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Introduction  

Marine fouling represents one of the greatest environmental and 

economic challenges in human history, severely affecting ships, 

mariculture facilities, and other marine economic structures1. Following 

the bans on effective but toxic substances, such as tributyl tin2–3 and, 

more recently, copper-based antifouling agents4,5, efforts have 

increasingly focused on the discovery of eco-friendly alternatives1,6–10. 

This shift is evident in the rising number of publications worldwide, 

specifically a surge in antifouling research documented on platforms 

like Google Scholar11. 

Marine sponges of the genus Agelas have emerged as a promising 

source of antifouling compounds, with epi-agelasine C demonstrating 

potent effects against marine algae like Ulva sp.12, agelasine D (1) and 

agelamide D (2)13 (previously named ageloxime D due to its 

misidentification as of  a formamide for an oxime moiety14) proving 

effective against the larvae of the barnacle, Balanus improvisus and 

biofilm forming bacteria Staphylococcus epidermidis, respectively15. 

 

*Corresponding author. E mail: walter.balansa@fulbrightmail.org 

Tel: +62 853 9600 1695 

 

Citation: Balansa W, Riyanti, Balansa KH, Hanif N. Harnessing the 
Ecofriendly Antifouling Potential of Agelasine Alkaloids Through MetaTox 

Analysis and Computational Studies. Trop J Nat Prod Res. 2025; 9(1):  329 

– 340  https://doi.org/10.26538/tjnpr/v9i1.42  
 

Official Journal of Natural Product Research Group, Faculty of Pharmacy,  

University of Benin, Benin City, Nigeria 

 

 

A recent study emphasized the importance of specific functional groups 

in their antifouling activity, particularly the 9-N-methyladeninium 

moiety and decaline rings in agelasines, and the hypotaurocyamine in 

agelasidines, which influence both binding affinities and toxicological 

profile10. Notably, agelasines with the 9-N-methyladeninium moiety 

show stronger binding but higher toxicity than those with 

hypotaurocyamine, although the reasons for this disparity remain 

unclear10. Additionally, it is still unknown whether modifying the 9-N-

methyladeninium moiety could improve or reduce both binding affinity 

and toxicity. Thus, as public awareness on the importance of 

environmentally friendly antifouling grows16,17 and antifouling 

regulations tighten18, addressing these knowledge gaps is critical for 

advancing research and discovering new eco-friendly antifouling 

agents.  

To address the aforementioned gaps, there is a necessity to integrate 

computational and toxicological analyses into future investigations. 

Computational studies have revolutionized drug discovery19, 

contributing to breakthroughs in areas, such as cancer treatment20,21, 

infectious diseases22, neurological disorders23, and eco-friendly 

antifouling discovery24–26. In particular, MetaTox27 analysis facilitates 

the discovery of various glucuronidates and sulfates from a range of 

natural products28-29. While both glucuronidated and sulfated products 

are known to have better pharmacological values, being safe and 

relatively inactive30, mounting evidence reveals interesting bioactivities 

in glucuronidated and sulfated metabolites including but not limited to 

anticancer, ion-channel modulation, and anti-Alzheimer properties31-36, 

motivating recent synthesis efforts31,37-39. This suggests that generating 

such derivatives from antifouling compounds may provide insights into 

their bioactivity and cytotoxicity toward humans, non-target organisms 

as recently shown in anthraquinone derivatives40. Yet, this analysis has 
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Agelasine alkaloids derived from marine sponges of the genus Agelas represent a promising 

source of antifouling compounds with potential economic and environmental benefits. Notably, 

agelasine D (1), agelamide D (2), epi-agelasine C (3) and agelasidine A (4) are known antifoulants. 

However, their ecotoxicological parameters remain unreported, raising concerns about their 

suitability as eco-friendly antifoulants. To address this, glucuronidated and sulfated metabolites 

were generated using MetaTox. Their binding affinities against acetylcholinesterase (AChE) were 

evaluated through molecular docking using PyRx, and ecotoxicological parameters were assessed 

using EPI Suite™. Compounds 1–4 exhibited strong AChE binding (−7.5 to −11.4 kcal/mol), 

surpassing those of AChE inhibitors such as synoxalidinones A (5) and C (6) and commercial 

antifoulants like seanine_211 (7) and irgarol-1501 (8). Furthermore, these compounds also 

displayed unfavorable toxicological profiles similar to commercial antifoulants, including high 

log Kow (3.78 to 5.46), BCF (3.16 to 145), BAF (138.0 to 590), and Log Koc (0.15 to 2.18) values, 

with longer biotransformation half-lives (266 to 590 days), indicating potential environmental and 

health risks. In contrast, glucuronidated and sulfated derivatives particularly 1a, 3a, 3c-3d, 4a and 

4b demonstrated stronger AChE binding (−8.0 to −12.3 kcal/mol) and significantly improved 

toxicological profiles, including low log Kow (−0.94 to 1.29), BCF (0.64 to 1.28), BAF (0.23 to 

3.16), and shorter half-lives (0.01 to 0.17 days), with non-toxic and non-mutagenic properties. 

While their efficient synthesis and effectiveness in real-world applications remain to be tested, 

compounds 1a, 3a and 3b represent promising eco-friendly antifouling candidates. 
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not been widely applied in eco-friendly antifouling research40. 

Likewise, a predictive model and tool like the Estimation Program 

Interface (EPI Suite™)41 allows assessment of the ecological risks 

posed by certain chemicals on organisms and the environment, although 

it is rarely applied in antifouling research42.  

This study aimed to evaluate the antifouling potential of both 

glucuronidated and sulfated derivatives generated from known 

agelasine antifouling compounds such agelasine D, agelamide D, as 

epi-agelasine C and agelasidine A, using a combination of toxicity study 

using EPI SuiteTM, MetaTox analysis and computational study using 

PyRx and targeting acetylcholinesterase. Our findings give insight into 

the potential of the current combinatorial approach in discovering 

environmentally friendly antifouling candidates.  

 

Materials and Methods  

Molecular Docking  

Protein preparation. The PDB file of the crystal structure of 6G1U at 

resolution 2.85 Å was retrieved from protein databank website at 

(http://www.rcsb.org/pdb). The file was uploaded to Discover Studio 

software, optimized by removing water and heteroatoms from and 

adding hydrogen to the protein, and was subsequently docked with 

PyRx43.  

 

Ligand preparation. The selected ligands agelasine D (1), agelamide D 

(2), epi-agelasine C (3), and agelasidine A (4) are known potent 

antifoulants that have inspired numerous synthetic efforts to discover 

more biologically active analogues44. Despite their strong antifouling 

activity, many of these compounds including agelasines exhibit 

unfavorable toxicological properties10 highlighting the need to 

derivatize agelasine alkaloids to yield more eco-friendly antifoulants. 

These considerations served as the main criteria for selecting 

compounds 1-4, along with their glucuronidated and sulfated 

derivatives, as the primary ligands for this study. The cdx files of the 

agelasine alkaloids and their analogues were drawn using ChemDraw 

12.0. The files were uploaded to PyRx molecular docking software, 

minimized and converted to pdbqt file format before docking. Post-

PyRx macromolecule ligand preparation, docking was then conducted 

by AutoDock Wizard in which the setup of AutoGrid contained the 

following dimensions (Angstrom): X = 65.6271, Y = 141.9604, Z 

=111.6365.  

 

Toxicity Analysis using EPI SuiteTM  

The isomeric Simplified Molecular Input Line Entry System (SMILES) 

for epi-agelasine C, agelasine D and agelamide D were obtained and 

uploaded to EPI Suite software developed by the US Environmental 

Protection Agency's Office of Pollution Prevention and Toxics and 

Syracuse Research Corporation (SRC) to obtain Log Kow (n-

octanol/water partition coefficient), Log BAF (ratio of fish to water 

concentrations with dietary intake), Log BCF (ratio of fish to water 

concentrations with no dietary intake), Log Koc (organic water to water 

partition coefficient) and Bioconcentration Half-Life45,46 

 

MetaTox Analysis  

The cdx files of all ligands were individually uploaded to MetaTox 

webtool at http://way2drug.com/mg. By setting the cut-off probability 

activity (Pa) larger than probability inactive (Pi) (Pa>Pi), the webtool 

generated 30 metabolites from agelasine D, agelamide D, agelasidine A 

and epi-agelasine C through phase I and II reactions. The products from 

phase II reactions, specifically glucuronidation and sulfation, were 

further evaluated.  

 

Toxicology Score 

In this study, we slightly modified the ADMET score method as 

reported by Guan and co-workers47 to evaluate toxicological endpoints, 

including the following: Log Kow, Log Koc, Log BCF/BAF 

(https://www.epa.gov/tsca-screening-tools/download-epi-suitetm-

estimation-program-interface-v411), Ames toxicity, hepatotoxicity, 

Tetrahyena pyriformis toxicity, and minnow test results 

(https://biosig.lab.uq.edu.au/pkcsm/). Each endpoint was converted to a 

binary value (1 for beneficial, 0 for harmful) based on predefined 

thresholds (Log Kow < 3.25 = 1, > 3.25 = 0; Log Koc < 3 = 1, > 3 = 0; 

Log BCF < 3.25 = 1, > 3.25 = 0; Ames Toxicity: No = 1, Yes = 0; 

Hepatotoxicity: No = 1, Yes = 0; T. Pyriformis Toxicity < 0.5 = 1, > 

0.5 = 0; Minnow Test <0.3 = 0, > -0.3 = 1) 

(http://lmmd.ecust.edu.cn/admetsar2/.) . The total Toxicology Score for 

each compound was calculated by summing these binary values.  

 

Statistical Analysis 

The experiment included three replicates for each treatment. Due to the 

identical values observed across the replicates, the standard deviation 

was zero. We used Fisher's Exact Test to determine whether parent 

compounds significantly differ from their metabolites generated 

through MetaTox. This test was chosen because the similarity among 

the replicates, along with the small sample size, made it more suitable 

for analyzing categorical data in small sample sizes, providing a more 

accurate assessment of significance when expected frequencies are 

low48. We created contingency tables to compare the beneficial and 

harmful scores of the parent molecules and their corresponding 

derivatives. Beneficial and harmful scores were assigned based on 

specific criteria related to their efficacy and safety profiles. The analysis 

was performed using GraphPad QuickCalcs (GraphPad Software, 

available at https://www.graphpad.com/quickcalcs/contingency1/).  

 

Data Visualization 

Toxicity data for each compound was compiled, and re-structured using 

the pandas library in Python to create a data frame suitable for 

visualization. A heatmap was then generated using the seaborn library 

to clearly distinguish between beneficial (blue) and harmful (red) 

factors. This visualization provided an overview of the toxicity profile 

for each compound, highlighting patterns and differences between 

parameters.  

 

Results and Discussions 

As previously noted in the introduction of this article, agelasine D (1), 

agelamide D (2) and epi-agelasine C (3) have been reported as potent 

antifouling agents against the marine alga, Ulva sp., and larvae of the 

Balanus sp12,15. Also, agelasine D and its formamide derivative, 

agelamide D, were reported to exhibit unique antifouling activities; 

furthermore, 1 solely inhibits the growth of antifouling bacteria, while 

2 prevents biofilm formation13. Most known antifouling agelasines have 

not undergone toxicity evaluation. In contrast, this research focuses on 

assessing the toxicity of known agelasines with antifouling activity for 

the purpose of producing environmentally friendly metabolites of these 

compounds with MetaTox. By comparing the toxicological profiles of 

these metabolites with their parent molecules, this study offers new 

insights into the toxicity of known antifouling agents and their potential 

as eco-friendly antifouling solutions. 

 

Molecular Docking  

Molecular docking revealed that the four antifouling agelasines 

interacted with both similar and distinct binding sites or pockets of 

6G1U (Figure 1). Specifically, agelasine D (1) and agelasidine A (4) 

bound to site 2 of chain A of 6G1U, while agelamide D (2) and epi-

agelasine C (3) interacted with site 10 of chain A and site 3 of chain B, 

respectively (Figure 1). These results suggest that compounds 1, 3, and 

4, which differ in the 9-N-methyladeninium unit for 1 and 3 (red) and 

in the decaline system (blue) for 1 and 4, interacted with different sites 

on the same target protein. Conversely, agelasidine A (4) and agelasine 

D (1) both bound to the same pocket of 6G1U, despite 4 featuring a 

hypotaurocyamine moiety (pink) and a long-chain terpenoid, while 1 

contains a 9-N-methyladeninium and decaline system (Figure 1). 

A closer look indicated that compounds 1-3 interacted with similar 

amino acid residues compared to compound 4 (Table 1). Featuring 9-

N-methyladeninium or its derivative and decaline moieties, compounds 

1-3 consistently interacted with Trp84, Trp279, and Phe330. In contrast, 

compound 4, which bears hypotaurocyamine and a long terpene, 

showed interactions with Trp84, Phe330, and Tyr334. Notably, the 

decaline system and 9-N-methyladeninium functional group in 

http://way2drug.com/mg
https://www.epa.gov/tsca-screening-tools/download-epi-suitetm-estimation-program-interface-v411
https://www.epa.gov/tsca-screening-tools/download-epi-suitetm-estimation-program-interface-v411
https://biosig.lab.uq.edu.au/pkcsm/
http://lmmd.ecust.edu.cn/admetsar2/
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compounds 1-3 consistently bind to Trp279 and Trp84, respectively, 

while the hypotaurocyamine and long terpene moieties in compound 4 

bind to Gln74 and Trp84, respectively. Trp84, Tyr130, Phe330, and 

Phe331 are part of the AChE anionic site, located at the entry of the 

active center gorge where allosteric activators and inhibitors overlap49. 

In particular, Trp84 and Phe330 are believed to participate in 

electrostatic interactions with AChE via π-bonding lending strong 

potential binding affinities50,51 (Table 1). While agelasine D (1), oxo-

agelamide D (2) and epi-agelasine C (3) all displayed strong binding 

affinities, ranging between 11.9 and 12.9 Kcal/mol, compound 4 

showed a significantly weaker binding affinity of 7.5 Kcal/mol (Table 

1).   

The differences in binding affinities between agelasine D (1), agelamide 

D (2), epi-Agelasine C (3), and agelasidine A (4) can be attributed to 

several structural factors, including steric hindrance, charge 

distribution, hydrophilicity, and specific binding interactions. While all 

compounds (1-4), except Agelamide D (2), contain a primary amine—

crucial for strong AChE binding, as seen with huperzine A52—the 

bulkier guanidine and sulfate groups in agelasidine A (4) may create 

steric hindrance, limiting the interaction depth which leads to weaker 

affinity53. In contrast, Agelasine D (1) interacts more effectively with 

key residues Trp84 and Trp279 due to its compact structure and 

hydrophobic decaline moiety, which enhances its stabilization in the 

enzyme's active site. The charge distribution in agelasidine A further 

complicates binding, as the negatively charged sulfate group disrupts its 

interaction with the hydrophobic pocket of AChE, whereas the 9-N-

methyladeninium moiety of agelasine D creates favorable contacts with 

Trp84. Additionally, the guanidine group in agelasidine A binds to 

Gln74, which is less crucial for AChE inhibition yielding reduced 

affinity. Thus, the differences in molecular architecture, steric effects, 

and charge distribution explain the stronger binding affinity among 

compounds 1-453-54. 

These findings align with previous studies. For example, Trp84 is 

known to affect the biomolecular inhibition of alkaloids against 

acetylcholinesterase (AChE). Specifically, indole alkaloids bearing 

carbamates located closer to Trp84 exhibit strong biomolecular 

inhibition, and vice versa55. This indicates that the stronger binding 

affinity observed for agelasine D (1), agelamide D (2), and ent-

agelasine C (3) is likely due to the interactions between their 

methyladenine moiety and Trp84 compared to the interaction between 

the terpenoid part and Trp84 in agelasidine A (4) (Figure 2). 

Additionally, earlier studies showed that small molecules can bind to 

specific surface regions on their macromolecular targets by forming 

distinct binding sites or binding pockets (Figure 1)56. Moreover, these 

results are supported by the fact that structural changes or modifications 

in ligands can result in distinct binding modes on the same protein. 

Malhotra et al. (2017)56 found that in 14% of cases, chemical 

modifications altered the binding modes of related ligand pairs either 

by creating different binding sites or by forming stronger interactions 

in different binding sites through new substituents. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Bindings site of agelasine D, agelamide D, agelasidine A at chain A, epi-agelasine C at chain B of 6G1U (A) and their 

molecular structures (B). 
 

Toxicity Study  

To evaluate their potential as ecofriendly antifouling agents, the toxicity 

profiles of 1-4 were evaluated using environmental factors, such as Log 

Kow, Log BCF, Log BAF, biotransformation half-life (BHL), and Log 

Koc using EPI SuiteTM. Because the impact of these agents ranges in 

terms of trophic order, we measured several parameters, such as 

hepatotoxicity, AMES toxicity, T. pyriformis toxicity, minnow test, and 

skin sensitization. Ligands with Log Kow values ≥ 3.0 were classified as 

bioaccumulative, while ≤ 3.0 indicated non-bioaccumulative. Log Koc 

values of ≥ 3.0 and ≥ 3.5 signified low bioaccumulation and medium 

adsorption, respectively. BAF/BCF values > 3.0 indicated 

high/moderate bioaccumulation, with persistence classified as rapid (≤ 
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1 day), moderate (1-30 days), or persistent (≥ 30 days). Water solubility 

was categorized as low (< 1 mg/mL), moderate (1-100 mg/mL), or high 

(> 100 mg/mL)57-65. 

This analysis of agelasine D (1), epi-agelasine C (2), agelasidine A (3), 

and agelamide D (4) revealed that most compounds exhibited high 

toxicological parameters and hepatotoxic issues (Table 2). For instance, 

agelasine D, epi-agelasine C, agelasidine A, and agelamide D showed 

Log Kow, Log BCF, Log BAF, and BHL values ranging from 3.23 to 

5.48, 3.0 to 5.48, 3.16 to 145, and 1.08 to 50.40, respectively (Table 2). 

The majority of these values fall outside the thresholds for the 

corresponding parameters)57-65. These results suggest a high potential 

for bioaccumulation and indicate unfavorable toxicological parameters. 

Furthermore, with the exception of agelasidine A, all known antifouling 

agelasines (1-3) exhibited either hepatotoxicity, AMES toxicity, or both 

(Table 2), suggesting their potential to cause mutagenicity and 

hepatotoxicity in untargeted organisms. This necessitates the 

derivatization of these compounds to produce more favorable 

antifouling agents, potentially through MetaTox analysis37-40.  

 

MetaTox and Ecotoxicological Analysis  

By applying potential activity > 0.4 as cut off in a MetaTox analysis, 

we generated 13 metabolites particularly from phase II reaction, namely 

glucuronidation and sulfation. They include 1 sulfate (1a) and 3 

glucuronides (1b, 1c, 1d) from agelasine D (1), 3 glucuronides (2a, 3a 

and 4a) from agelamide D (2), 1 sulfate (3a) and 3 glucuronides (3b, 3c 

and 3d) from epi-agelasine C (3) and 1 sulfate (4a) as well as 1 

glucuronide (4b) from agelasidine A (4) (Figure 4).  

The analysis also revealed glucuronidation and sulfation as the major 

products. Of the four parent molecules (1, 2, 3 and 4), a total of 10 

metabolites (1b, 1c, 1d, 2a, 2b, 2c, 3b, 3c, 3d and 4b) were generated 

mainly via N-glucuronidation reactions with N1, N3, N9 and the 

primary amine (NH2), as well as the 9-N-methyladeninium moiety 

contributing 3 metabolites (1a, 3a and 4a) (Figure 4). The attachment 

sites for glucuronidation occurred at either the amino or imine groups 

of the 9-N-methyladeninium in agelasines or NH2 group at the 

hypotaurocyamine moiety in agelasidine, allowing the formation of ten 

glucuronidated products, which go as the following: metabolites 1b, 1c 

and 1d from agelasidine D (1), 2a, 2b and 2c from agelamide D (2), 3b, 

3c and 3d from epi-agelasine C (3), and 4b from agelasidine A (Figure 

4). These results indicate that the presence of the amino group in the 9-

N-methyladeninium moiety seems to facilitate the sulfation reaction, 

while the replacement of the amino group with a nitroso derivative, such 

as in agelamide D (2) and its metabolites (2b and 2c) did not. 

Replacement of the 9-N-metahyladeninium moiety by a 

hypotaurocyamine in agelasidine A (4), led to the generation of two 

more metabolites, one sulfate (4a) and one glucuronide (4b).   

Molecular docking of the glucuronidated and sulfated derivatives 

showed a slightly reduced binding energy between the derivatives and 

their corresponding parent molecules. For example, the sulfonated 

derivative (1a) showed a binding affinity of 12.1 Kcal/mol, which is 

similar to that of agelasine D (1) with a binding affinity of -12.1 

Kcal/mol. The glucuronides derivatives (1b, 1c and 1d) showed slightly 

weaker binding affinities of 11.5, 9.2 and 9.2 Kcal/mol, 

respectively. Similarly, agelamide D (2) showed binding affinities of 

12.1 Kcal/mol while its glucuronidated analogues (2a-2d) showed 

slightly lower values of 10.4, 9.9, 11.4 Kcal/mol, respectively 

(Figure 4).  Likewise, epi-agelasine C (3) exhibited a binding affinity 

of 11.8 Kcal/mol, which was slightly stronger than both its sulfate (3a) 

and glucuronide derivatives (3b-3d) with binding affinities of 9.0, 

9.7, 10.1 and 9.7 Kcal/mol, respectively (Figure 3, Table 3). While 

all derivatives except 4a exhibited slightly reduced binding affinities, 

most (excluding 4b) still retained strong binding affinities towards the 

target receptor, with values below 8.0 kcal/mol (Figure 3). 

 

Table 1: Docking score of agelasidine D, agelamide D, epi-agelasine C and agelasidine A against 6G1U target protein. 

No Ligands Binding affinities 

(kcal/mol) 

Amino acid residues  

1 Agelasine D (1) 13.2 His440 (hydrogen bond), Trp84, Phe330 (Electrostatic), Trp279, Phe330, His440, 

Trp84, Trp279, Phe330 (hydrophobic)   

2 Agelamide D (2) 12.1 Tyr334 (electrostatic), Try334, Trp84, Trp84, Trp279, Trp279 (hydrophobic) 

3 Epi-agelasine C (3) 11.8 Try334 (hydrogen bond), Trp84, Trp84, Phe330, Trp84, Trp84 (electrostatic), 

Phe330, Trp279, Phe330, Try334, Phe330, Try334, (hydrophobic) 

4 Agelasidine A (4) 7.50 Gln74 (hydrogen bond), Trp84. Phe330, Phe330, Phe330, Tyr334 (hydrophobic) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Molecular structures of agelasine D (1), agelamide 

D (2), epi-agelasine C (3) and agelasidine A (4). 
 

 

Toxicological data analysis confirmed that all analogues exhibited 

relatively more favorable toxicological parameters. All analogues 

shared the same Log BCF value of 3.16, which was lower than that of 

the parent molecules (5-145), AChE inhibitors, and commercial 

antifoulants (5.16-109). Analogues 1a, 1d, 2a-2b, 3a-3d, and 4a-4b 

showed low Log Kow values ranging from 1.48 to 2.92, indicating low 

sorption potential65. Except for 2a-2c, the biological half-lives (BHL) 

of the remaining derivatives ranged from 0.09 to 1.41, suggesting a 

short half-life comparable to AChE inhibitors and commercial 

antifoulants, while surpassing their parent molecules (7.4550.4). 

Except for analogues 2a-2d and 3b, the remaining derivatives displayed 

low bioaccumulation factor (BAF) values between 0.89 and 2.9, which 

were lower than those of the parent compounds (18.6-4150), AChE 

inhibitors (4.9111.0), and commercial antifoulants (91.2211). These 

findings suggest that analogues 1a, 1d, 3a, 3c and 3d exhibited better 

toxicological values than compounds 1-8 (Table 4).  

Water solubility and toxicological parameters varied among the 

derivatives. Compounds 1a-1d, 2a-2c, and 3a-3b (0.45–65 mg/L) 

exhibited low to moderate solubility, contrasting with the significantly 

higher solubility (>100 mg/L) of 3c, 3d, 4a, and 4d63. While high water 

solubility generally increases bioaccumulation potential in fatty tissues, 

low solubility favors sediment adsorption65. However, the complex 

relationship between solubility and bioaccumulation also depends on 

hydrophobicity (Log Koc, Log Kow, etc.) of compounds. Low-solubility 

1 2 

3 4 
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compounds strongly bind to hydrophobic marine coatings, promoting 

sustained release. However, high Log Koc and Log Kow values increase 

bioaccumulation risk. Interestingly, compounds 1a, 3a, and 3b 

displayed low Log Koc (0.94 to 1.283), Log Kow (1.28–1.63) and BHL 

(<1 day) (Table 3), suggesting minimal bioaccumulation and strong 

coating adhesion—essential antifoulant characteristics.57,64 Their slow 

release resembles that of xanthone derivatives57 but exceeds that of 

commercial antifoulants (7-8) with 7 and 8 exhibiting high values of 

Log Kow > 3.59, BCF > 68.9 and BAF > 91.2 (Table 3)57.).  

 

 

Table 2: Pharmacological parameters of agelasidine A, agelasidine D, agelamide D and epi-agelasine C evaluated using EPI-SuiteTM 

and their general pharmacokinetic (Ames, hepatotoxic) evaluated using pkCSM. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

No Compound Log 

Kow 

Log 

BCF 

BHL Log 

BAF 

Log Koc Ames 

Toxi-city 

Hepato 

toxic 

T. 

Pyriformi

s toxicity 

Min 

now Test 

Skin 

1 Agelasine D (1) 5.46 10.00 7.45 4150 5.48 No Yes 0.285 -1.321 No 

2 Agelamide D (2) 4.52 3.16 50.40 590.0 3.78 Yes Yes 0.285 -0.097 No 

3 Epi-agelasine C (3) 3.23 3.16 1.41 138.0 3.50 Yes Yes 0.285 -0.256 No 

4 Agelasidine A (4) 3.78 145.0 1.08 266.0 3.00 No No 0.284 0.349 No 

5 SynoxA (5)  2.05 10.5 0.244 11 1.95 Yes No 0.285 0.816 No  

6 SynoxC (6) 1.59 5.16 1.45 4.91 1.67 Yes Yes 0.774 1.277 No  

7 Seanine_211 (7)  3.59 109 1.03 211 2.88 No No 2.63 -0.340 Yes  

8 Irgarol_1501 (8)  2.77 14.6 0.257 17 2.63 No Yes 0.387 0.610 No  
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Figure 3: Toxicological data parameters for derivatives of agelasine D (1a-1d), agelamide D (2a-2d), epi-agelasine C (3a-3d), 

agelasidine A (4a-4d) obtained from EPI SuiteTM. 

 

 

Table 3: Toxicological parameters of agelasine D, epi-agelasine C. agelasine, agelamide D and their derivatives. 

Compound WS 

(mg/L 

Log         

Kow 

Log          

BCF 

BHL Log        

BAF 

Log 

Koc 

hERG  

I/II Inh. 

Ame

s 

HPT TPT MT SS 

Agelasine D (1) 0.047 5.46 10.00 7.45 4150 5.48 N/Y N Y 0.285 -1.321 N 

Sulf-agelasine D (1a) 0.535 1.29 3.16 0.47 2.9 1.28 N/N N N 0.285 -1.437 N 

Glu-agelasine D (1b) 0.295 3.65 3.16 1.25 2.4 2.06 N/N N N 0.285  -0.061 N 

Glu-agelasine D2 (1c) 0.295 3.65 3.16 1.25 2.4 2.06 N/N N Y 0.285 -0.198 N 

Glu-agelasine D3 (1d) 1.283 2.92 3.16 0.75 68.8 1.63 N/N N Y 0.285 -0.487 N 

Agelamide D (2) 194 4.52 3.16 50.40 590 3.78 N/Y Y Y 0.285 -0.595 N 

Glu-agelamide D (2a) 1.423 2.64 3.16 8.06 46.5 1.06 N/N N Y 0.85  0.767 N 

Glu-agelamide D2 (2b) 1.301 2.79 3.16 12.4 183 1.36 N/N N Y 0.285 -0.235 N 

Glu-agelamide D3 (2c) 0.431 3.24 3.16 12.4 183 1.36 N/N N Y 0.285  -0.235 N 

Epi-agelasine C (3) 2.310 3.23 3.16 1.41 138 3.50 N/Y Y Y 0.285 -0.256 N 

Sulf-epi-agelasine C (3a) 25.68 -0.94 3.16 0.09 1.0 1.36 N/N N N 0.286 0.549 N 

Glu-epi-agelasine C (3b) 2.65 2.29 3.16 0.44 18.6 1.28 N/N N Y 0.286 2.308 N 

Glu-epi-agelasine C2 (3c) 4240 -1.48 3.16 0.03 0.89 -0.79 N/N N N 0.286 1.868 N 

Glu-epi-agelasine C3 (3d) 4240 -1.48 3.16 0.03 0.89 -0.78 N/N N N 0.286 1.868 N 

Agelasidine A (4) 3.383 3.78 145.0 1.08 266 3.00 N/Y N N 0.284 0.349 N 

Sulf-agelasidine A (4a) 632.4 0.54 3.16 0.07 1.2 1.36 N/N N N 0.285 -0.097 N 

Glu-agelasidine A (4b) 113.1 1.16 3.16 0.10 2.1 -0.18 N/N N N 0.285 1.174 N 

SynoxA (5)  13.34 2.05 10.5 0.244 11 1.95 N/N Y Y 0.346 0.926 N  

SynoxC (6) 34.35 1.59 5.16 1.45 4.91 1.67 N/Y N Y 0.306 1.921 N 

Seanine_211 (7)  13.37 3.59 109 1.03 211 2.88 N/N N N 2.630 -0.344 Y  

Irgarol_1501 (8)  7.517 4.07 68.9 0.23 91.2 2.63 N/N N Y  0.387 0.610 N 

Note: WS (water solubility), hI (heRG Inhibitor), SS (skin sensitization), AMES (Ames toxicity), HPT (hepatotoxic), TPT (T. pyriformis toxicity), MT 

(Minnow toxicity). 

 

 

 

 

 

We further performed toxicological scoring and statistical analysis to 

confirm the results. Adapting the ADMET score developed by Quan at 

al., 201947, we categorized the toxicological parameters and 

pharmacokinetic values of both parent and derivatives compounds into 

a binary system with 0 (red) representing harmful and 1 (blue), 

indicating beneficial properties (Table 4). The 13 endpoints (Log Kow, 

Log BCF, BHL, BAF, Log Koc etc.) of each derivative were tallied and 

divided by the total endpoints before being statistically compared to 

their parent molecules (Table 4).  

The scoring results indicate that all derivatives generally exhibited 

improved toxicological parameters compared to their parent molecules. 

For example, agelasine D (1) had a toxicological score of 0.30, while 

its derivatives (1a–1d) displayed higher scores of 0.85, 0.65, 0.65, and 

0.65, respectively, although only agelasine D (1) and derivative 1a 

showed statistically significant differences (p > 0.05). Similarly, 

agelamide D (2) had a score of 0.30, while its derivatives (2a–2c) 

exhibited improved scores of 0.69, 0.69, and 0.62, though these 

differences were not statistically significant (p > 0.05). Epi-agelasine C 

(3) had a toxicological score of 0.38, significantly lower than its 

derivatives (3a–3d), which had scores of 0.92, 0.77, 0.85, and 0.85, 

respectively, with all analogues, except 3b, showing statistically 

significant differences (p > 0.05). Agelasidine A (4) had the highest 

score among the parent molecules at 0.53, but its derivatives (4a and 

4b) exhibited much higher scores of 0.84 and 0.92, although these 

differences were not statistically significant (p > 0.05). Moreover, 

except for 2c, the scores of all analogues (ranging from 0.69 to 0.92) 

were higher than those of synoxazolidinones A (5) and C (6), 

seanin_211 (7), and irgarol_1501 (8), which had scores ranging from 

0.54 to 0.62, although these differences were not statistically significant  

 

(Table 5). These findings highlight the trend that derivative compounds 

tend to have better toxicological profiles compared to both their parent 

molecules and some standard antifouling agents, as shown in Table 4 

and Table 5. 

Equally important is that the derivatives also exhibited more favorable 

pharmacokinetic profiles compared to their parent molecules, AChE 

inhibitors, and commercial antifoulants. For instance, except for 

agelasidine A (4), the parent molecules (1-3) showed either hERG II 

inhibition, AMES mutagenicity, hepatotoxicity, or skin sensitization. 

Similarly, though to a lesser degree, synoxazolidinones (5, 6), 

seanin_211 (7), and irgarol_1501 (8) also displayed issues such as 

AMES mutagenicity, hepatotoxicity, or skin sensitization (Table 3). In 

contrast, except for 2a–2d, the remaining analogues did not show any 

concerns related to hERG inhibition, Ames mutagenicity, or 

hepatotoxicity. This suggests that the analogues, particularly 1a–1d, 

3a–3d, and 4a4b, have fewer potential cardiac, hepatotoxic, and 

dermatological risks compared to the AChE inhibitors and commercial 

antifoulants. The results indicate the relevant of the present findings 

particularly for possible application of these compounds in mariculture 

industry where the use of such compounds as antifouling might be 

absorbed by cultivated organisms as shown in the accumulation of 

copper and zinc-based antifouling in sea bass and sea bream in the 

Mediterranean66, posing a health risk to non-target organisms including 

human who consume such cultured marine organisms.  
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Figure 4: Molecular structures of agelasine D (1), agelamide D (2), epi-agelasine C (3) and agelasidine A (4) generated through 

MetaTox. 
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Note: WS (water solubility), hI (heRG Inhibitor), SS (skin sensitization), AMS (Ames toxicity), HPT (hepatotoxic), TPT (T. pyriformis toxicity), MT 

(Minnow toxicity). Green indicates useful, red harmful.    

 

Figure 5: Binary toxicological parameters for agelasine antifouling agents and their derivatives 
 

 

 

Table 4: 2x2 Contingency Table for agelasine D, agelasidine A, epi-agelasine C, ageloxime D and their derivatives 

Comparison  Outcome 1 Outcome 2 Total p value Statistical significance 

Agelasidine D (1) 

Sulf-agelasidine D (1a) 

4 

11 

8 

2 

13 

13 

 

0.0154 

 

** 

Glu-agelasidine D (1b) 

Glu-agelasidine D2 (1c) 

9 

9 

5 

5 

13 

13 

0.2377 

0.2377 

* 

* 

Glu-agelasidine D3 (1d) 9 5 13 0.2377 * 

Ageloxime D (2) 

Glu-ageloxime D (2a) 

Glu-ageloxime D2 (2b) 

Glu-ageloxime D3 (2c) 

4 

9 

9 

8 

9 

5 

5 

5 

13 

13 

13 

13 

 

0.1152 

0.1152 

0.2377 

 

* 

* 

* 

Epi-agelasine C (3) 

Sulf-epi-agelasine C (3a) 

Glu-epi-agelasine C (3b) 

Glu-epi-agelasine C2 (3c) 

Glu-epi-agelasine C3 (3d) 

5 

12 

10 

11 

11 

8 

1 

3 

2 

2 

13 

13 

13 

13 

13 

 

0.0112 

0.1107 

0.0414 

0.0414 

 

** 

* 

** 

** 

Agelasidine A (4)  

Sulf-agelasidine A (4a)  

Glu-agelasidine A (4b) 

7 

11 

12 

6 

2 

1 

13 

13 

13 

 

0.2016 

0.0730 

 

* 

* 

Sulf-epi-agelasine C (3a) 

SinoxA (5) vs 3a 

SinoxC (6) vs 3a 

Seanin_211 (7) vs 3a  

Irgarol_1501 (8) vs 3a 

 

12 

8 

8 

7 

8 

1 

5 

5 

6 

5 

13 

13 

13 

13 

13 

 

 

0.1602  

0.1602 

0.0730 

0.1602 

 

* 

* 

* 

* 

Note: * indicates not statistically significant, ** suggests statistically significant 

 

 

 

These findings corroborate with studies showing that despite both being 

the most common phase II metabolic reactions30, glucuronidation has a 

more prominent metabolic pathway than sulfation in many compounds. 

Firstly, conjugation reactions, catalyzed by uridine-5’-diphospho-

glucoronosyltranserase (UGTs), such as glucuronidation are 

responsible for the metabolism of over 50% of the 200 most prescribed 

drugs or approximately 12%67 while sulfotransferases (SULTs), which 

catalyze sulfation reactions, contribute to the metabolism of 1%68. 

Secondly, glucuronidation enzymes have more overlapping substrates 

and specificities compared to sulfation enzymes, allowing 

glucuronidation to metabolize a far greater number of compounds30,69. 
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The discovery aligns with the report on sulfates and glucuronides. On 

the one hand, they are generally considered inactive and safe, with 

minimal impact on drug therapy30,71. However, some metabolites 

produced by phase II conjugation, such as acyl glucuronides, sulfation 

metabolites, and glucuronides, can inhibit enzymes71 and modulate ion 

channel32. This inhibition can potentially affect drug efficacy and 

safety71. Similarly, while sulfation products are generally considered 

less toxic and deactivated, sulfated metabolites can also lead to the 

bioactivation of specific types of compounds, of which include benzylic 

and allylic alcohols, and aromatic hydroxylamines72. Hence, the 

discovery of 1a, 3a and 3b corroborate with the discovery of active and 

strong glucuronidated and sulfated derivatives. 

Thus, the application of MetaTox in generating agelasine analogues 

with reduced toxicity while maintaining high binding affinities 

indicates the potential of computational methods in facilitating the 

discovery of antifouling agents and other medically significant 

compounds73. This discovery is particularly pertinent to current efforts 

in eco-friendly antifouling research74, as the enhanced hydrophilicity 

and improved excretion profiles of glucuronidated and sulfated 

metabolites may lead to lower bioaccumulation and reduced toxicity. 

These advancements make them safer and potentially more effective for 

antifouling applications particularly in mariculture75, aligning with the 

ongoing need for solutions that minimize environmental impact while 

ensuring efficacy.  

This study also offers two significant benefits. Firstly, the combinatorial 

approach allows for the eco-friendly development of antifouling agents 

by revisiting known antifouling compounds such as agelasine D (1), 

agelamide D (2), epi-agelasine C (3), and agelasidine A (4). This 

method is essential for advancing these compounds as antifouling 

agents while addressing the critical issue that has led to the banning of 

many environmentally harmful antifouling agents. By leveraging 

existing knowledge, this approach can potentially expedite the 

identification of safe and effective alternatives. This research also 

enhances our understanding of the non-cytotoxic properties of sulfated 

and glucuronidated agelasine alkaloids. Identifying non-cytotoxic 

compounds ensures that new antifouling agents will be both effective 

and environmentally safe, addressing a major concern associated with 

traditional antifouling practices in marine ecosystems. 

Despite the significantly reduced pharmacological parameters in most 

derivatives, many still exhibit moderately higher BCF (3.16), BFA and 

hepatotoxic values indicating a need for further improvement. 

Additionally, further synthetic and field studies are essential for all 

derivatives identified here to support the development of 

environmentally friendly antifouling agents. Nevertheless, the present 

study provides valuable insights into the discovery of glucuronidated 

and sulfated agelasines as strong binders to acetylcholinesterase 

(AChE) with minimal environmental risk. These findings could pave 

the way for the development of effective, potent, and eco-friendly 

antifouling agents, contributing to the preservation of marine 

ecosystems. 

 

 

 

 

Conclusion   

In summary, following the toxicity evaluation of agelasine D (1), 

agelamide D (2), epi-agelasine C (3), and agelasidine A (4), 13 

derivatives were generated through MetaTox analysis, primarily via 

glucuronidation and sulfation reactions. Subsequent molecular docking 

and toxicity studies revealed their strong binding affinity to 6G1U and 

improved toxicological parameters compared to their parent molecules 

particularly 1a, 3a and 3b. These derivatives not only emerge as the 

most promising candidates for AChE inhibitors in this study, but also 

hold significant potential as eco-friendly antifouling agents. Their 

development represents a crucial step forward in the quest for 

sustainable and environmentally safe antifouling solutions, with 

promising implications for the preservation of marine ecosystems. 
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