S2) revealed several diagnostic resonances 

confirming the aromatic and methoxy-substituted structure of petrozoamine. A singlet at δH 9.80 (1H, 

H-9) corresponds to a deshielded aromatic proton adjacent to a carbonyl or heteroatom. Two doublets 

at δH 9.45 (1H, J = 5.7 Hz, H-12) and δH 9.05 (1H, J = 5.7 Hz, H-11) indicate ortho-coupled aromatic 

protons within a 1,2-disubstituted ring. Additional aromatic signals were observed at δH 9.13 (1H, J = 

9.0 Hz, H-4) and δH 7.78 (1H, J = 9.0 Hz, H-3), consistent with another ortho-coupled pair, while a 

broad singlet at δH 8.29 (1H, H-1) is typical of an isolated aromatic proton in a heteroaromatic system. 

The aliphatic region displayed a singlet at δH 4.63 (2H, H-6), attributed to a benzylic methylene group, 
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and three singlets at δH 4.67 (3H, Me-14) and δH 3.93 (6H, Me-15 and Me-16) corresponding to one 

N-methyl and two methoxy substituents, respectively. The ¹³C NMR spectrum (75 MHz, MeOD, Figure 

S3) confirmed the presence of a highly conjugated aromatic system. The signal at δC 188.1 (C-5) 

corresponds to a carbonyl carbon, while the resonance at δC 162.5 (C-8) indicates an aromatic carbon 

attached to oxygen. Several downfield signals between δC 146.7–141.2 (C-9, C-13a, C-12b, C-11, C-

12a) represent quaternary carbons adjacent to heteroatoms. Additional aromatic carbons appeared 

between δC 136.7–116.3, consistent with a polycyclic aromatic core. The benzylic carbon at δC 72.0 

(C-6), methoxy carbons at δC 54.7/54.5 (C-15 and C-16), and an N-methyl carbon at δC 49.3 (C-14) 

further support the proposed substitution pattern. Together, these spectral data are fully consistent with 

the structure of petrozoamine, a marine-derived alkaloid (Ribeiro et al. 2024) [33].. 

 

Marine Alkaloid Petrosamine 

 

 

Acute toxicity in adult zebrafish 

It was shown that the 4 mg/kg, 12 mg/kg and 20 mg/kg doses of petrosamine were not toxic to 

adult zebrafish up to 96 h after analysis (LD50 ˃ 40 mg/kg), as there was no death and no apparent 

anatomical changes in the animals during this period (p < 0.05).  

 

 

Assessment of locomotor activity (open field test - OFT) 

The open field test serves as a behavioral parameter used to evaluate the action of drugs that can 

affect the central nervous system of adult zebrafish, taking into account the animal's swimming 

activity, as well as its movement to analyze if there has been a restriction of locomotion, resulting in 

a more static animal or if the swimming continues with the regular pattern[64,65]. 

In this test, the animals perform exploratory behaviors, including tigmotaxis, exploratory 

swimming, bouts of cong elation and erratic movements[66]. In this task, zebrafish initially exhibit high 

levels of activity, which shows intra-session habituation[67]; in addition to this aspect of non-

associative learning, zebrafish also show aspects of fear[66,68], with a tendency to spend most of their 

time swimming close to the walls of the tank, making short-lived forays into the center of the 

aquarium[64].  
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One-way ANOVA analysis revealed that the alkaloid petrosamine did not cause locomotor 

impairment at the lowest doses (4 and 12 mg/kg), unlike the effects of diazepam (#p<0.05, ###p<0.001 

vs. DZP). This demonstrates that petrosamine does not alter locomotion at low doses. However, at a 

dose of 20 mg/kg, the fish exhibited behaviour similar to that of the diazepam group, displaying 

lethargic locomotion (Figure 1). All doses produced behaviour that differed from that of the control 

group (DMSO 3%; *p<0.05, ***p<0.001, ****p<0.0001 vs. control). 

 

Figure 1. Effect of petrosamine on locomotor behavior of adult zebrafish in the Open Field Test (0-5 
min). Each column represents the mean ± standard error of the mean (n= 6 groups). Control: DMSO 
3.0%; 20 μL, i.p. One-Way ANOVA followed by Tukey's test: (*p<0.05, ***p<0.001, ****p<0.0001 
vs Control; the bristle indicates statistical significance compared to the DZP -Diazepam group, 
#p<0.05, ###p<0.001 vs DZP). 
 

 

 

 

 

Anxiolytic Assessment (Light/dark test - LDT) 

Anxiety assessment can be seen in experimental animal models, representing a natural emotional 

response to potentially threatening situations, such as exposure to novelty, predator odor or other 

threatening contexts[69,70,71].  

Zebrafish are increasingly used in translational studies of stress and anxiety, as well as in central 

nervous system (CNS) drug screening[72,73] because they exhibit high genetic homology with humans, 

with approximately 70% of human genes having at least one zebrafish orthologue[74] and exhibit robust 

anxiety-like behaviors[75,76] that are highly sensitive to various genetic[71], epigenetic[77,78,79], 

neuropharmacological[80] and environmental factors[81,82,83]. 

Similar to diazepam, petrosamine significantly (*p<0.05, ***p<0.001 vs Control) reduced the 

anxious behavior of adult zebrafish at the tested doses (12 and 20 mg/kg). The animals spent more 

time in the clear zone of the aquarium than the negative control (vehicle: DMSO 3%). A dose-
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dependent effect of petrosamine was observed: the highest dose (20 mg/kg) was the most effective in 

inducing anxiolytic behavior in the animals (Figure 2). 

 

Figure 2.  Effect of petrosamine on the anxiety behavior of adult  zebrafish in the light and dark test 
(0-5 min). Control group (DMSO 3%; 20 μL; i.p.); DZP - Diazepam (4 mg/kg; 20 μL; i.p.). The values 
represent the mean ± standard error of the mean for 6 animals/group; ANOVA followed by Turkey's 
test (*p<0.05; **p<0.01 vs. Control; the bristle indicates statistical significance compared to the 
Diazepam group, #p<0.05 vs. DZP). 
 

Assessment of GABAergic neuromodulation (GABAA receptor) 

The GABAergic system is the main route of action of anxiolytic herbal medicines[84,85], since 

gamma-aminobutyric acid (GABA) is the main inhibitory neurotransmitter present in the central 

nervous system of mammals[86,87]. 

 Zebrafish are widely used to understand the effects of pharmaceuticals on anxiety-related stress, 

behavior and physiology due to their conserved behavioral, neuroanatomical, pharmacological and 

transcriptional stress responses in mammals and other species[75,88]. 

We evaluated the interaction between petrosamine and the GABAA receptor using flumazenil, a 

GABAA receptor benzodiazepine antagonist, as a pretreatment. A two-way ANOVA test revealed that 

flumazenil blocked the anxiolytic effect of petrosamine (20 mg/kg; i.p.) (####p<0.001 vs. Petrosamine), 

interfering with the amount of time that zebrafish spent in the clear zone of the aquarium. This result 

was similar to that observed in the group pretreated with flumazenil (4 mg/kg) and diazepam (4 

mg/kg). These animals spent most of their time in the dark region of the light-dark test (####p<0.001 

vs. DZP) (Figure 3). 
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Figure 3. GABAergic mechanism of action of petrosamine (20 mg/kg) on the anxiety behavior of 
adult zebrafish in the light and dark test (0–5 min). Grupo controle (DMSO a 3 %); DZP – Diazepam 
(4 mg/kg; 20 μL; i.p.), flumazenil (4 mg/kg; 20 μL; i.p.). The values represent the mean ± standard 
error of the mean for 6 animals/group; ANOVA followed by Turkey's test (*p<0.05; ****p<0.0001 
vs. Control; the bristle indicates statistical significance compared to the Fmz + DZP group, 
####p<0.0001). 

 

Evaluation of seizures induced by pentylenetetrazole (PTZ) 

One of the most widely used approaches to induce seizures in animals are chemoconvulsants, such 

as pentylenetetrazole (PTZ)[89]. When administered PTZ, zebrafish progress through a distinct set of 

movements and postures that end with generalized tonic-clonic seizures[90,91]. PTZ is believed to 

induce seizures mainly by binding to the γ-aminobutyric acid receptor (GABAA), preventing the 

neuroinhibitory action of GABA[90,91].  

In evaluating the three stages of pentylenetetrazol (PTZ) -induced seizures, the 12 mg/kg dose of 

petrosamine, had a similar effect to diazepam (DZP) in stages I and II (****p<0.0001, **p< 0.01 vs. 

control), and a partial effect in stage III (*p<0.05 vs. Control; ##p<0.05 vs. Diazepam). Diazepam 

reversed the convulsive behavior in all three stages (****p<0.0001 vs. control) when compared to the 

control group (Figure 4). 
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Figure 4. Effect of petrosamine (i.p.) on seizure induced by pentylenetetrazol (10 mM) in adult 
zebrafish, stage I (A), stage II (B) , stage III (C). Control group (DMSO at 3%); DZP - Diazepam (4.0 
mg/kg; 20 μL; i.p.). Values represent the mean ± standard error of the mean for 6 animals/group; data 
were expressed as two-way ANOVA. * indicate statistical significance in comparison with control, 
and # indicate statistical significance in comparison with OECC and Diazepam (*p<0.05; **p<0.01; 
***p<0.001; ****p<0.0001 vs. Control; #p< 0.05; ###p<0.001 vs Petrosamine or DZP).
 

Inhibitory Avoidance Test 

The inhibitory avoidance task caused by electroshock indicated that all tested doses of 

petrosamine retained the zebrafish memory in the test session (*p<0.05, ***p<0.001, ****p<0.0001 

vs Training), especially at the dose of 4 mg/kg that best retained the zebrafish memory when compared 

to the reference standard drug (DNZP - donepezil, *p<0.05), unlike the control group treated with 

DMSO that had impaired memory retention, since the latency times to enter the dark compartment 

between the training session and the test session did not differ (Figure 5).  

 

Figure 5. Effect of pretreatment with petrosamine on the memory retention index of adult zebrafish 
in the Inhibitory Avoidance Test (0–5 min). Grupo controle (DMSO a 3%); DNZP – Donepezil 
(0,5 mg/L; 20 μL; i.p.). Values represent the mean ± standard error of the mean for 6 animals/group; 
Two-way ANOVA followed by Tukey's test (*p<0.05, ***p<0.001, ****p<0.0001 vs. Training). 
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In addition, the retention index indicated a significant difference between the petrosamine and 

DNZP groups (#p<0.05 vs DNZP), showing that the group treated with petrosamine (4mg/kg) better 

preserved the fish's memory of the aversive stimulus (p<0.05) (Figure 6).  

 

Figure 6. Effect of pretreatment with petrosamine on the memory retention index of adult zebrafish in 
the Inhibitory Avoidance Test (0–5 min). Grupo controle (DMSO a 3%); DNZP – Donepezil (0,5 mg/L; 
20 μL; i.p.). Values represent the mean ± standard error of the mean for 6 animals/group; One-way 
ANOVA followed by Tukey's test (#p<0.05 vs DNZP). 
 

The evaluation of the effect of ethanol on memory acquisition in zebrafish was also investigated. 

Petrosamine at the lowest effective dose (4mg/kg) significantly preserved (****p<0.001 vs Training) 

memory and protected (#p<0.05 vs Ethanol) the fish from the deleterious effect of alcohol on memory 

(Figure 7).  

 

Figure 7. Effect of pretreatment with petrosamine on memory in adult zebrafish after exposure to 
ethanol 1% (0-20 min). Values represent the mean ± standard error of the mean for 6 animals/group; 
Two-way ANOVA followed by Tukey's test (#p<0.05 vs. EtOH 1%). 
 

 According to the graph, the retention index indicated a difference between the petrosamine 

(4mg/kg) group and 1% EtOH (#p<0.05 vs EtOH), showing that the group treated with petrosamine 

(4mg/kg) protected the fish's memory from the damaging effect of alcohol (Figure 8). 
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Figure 8. Effect of pretreatment with petrosamine on memory retention index in adult zebrafish after 
exposure to ethanol 1% (0-20 min). Values represent the mean ± standard error of the mean for 6 
animals/group; One-way ANOVA followed by Tukey's test (#p<0.05 vs EtOH). 
 

Molecular docking analysis 

Docking of the anxiolytic effect on the GABAergic system 

To estimate the theoretical anxiety mechanism of petrosamine, the potential modulation of the 

ligand on GABAAR receptors was analyzed (Figure 9). At the end of the simulations, an RMSD in the 

order of 1.97 Å was found for petrosamine, which expresses a low root mean square deviation of the 

pose of the ligand fitting into the binding site on the receptor (Table 1). The ligand complexed to the 

receptor in the same DZP agonist binding site, located between the C and D chains in the extracellular 

domain (Figure 9a) with a calculated affinity energy order of -8.82 kcal/mol (Table 1). This energy 

range indicates that petrosamine shows optimum specificity for the GABAAR receptor, while DZP 

showed an affinity energy value of -7.16 kcal/mol (Table 1). This analysis suggests that petrosamine 

formed an energetically more favorable ligand-GABAAR complex than DZP, indicating that the ligand 

is an ideal candidate to act as a GABAAR receptor agonist. 

In relation to the interactions that the ligand formed with the residues of the docking site, it was 

possible to observe that petrosamine formed hydrophobic interactions in common with DZP in relation 

to the aromatic side chain of the Tyr58 and Phe77 residues[46], both through their halogen-substituted 

aromatic structures (Figure 9b). Here, it is worth noting that petrosamine showed a parallel-oriented 

π-stacking interaction with the aromatic center of Tyr58, with a distance of 3.98 Å from its bromo-

substituted aromatic ring (Figure 9b), while the H-bond acceptor carbonyl interacted with the 

positively charged amine portion (HN⁺) of the His102 residue (3.60 Å), where the ligand-protein 

distance calculated in Å expresses a weak H-bond interaction (Table 1). These analyses suggest that 

petrosamine may act on GABAAR receptors in a similar way to DZP.
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Figure 9. (a) Three-dimensional visualization of the coupling of the ligand petrosamine (grey color) 

and DZP (green color) in the GABAAR receptor (cyan color) and (b) three-dimensional visualization 

of the ligand-protein interactions between the ligands petrosamine (yellow color) the amino acid 

residues of the GABAAR binding site (cyan color color).

 

Table 1 

Data from molecular docking simulations between the petrosamine ligand and the CAII and GABAAR 
targets expressed in RMSD and affinity energy, and details of the ligand-protein interactions expressed 
in type of interaction, amino acid residue, chain and distance of interactions. 
 
 

Target Ligand RMSD Affinity 
energy 
(kcal/mol) 

Interactions 

Type Residue Chain Distance 
(Å) 

CAII Petrosamina 1.05 -6.84 Hydrophobic Ile91 A 3.42 

     Gln92 A 3.58 

    H-bond Gln92 A 2.20 

     Thr200 A 3.27 

 TE1* 1.89 -5.02 Hydrophobic Ile91 A 3.66 

     Gln92 A 3.60 

    H-bond Arg58 A 3.34 

     Asn67 A 1.44 

     Gln92 A 2.35 

    Water bridges Asn62 A 3.35 

     Glu69 A 3.14 
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    π-Stacking Phe131 A 4.76 

GABAAR Petrosamina 1.97 -8.82 Hydrophobic Tyr58 C 4.57 

     Tyr58 C 4.23 

     Tyr58 C 4.57 

     Phe77 C 3.56 

     Val203 D 3.67 

    H-bond Asn60 C 3.71 

     His102 D 3.60 

    π-Stacking Tyr58 C 3.98 

 DZP* 1.72 -7.16 Hydrophobic Tyr58 C 3.52 

     Phe77 C 3.47 

     Phe100 D 3.83 

     Phe100 D 3.92 

     Tyr160 D 3.56 

     Val203 D 3.95 

     Tyr210 D 3.38 

     Tyr210 D 3.86 

    H-bond Ser205 D 2.94 

     Ser206 D 3.16 

    Halogen bond His102 D 3.82 

*control ligand used in molecular docking simulations to compare ligand-protein interaction.
 

Docking of the anticonvulsant effect 

In order to evaluate the theoretical mechanism of anticonvulsant action of petrosamine, the binding 

potential to the CAII enzyme was analyzed (Figure 10). At the end of the cycle of independent 

simulations, it was possible to observe that the ligand complexed with the enzyme in the same binding 

site as the inhibitor TE1 (Figure 10a), with an RMSD deviation of around 1.05 Å (Table 1), indicating 

that the simulations performed within an ideal statistical threshold that allows the simulation model to 

be reproduced[92]. The formation of the petrosamine-CAII complex showed a calculated affinity 

energy value of -6.84 kcal/mol (Table 1), indicating that the ligand has an optimal target specificity 

profile (optimal < -6.0 kcal/mol)[93]. 

With regard to ligand-protein interactions, it was possible to observe that petrosamine formed 

hydrophobic interactions in common with the co-crystallized inhibitor TE1 in relation to the alkyl side 

chain of the Ile91 and Gln92 residues (Figure 10b), with a strong contribution from its bromo-

substituted aromatic ring (A ring), while the carbonyl group of the heterocyclic structure (D ring) 

interacted with the polar portion of the Gln92 residue (2.20 Å), where the ligand-protein distance 

(expressed in Å) characterizes a strong H-bond interaction (Table 1)[92]. Although has shown 

interactions in common with the inhibitor, the docking pose of petrosamine means that the ligand does 
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not form interactions with key residues of the enzyme's active site, which include Asn67 and Phe131, 

which characterize regions of strong H-bond interaction and π-stacking interaction, respectively[94].

 

 

Figure 10. (a) Three-dimensional visualization of the coupling of the ligand petrosamine (grey color) 
and the inhibitor TE1 (green color) in the CAII protein (blue color) and (b) three-dimensional 
visualization of the ligand-protein interactions between the ligands petrosamine (yellow color) and 
TE1 (green color) and the amino acid residues of the CAII active site (blue color). 
Docking inhibitor AChE 

The molecular docking studies show the projection of interactions formed between the ligands 

when associated with the target receptor, resulting in the formation of a complex through the affinity 

character; the molecular docking simulations showed the best affinity profiles for each compound, 

where Figure 11 (A) shows both complexes estimated in the research, where GNT (orange) has an 

energy value equal to -7.2 kcal/mol and a variation equal to 1.820 Å (RSMD); the petrosamine 

compound showed a more intense energy value equal to -9.3 kcal/mol, while the RMSD variation was 

equal to 1.998 Å. 

Analyses of the molecular docking simulations show in Figure 11 (B) all the interactions formed 

between the GNT compound associated with the cavity of the catalytic site; among the interactions 

were formed with six amino acid residues distributed in seven hydrophobic interactions with five 

amino acid residues Trp86 (3.85 Å, 3.59 Å and 3.81 Å), Tyr124 (3.78 Å), Phe297 (3.98 Å) Tyr337 

(3.99 Å) and Phe338 (3.85 Å) and only one hydrogen bond with Ser203, with a value equal to 2.89 Å. 

The data shows that the amino acid residues involved in the interactions are classified as relevant 

residues in the potential determination of the inhibitory effect of anti-acetylcholinesterase activity, 
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serving as a basis for the determination of viable compounds through virtual screening studies. With 

regard to the petrosamine compound, Figure 11 (C) shows all the interaction relationships formed 

between the ligand when associated with the target interaction cavity. The results show that the ligand 

exerted only three hydrophobic interactions through the residues Trp286 (3.96 Å and 3.69 Å) and 

Tyr341 (3.41 Å); a Pi-staking style interaction through the bond with the Trp286 amino acid residue 

with a distance value of 3.64 Å and, finally, the relationship between the ligand and the protein resulted 

in the formation of only one salt bridges style interaction with the Glu292 residue; all the other values 

referring to the distance values duly associated with the types of interactions are shown in Table 2.
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Figure 11. Molecular docking simulations of the AChE system. (A) overview of the complexes formed 
(B) interactions formed between the crystallised inhibitor GNT (C) projection of the interactions formed 
between the petrosamine compound associated with amino acid residues.

 

According to the molecular docking simulations, the data showed that both the GNT and 

petrosamine compounds exerted affinity on different portions of the target receptor, resulting in 
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different affinity profiles, with a partial absence of competition for the same site. In view of the data 

on the interactions formed, it is clear that the compounds evaluated showed different interactions, due 

to the projection of the interactions predicted in the affinity studies. These results indicate that the 

potential therapeutic effect linked to the compound petrosamine is not associated with the crystallised 

inhibitor site, so there is no competitive effect, resulting in its possible use through a synergistic effect.

 

Table 2. Values linked to interactions via AChE.  
                                       

Complex Energy (kcal/mol) Interaction 
Type 

Residue (Distance in Å) 

GNT/AChE -7.2 Hydrophobic Trp86 (3.48, 3.59 e 3.66), 
Tyr124 (3.95), Phe297 (3.65) e 

Phe338 (3.88) 
  H-Bond Ser203 (2.99) e Tyr337 (2.07) 

Petrosamine/AChE -9.3 Hydrophobic Trp286 (3.96 e 3.69) e Tyr341 
(3.41) 

  Pi-Staking Trp286 (3.64) 

  Salt Bridges Glu292 (5.01) 

MPO-based ADME study 

MLP analysis and druglikeness 

A multi-parameter optimization (MPO) model developed by Pfizer, Inc. is capable of estimating 

the pharmacokinetic profile of small molecules with properties convenient to the CNS. According to 

Wager et al. (2016)[95], weak bases with low lipophilicity (logP ≤ 3) and which are larger and more 

polar (TPSA 40-90 Å²) than compounds commonly active in the CNS show an alignment between 

safety and in vitro properties of ADME: high apparent permeability (Papp > 10×10-⁶ cm/s), low passive 

efflux by P-gp and low clearance of the intrinsic fraction in plasma (CLint,u < 8.0 mL/min/kg)[96]. These 

attributes are related to the oral absorption and metabolic stability of drugs[97]. 

A topological analysis of the molecular lipophilicity potential (MLP) can provide relationships 

between the lipophilic surface and polar surface of small molecules with their permeability and 

diffusion potential in the cellular lipid bilayer[98]. In this analysis, it was possible to observe that the 

aromatic and heteroaromatic rings of petrosamine have a moderately liposoluble molecular surface 

(green color spectra in Figure 12a), where the calculated lipophilicity (logP) in the order of 2.04 is the 

result of the electron-withdrawing inductive effect of the bromo-phenyl group (blue color spectra in 

Figure 12a), which showed a high MLP contribution index (0.44). In the CNS MPO desirability radar, 

it was possible to observe that the intrinsic lipophilicity indices (logP) and at physiological pH (logD 

at pH 7.4) are within the ideal spectrum of druglikeness that follow safety trends and ADME 

properties, when aligned with the MW and TPSA attributes (Figure 12b), resulting in an MPO score 

in the order of 5.5 (on a scale ranging from 0 to 6) (Table 3).
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Table 3. Physicochemical properties of petrosamine calculated and applied to Pfizer, Inc., scoring 

criteria, which include CNS MPO score, Pfizer rule, and Golden Triangle rule. 

 

Property Value T0 

ClogP 2.04 1.00 

ClogD7.4 2.16 1.00 

MW 423.28 g/mol 0.55 

TPSA 51.96 Å² 1.00 

HBD 0 1.00 

pKa 4.63 (basic) 1.00 

CNS MPO score 5.5  

Pfizer rule Accepted  

Golden Triangle rule Accepted  

 

Drug space and pharmacokinetic properties 

The physicochemical attributes of lipophilicity, molecular size and polarity were aligned to assess 

the oral absorption profile and CNS activity of petrosamine. From logP < 3, it was possible to observe 

that the compound resides within a physicochemical space formed by drug candidates active in the 

CNS (Figure 12c) with a high degree of safety and a favorable ADME profile (TPSA > 40 Å²), 

especially due to the calculated polar surface area of 51.96 Å², with a strong structural contribution 

from the polar surface of the carbonyl groups (C=O), whose calculated areas were equal to 17.07 Å²[99]. 

This empirical analysis corroborates the descriptor of access to the CNS by permeability in the blood-

brain barrier (logBB) in the order of -1.99, indicating a gradual action in the brain (Table 4), attributed 

to the balance between lipophilicity and polarity, where the estimated VD of 1.93 L/kg indicates that 

petrosamine can be widely distributed in biological tissues (Table 4). 

When the lipophilicity of the protic species, calculated at 2.16 for the chemical species distributed 

at pH 7.4, was aligned with the molecular size calculated within the range of MW < 450 g/mol (Figure 

12d), it was possible to note that petrosamine resides in a physicochemical space formed by 

compounds with high Papp MDCK and low CLint,u, whose ranges are satisfied by the Golden Triangle 

rule (-2< logD ≤ 5 and 200 g/mol < MW ≤ 500 g/mol)[61]. This result corroborates the pharmacokinetic 

descriptors predicted by the ADME consensus test, where the estimated Papp MDCK of 2.8×10-⁵ cm/s 

is indicative of high cell permeability which, when aligned with the low clearance assessed by CLint,u 

= 4.29 mL/min/kg, guarantees good intestinal absorption. However, the charged nature of petrosamine 

may reduce the oral bioavailability of the compound (F<50% descriptor), since positively charged 

compounds can be P-gp substrates (Table 4)[100].
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Figure 12. (a) topological analysis of molecular lipophilicity potential (MLP), (b) druglikeness 
radar resulting from the CNS MPO test, (c) alignment between lipophilicity (logP) and polarity 
(TPSA) in estimating the access to the CNS and (d) alignment between lipophilicity at 
physiological pH (logD at pH 7.4) and molecular weight (MW) in estimating the oral absorption 
profile and metabolic stability. 
 

Table 4. Pharmacokinetic properties of petrosamine predicted by consensus ADME testing 

between the ADMETlab 3.0, Deep-PK and ProTox-II platforms. 

 

Property Value Source 

Papp MDCK 2.8x10⁻⁵ cm/s ADMETlab 3.0 

P-gp substrate Substrate ADMETlab 3.0 

F<50% 1.00 ADMETlab 3.0 

VD 1.93 L/kg ADMETlab 3.0 

PPB 61.13% Deep-PK 
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logBB -1.99  Deep-PK 

BBB Penetrable 
(High Confidence) 

Deep-PK 

CLint,u 4.29 mL/min/kg ADMETlab 3.0 

Mutagen – (0.62) ProTox 3.0 

DILI – (0.63) ProTox 3.0 

 

Site of metabolism prediction 

Prediction of the phase I metabolism site allows us to estimate the secondary metabolites 

formed in human liver microsomes (HLM), defining the metabolic profile of drug candidates 

and the toxic effect of these processes[101]. The commonly known biotransformations of the 

CYP450 isoform system are based on oxidation, reduction and deacylation reactions of polar 

N- and O- centers, as well as oxygenation and hydrogenation reactions in aromatic centers, 

constituting more polar metabolites for excretion[102]. However, some metabolites can be 

reactive and bind covalently to unwanted targets such as proteins and DNA, resulting in liver 

damage[103]. 

In this predictive test, it was possible to observe that petrosamine has alkyl groups based 

on N-CH3 which are susceptible to demethylation, forming secondary metabolites based on N-

dealkyl-petrosamine, mostly by CYP450 isoforms type 2C9, 2D6 and 3A4 in phase I 

metabolism (Figure 13). These reactions were characterized as stable N-dealkylation reactions, 

indicating that the metabolites formed have low reactivity and, by extension, low toxic response 

by metabolic activation, corroborating the low probability of the compound inducing liver 

damage (DILI descriptor) and mutagenicity (Table 4). 
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Figure 13. Two-dimensional map of petrosamine metabolism site prediction, with reactions 
based on N-dealkylation dependent on CYP450 2C9, 2D6 and 3A4 isoforms. 

 

Quantum Chemical Calculations 

Chemical reactivity 

The energy values of the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO), as well as their energy gap, directly affect the chemical 

reactivity of the molecule. The HOMO-LUMO energy gap represents the energy required to 

promote an electron between these two levels. This energy "gap" is crucial for predicting a 

molecule's reactivity, its ability to absorb light, and its electronic and optical properties. A 

smaller gap generally indicates a more reactive and less stable molecule while a larger gap 

indicates the opposite. DFT calculations resulted in Ionization Energy (I), Electron Affinity 

(A), and Energy Difference (GAP) values of -10.275 eV, -4.627 eV, and 5.648 eV, respectively. 

Figure 14 shows, in addition to these values, an overview of all occupied and virtual molecular 

orbitals of petrosamine and the geometric shape of the HOMO and LUMO frontier orbitals. 
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Figure 14. Petrosamine molecular orbitals, frontier orbitals energy, and energy HOMO - 
LUMO gap. 

 

Electronegativity represents a general tendency of a molecule to move towards regions 

with high electron density. Due to its calculated electronegativity of 7.451 eV, petrosamine 

likely appears to be susceptible to nucleophilic attacks at suitable sites. Chemical hardness and 

softness are related to deformations of the electron cloud under external fields or during charge 

transfer. In practical terms, high hardness is associated with low polarizability and weak density 

responses, while high softness implies greater polarizability and more pronounced distortions 

in the electron cloud112. Numerically, one is the inverse of the other, as shown in equations 6 

and 7. The calculated hardness and softness values for petrosamine were 2.824 eV and 0.354 

eV, respectively. Furthermore, the electrophilicity parameter, which measured the susceptibility 

of the compound to accept electrons, was 9.830 eV.  

 As indicated in equations 13 to 15, the indices ݂+, ݂− and ݂0 were calculated by 

approximating them with the Hirshfeld charges on each atom in order to obtain their gereral 

susceptibility to a chemical reaction. Subsequently, ∆݂ parameter, which is calculated using the 

expression [∆݂ = ݂+ − ݂−], were used to evaluate the sites that are most prone to nucleophilic 

or eletrophilic attack. The results are summarized in Table 5.  
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Table 5. Fukui condensate for the petrosamine.  

Petrosamine Atoms ∆ࢌ Atoms ∆ࢌ 

 

 

1Br -0.036691 23C -0.000765 

2O 0.011838 24C 0.018971 

3O -0.086285 25C 0.025296 

4N -0.000334 26C -0.024195 

5N 0.037491 27C 0.009387 

6N 0.035595 28H -0.000451 

7C -0.080256 29H -0.001471 

8C -0.000923 30H -0.005486 

9C -0.007249 31H -0.005540 

10C -0.011725 32H -0.000924 

1 C -0.004921 33H -0.005360 

12C -0.003943 34H -0.003872 

13C 0.017073 35H -0.004228 

14C -0.006129 36H 0.009384 

15C -0.046336 37H 0.008975 

16C 0.047635 38H -0.001804 

17C 0.031745 39H -0.000575 

18C 0.020790 40H 0.010486 

19C -0.006255 41H 0.002837 

20C 0.030129 42H 0.009606 

21C 0.016616 43H 0.008636 

22C -0.017071 44H 0.010357 

 

 These results highlight that the atoms with greatest electrophilic character, and therefore 

with greatest propensity to carry out eletrophilic attack, are, in order of magnitude 16C > 5N > 

6N > 17C. Otherwise, the most prone atoms to nucleophilic attack in petrosamine are 3O > 7C 

> 15C > 1Br.  

 

Molecular electrostatic potential (MEP) 

 Molecular electrostatic potential (MEP) maps the charge distribution around a molecule, 

indicating regions prone to electrophilic or nucleophilic interactions; its surfaces aid in 

predicting reactivity, molecular recognition, and binding sites in chemical and biochemical 

studies. In this type of representation, regions with lower electron density appear blue, while 

regions rich in electrons appear red with the scale varing from red to blue from -0.24 to 0.24 

eV. Figure 15 shows the electrostatic potential of petrosamine in its native form. In it, we can 

observe that the tones approach blue. This was expected, since petrosamine in its native form 

has tetravalent nitrogen (4N), that is, a positive charge, which induces this electronic deficiency 

in the molecule. The regions with the greatest electron deficiency (blue colored), and 

consequently the most susceptible to nucleophilic attacks, are those around the nitrogen atoms 
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(4N, 5N, and 6N), given that this element can withstand positive charges well. On the other 

hand, the regions most susceptible to electrophilic attacks are those with higher electron density, 

which are associated, as illustrated in Figure 15, with a color close to red. Thus we can identify 

that the regions close to the bromine atom (1Br) and the oxygen atoms (2O and 3O) have this 

characteristic. However, based on the density scale, we cannot say that these regions have a 

high charge concentration, leading us to believe that the molecule likely reacts from its 

electrophilic sites (blue colored).  

 

Figure 15. Electrostatic potential map of petrosamine. 

 

Discussion 

In this study, we aimed to carry out a comprehensive analysis of the neuroprotective 

potential of the pyridoacridine alkaloid petrosamine of strictly marine origin, derived from 

sessile marine invertebrates, and its properties involving acute toxicity and behavioral tests in 

different aspects, such as anxiety, environmental exploration, convulsion, learning and 

memory, using adult zebrafish as an animal model. 

Evaluating the toxicity of petrosamine in in vivo models is unprecedented, as no published 

study with the marine alkaloid has evaluated toxicity in an animal model. A study carried out 

by Marshall and collaborators[36] showed that three marine pyridoacridine molecules, namely 

deoxyamphimedine, neoamphimedine and amphimedine, which have the same carbon skeleton 

as petrosamine, isolated from sponges of the genus Xestospongia collected in the Philippines, 

showed affinity for DNA with notable cytotoxic activity in vitro models. Although these 
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compounds are very similar in chemical terms, the data show that their small structural 

differences significantly alter their biological activities[104]. 

In the evaluation of neurobehavioral symptoms, apathy, anxiety, and irritability are the first 

neuropsychiatric symptoms associated with neurodegenerative diseases[105]. The evaluation of 

the anxiolytic and anticonvulsant effects of petrosamine was examined using the adult zebrafish 

model, marking the first report in the scientific literature. The open field test serves as a 

behavioral parameter used to evaluate the action of drugs that may affect the central nervous 

system of the adult zebrafish, taking into consideration the swimming activity of the animal, as 

well as its movement to analyze whether there was a restriction of locomotion, resulting in a 

more static animal or if the swimming continues with the regular pattern[61,62]. 

The lower doses of petrosamine, despite reducing the swimming of zebrafish in the open 

field test, did not cause the sedative effect observed in the Diazepam group. The evaluation of 

anxiety can be observed in experimental animal models, representing a natural emotional 

response to potentially threatening situations, such as exposure to novelty, predator odor, or 

other threatening contexts[66,67,68]. The zebrafish is increasingly used in translational studies of 

stress and anxiety, as well as in screening drugs in the central nervous system (CNS)[69,70], since 

it has a high genetic homology with humans[71], and exhibits robust anxiety-like behaviors[72,73], 

which are highly sensitive to various genetic[67], epigenetic[74,75,76], neuropharmacological[77], 

and environmental[78,79,80] factors. The higher doses of petrosamine caused anxiolytic behavior 

in the light and dark tests. When correlating the results of the OFT and ODT, it was observed 

that the dose of 12 mg/kg caused anxiolytic behavior without sedation in the animals. 

The GABAergic system is the main action pathway of anxiolytic medications produced 

from natural products[81,82]. Flumazenil is used in the clinic to block the sedative and hypnotic 

effects caused by benzodiazepine overdoses via GABAergic neurotransmission. Therefore, it 

can be used in the investigation of the mechanism of action of new compounds with anxiolytic 

effects through the same action pathway as Diazepam. The pre-treatment with flumazenil 

blocked the anxiolytic effect of petrosamine, indicating that the anxiolytic action of petrosamine 

occurs in the same interaction region as Diazepam in the GABAA receptor. These indications 

were confirmed by in silico studies, which showed petrosamine binding to the active binding 

site of Diazepam on the GABAA receptor, suggesting that petrosamine formed a ligand-

GABAAR complex that was energetically more favorable than Diazepam, making it an ideal 

candidate to act as an agonist of the GABAAR receptor. Regarding the interactions, it was 

possible to observe that petrosamine formed hydrophobic interactions in common with 

Diazepam concerning the aromatic side chain of the residues Tyr58 and Phe77[46], both through 
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their halogen-substituted aromatic structures. Additionally, petrosamine showed a π-stacking 

interaction oriented parallel to the aromatic center of Tyr58, while the carbonyl hydrogen bond 

acceptor interacted with the positively charged amine portion (HN⁺) of the His102 residue. 

These analyses suggest that petrosamine may act on the GABAA receptor in a manner similar 

to Diazepam. 

One of the most commonly used approaches to induce seizures in animals is 

chemoconvulsants, such as pentylenetetrazole (PTZ)[86,89]. When administered PTZ, the 

zebrafish progresses through a distinct set of movements and postures that culminate in 

generalized tonic-clonic seizures[87,88]. Studies indicate that PTZ induces seizures mainly 

through binding to the gamma-aminobutyric acid (GABAA) receptor, preventing the 

neuroinhibitory action of GABA[87,88]. Petrosamine, in addition to causing anxiolytic behavior 

through GABAergic modulation, delayed the convulsive behavior in stages I, II, and III induced 

by PTZ. Molecular docking studies indicated that the effect of petrosamine in causing 

anticonvulsant behavior may be related to its complexation with the enzyme CAII at the same 

binding site as the inhibitor TE1, with an RMSD deviation of about 1.05 Å. The formation of 

the petrosamine-CAII complex showed a calculated binding energy value of -6.84 kcal/mol, 

indicating that the ligand has an optimal target specificity profile (optimal < -6.0 kcal/mol)[91]. 

In the investigation of anti-Alzheimer's therapeutic agents, some studies report the 

potential of petrosamine as a neuroprotective agent[7,22,33,106]. Petrosamine is an alkaloid 

derived from two amino acids, tryptophan and tyrosine, which shows strong AChE inhibitory 

activity[7]. The pentacyclic alkaloid petrosamine has neuroprotective activity with an 

inhibitory action against the AChE enzyme about six times greater than the potency of 

galantamine, an AChE inhibitor currently used in the treatment of Alzheimer's disease[20]. To 

evaluate the effect of petrosamine on memory, we conducted the inhibitory avoidance test 

induced by electroshock in adult zebrafish. The effect on memory was dose-dependent, with 

lower doses of petrosamine increasing memory preservation as observed by the retention 

index. Furthermore, we observed that the lowest dose of petrosamine prevented the deleterious 

effects of alcohol on the memory of adult zebrafish after acute exposure. This neuroprotective 

activity is associated with the quaternary ammonium group of the alkaloid's D ring, which is 

responsible for the catalytic site interactions between petrosamine and AChE[7,21]. 

A relevant aspect observed by Ribeiro et al. (2024)[33] refers to the change in AChE 

activity after aluminum-induced neurotoxicity in vivo. Zebrafish embryos subjected to 50 µM 

AlCl3 had AChE activity increased by 67%. Petrosamine led to a 92% decrease in AChE 

activity, showing high inhibition of AChE by this natural product. 
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In silico tests carried out by Nukoolkarn[20] and collaborators and Gartshore[22] and 

collaborators defined the contact points in the active site of the AChE enzyme that can select 

the design of new AChE inhibitors based on the molecular skeleton of the bioactive compound 

as observed with the natural marine alkaloid petrosamine and which are in agreement with the 

in silico results obtained in this research. 

As can be seen, knowledge of the biological effects of pyridoacridines and numerous 

analogues is essential for a better understanding of the pharmacological properties of marine 

bioactives. These studies show that only evaluating the in vitro activity of isolated alkaloids 

is insufficient, given that other aspects, mainly pharmacokinetic and toxicity, are related to 

the clinical potential of bioactive molecules. Therefore, studies aimed at evaluating these 

promising alkaloids in cell cultures and in vivo models are indispensable. All these efforts 

should culminate in the identification of good structures and the subsequent development of 

more effective and safer anticholinesterase drugs[21]. 

The HOMO-LUMO energy gap of petrosamine suggests intermediate chemical reactivity 

and moderate kinetic stability, consistent with the established correlation between smaller gap 

and greater molecular reactivity. The electronegativity value obtained reflects the capacity to 

accept electron density, rendering the species susceptible to nucleophilic attacks at appropriate 

electrophilic sites. The high chemical hardness indicates low polarizability and limited 

electronic response to external perturbations, while the corresponding softness is associated 

with electron cloud deformability, corroborating the intermediate reactivity profile. The high 

electrophilicity index confirms the tendency to accept electrons, a relevant property for 

rationalizing interactions with nucleophiles in different chemical environments. Molecular 

electrostatic potential (MEP) analysis reveals predominantly blue regions around the cationic 

nitrogens and reddish tones near the O/Br atoms, in agreement with Fukui indices, 

demonstrating the convergence between these approaches in identifying local reactive sites. 

 

Conclusion 

This study determined the pharmacological activity of the alkaloid petrosamine extracted 

from the marine sponge species Petrosia sp., being one of the first to investigate the anxiolytic, 

anticonvulsant, and memory-preserving effects in adult zebrafish. The results show that 

petrosamine was not toxic, with potential anxiolytic effects, anticonvulsant action, and 

preservation of memory from alcoholic damage in adult zebrafish. Molecular docking 

simulations showed that petrosamine exhibited better specificity for the binding site of the DZP 

agonist in GABAA receptors and also potential to inhibit CAII. The petrosamine/AChE 
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complex exerted a better energy value resulting in greater affinity with its respective interaction 

cavity, and thus expressing greater viability in the formation of the complex. It is worth 

highlighting that the biological activity related to the petrosamine compound is related to the 

non-competitive effect when compared with the crystallized inhibitor. This mechanism is 

favored by the pharmacokinetics of gradual access to the CNS, due to the alignment between 

apparent permeability and metabolic stability. Thus, the results confirm the pharmacological 

relevance of petrosamine as an anxiety inhibitor, as well as a memory prevention agent, 

allowing for the investigation of new therapeutic approaches. In addition, petrosamine shows 

intermediate reactivity with moderate HOMO-LUMO gap and high electrophilicity, where 

MEP and Fukui analyses consistently identify cationic nitrogens as electrophilic sites and O/Br 

atoms as nucleophilic regions. 
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