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Abstract

This study investigates the therapeutic potential of five marine-derived metabolites as inhibitors
of human xanthine oxidase (HXO), a critical enzymatic target in the treatment of gout an
inflammatory disorder caused by the deposition of monosodium urate crystals in joints and
surrounding tissues. Two alkaloids, Petrosin (Mol1) and Xestospongin D (Mol2), were selected
from the marine sponge Oceanapia sp. A phenolic acid, Gentisic acid (Mol3), was obtained
from Hemimycale columella. Additionally, two sesquiterpenoids, Sydonol (Mol4) and
Aspergiterpenoid A (Mol5), were derived from a fungal strain (Aspergillus sp.) isolated from
the sponge Xestospongia testudinaria. Molecular docking analysis using AutoDock Vina
revealed that Mol1 and Mol2 exhibit the strongest binding affinities toward HXO, with binding
energies of -11.5 kcal/mol and -8.8 kcal/mol, respectively significantly surpassing the reference
drug allopurinol (-5.9 kcal/mol). Mol3, Mol4, and Mol5 also demonstrated enhanced binding
stability compared to allopurinol. Complementary ADMT (absorption, distribution,
metabolism, and toxicity) predictions indicated favorable pharmacokinetic properties and
safety profiles, including low carcinogenic potential and minimal risk for cardiotoxicity.
Collectively, these in silico findings underscore the promise of marine-derived metabolites,
particularly Mol1 and Mol2, as novel HXO inhibitors that may lead to safer and more effective
gout treatments. Further in vitro and in vivo validation is warranted to confirm these results.

Keywords: Gout, xanthine oxidase, marine-derived metabolites, alkaloids, molecular docking,

ADMT, Petrosin.



Résumé

Cette étude évalue le potentiel thérapeutique de cing métabolites dérivés de sources marines en
tant qu’inhibiteurs de la xanthine oxydase humaine (XOH), une enzyme clé ciblée dans le
traitement de la goutte, une maladie inflammatoire causée par le dépot de cristaux d’urate
monosodique dans les articulations et les tissus environnants. Deux alcaloides, la pétrosine
(Moll1) et la xestospongine D (Mol2), ont été sélectionnés a partir de 1’éponge marine
Oceanapia sp. Un acide phénolique, 1’acide gentisique (Mol3), a été isolé de Hemimycale
columella. De plus, deux sesquiterpénoides, le sydonol (Mol4) et I’aspergitépénéoide A (Mol5),
proviennent d’une souche fongique (Aspergillus sp.) isolée de 1’éponge Xestospongia
testudinaria. L’analyse de docking moléculaire réalisée avec AutoDock Vina a révélé que Moll
et Mol2 présentent les affinités de liaison les plus fortes avec la XOH, avec des énergies de
liaison de -11,5 kcal/mol et -8,8 kcal/mol respectivement, surpassant largement la référence,
I’allopurinol (-5,9 kcal/mol). Mol3, Mol4 et Mol5 ont également démontré une stabilité de
liaison supérieure a celle de 1’allopurinol. Les prédictions complémentaires ADMT (absorption,
distribution, métabolisme et toxicité) ont indiqué des profils pharmacocinétiques et de sécurité
favorables, incluant un faible potentiel carcinogene et un risque minimal de cardiotoxicité. Dans
I’ensemble, ces résultats in silico soulignent le potentiel des métabolites marins, en particulier
Mol1l et Mol2, comme inhibiteurs novateurs de la XOH, pouvant offrir des traitements plus sdrs
et efficaces contre la goutte. Des validations complémentaires in vitro et in vivo sont nécessaires
pour confirmer ces résultats.

Mots-clés : Goutte, xanthine oxydase, métabolites d’origine marine, alcaloides, docking

moléculaire, ADMT, Petrosine.
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INTRODUCION

Gout has been recognized as an important medical condition since ancient times [1],
frequently mentioned in early medical writings and linked to prominent historical figures [2].
Often called the “disease of kings,” it was first noted by the Egyptians around 2640 B.C., and
Hippocrates later described it as an illness of older men caused by indulgent lifestyles [3]. The
term “gout” comes from the Latin gutta, meaning “drop,” reflecting the medieval belief that an
excess of bodily humors could drip into joints and cause inflammation [2]. This term was first
recorded in the 13th century by the monk Randolphus of Bocking, who mistakenly grouped
gout with other joint diseases like rheumatism [3]. A clearer distinction between gout and
rheumatism was made in the 17th century by physician Thomas Sydenham, who suffered from
both gout and kidney disease [3].

Gout is the most prevalent type of inflammatory arthritis and has a substantial impact on
patients' quality of life [4]. It is caused by elevated levels of serum uric acid (SUA), a condition
known as hyperuricemia [5], which plays a central role in the disease's onset. When SUA
exceeds the solubility threshold in bodily fluids, monosodium urate (MSU) crystals begin to
form and accumulate (> 7 mg/dL) around the joints [6]. This buildup triggers a range of clinical
symptoms, including intense episodes of joint pain and inflammation most commonly in the
big toe joint as well as chronic joint deterioration and the formation of tophaceous deposits in
both joints and surrounding skin [7].

Currently, the primary approach to managing hyperuricemia in clinical settings involves
decreasing uric acid (UA) production while also enhancing its excretion. As a result, targeting
xanthine oxidase (XO) inhibition is considered an effective strategy for lowering UA levels [8].

Patients commonly receive non-steroidal anti-inflammatory drugs (NSAIDs) or colchicine
to manage acute gout flares [9]. However, the long-term use of these medications is often
associated with significant adverse effects. Therefore, identifying alternative therapeutic
strategies is of considerable clinical importance [10]. Our research focuses on marine
pharmacognosy, specifically exploring metabolites derived from marine sponges as potential
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INTRODUCION

candidates for safer and more effective gout treatments [11-13]. As invertebrates, sponges
produce a wide range of bioactive secondary metabolites that function as natural chemical
defenses against predators and fouling organisms [13]. This remarkable biosynthetic capacity
positions them as a valuable resource for drug discovery and pharmaceutical innovation [14].
This study aims to identify novel anti-gout compounds by evaluating their inhibitory
potential against human xanthine oxidase (HXO). This study investigates alkaloid, phenolic
acid, and terpenoid compounds derived from marine sponges, specifically Oceanapia sp.,
Hemimycale columella, and Xestospongia testudinaria. The research methodology is based on
the selection of compounds with favorable pharmacokinetic properties, particularly low
predicted toxicity, assessed using the Pre-ADMET 2.0 server. Following this screening,
molecular docking analysis were performed using AutoDock Vina and AutoDock Tools to
estimate the binding affinities of the selected metabolites..
The study is organized into three main sections, structured as follows:

+ The first section provides a concise literature review, establishing the foundational
concepts underpinning this study. It begins with an overview of gout, addressing its
etiology, clinical manifestations, diagnostic approaches, and current treatment
strategies. The discussion then transitions to HXO, highlighting its relevance as a
pharmacological target. This section also includes a brief overview of the taxonomy,
geographical distribution, and morphological features of the marine sponges employed
in the research.

+ The second section details the experimental design, including the materials and
methodologies utilized throughout the study. It is followed by a comprehensive
presentation and analysis of the results, which are critically discussed to extract relevant
scientific insights.

+ The final section offers the conclusion and future perspectives, summarizing key
findings and proposing potential directions for further investigation.
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LITERATURE REVIEW

1. Gout
1.1 Definition
Gout is a metabolic condition marked by the buildup of monosodium urate crystals in joints
and other body tissues [15]. This buildup results from persistent hyperuricemia when SUA
levels exceed 6.8 mg/dL, the point at which urate becomes insoluble and crystals begin to form
(figure 1). The presence of these crystals triggers a pronounced inflammatory reaction, causing
sudden and painful arthritis flare-ups [16]. Gout is strongly linked to abnormalities in purine

metabolism, with elevated UA levels being a key factor in the development of the disease [17].

Gout

e
?:;i:‘.f::’\/
N
W &

&

FIGURE 1: Deposition of UA crystals [18].

—

1.2 Causes and factors

Gout primarily results from chronic hyperuricemia [5], which occurs when there's an
imbalance between the body’s production and excretion of UA [19]. This condition can be
caused by either increased purine degradation or decreased elimination of UA, particularly
through the kidneys [20]. Lifestyle factors play a significant role, with diets high in purine-rich
foods like red meat and beverages high in fructose (which is metabolized into purines)
contributing to elevated UA levels [21]. Alcohol further aggravates this by adding purines and
affecting metabolism [21]. Other contributors include genetic factors, obesity, and certain
medications especially diuretics [22]. Chronic conditions such as high blood pressure, kidney

dysfunction, and metabolic syndrome also raise the risk of developing gout [22].
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LITERATURE REVIEW

+ Endogenous metabolic disturbances such as tumor lysis syndrome: Rapid
destruction of tumor cells releases nucleic acids, which are metabolized into UA,
leading to hyperuricemia. This is particularly relevant during cancer treatments [23].
Fasting and Starvation: Periods of fasting can increase purine turnover, resulting in
elevated UA levels, thereby increasing the risk of gout attacks [24].

+ Poor UA elimination, especially through the kidneys, is another major factor.
Although the kidneys and gut normally filter and secrete UA, about 90% is reabsorbed
via URAT1 transporters a process influenced by kidney health, sodium balance, alcohol
intake, and diuretics like thiazides and furosemide [22].

+ Genetics play a key role as well. Variations in genes related to urate transport
(SLC22A12, ABCG2) or purine metabolism can affect UA levels. Furthermore, humans
lack the enzyme uricase, which would otherwise convert UA into more soluble
allantoin, promoting crystal buildup [25].

+ Environmental triggers influencing gout: Emerging research indicates that
environmental factors, including air pollution, temperature fluctuations, and seasonal
changes, may influence inflammatory pathways and oxidative stress, potentially
triggering or exacerbating gout episodes [26].

While elevated UA is necessary for gout to occur, not everyone with hyperuricemia develops
the condition crystal formation in joints is also required. Gout is more common in men, possibly
due to hormonal differences, and its incidence increases with age.

+ Comorbidities like obesity, cardiovascular disease, and kidney problems are
strongly associated with both hyperuricemia and gout. Additionally, new research
suggests that environmental triggers such as air pollution, temperature changes, and
seasonal variations may influence inflammation and oxidative stress, potentially
initiating or worsening gout episodes, although the exact biological mechanisms are still

being studied [27].
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1.3 The crystallization of monosodium urate

As UA levels increase and begin to build up in joints and soft tissues, a process called
nucleation begins [28]. During nucleation, dispersed UA molecules cluster together to initiate
crystal formation. UA, being a weak acid, typically combines with sodium and water to form
MSU [29].
MSU crystals are needle-shaped (figure 2) and consist of stacked purine rings. Their charged
surfaces allow them to interact with cell membranes and circulating molecules, often-triggering
inflammation [30]. The development of these crystals is influenced by factors such as body
temperature, synovial fluid pH, water and electrolyte levels, and structural proteins like
collagen [31].
These crystals can form larger aggregates called tophi and provoke acute gout attacks, which
involve severe joint pain, swelling, redness, and inflammation commonly affecting the big toe,
midfoot, ankle, or fingers [32]. This inflammatory reaction is mainly driven by the innate
immune system, especially macrophages and neutrophils. A key mechanism in this response is
the activation of the NLRP3 inflammasome, which promotes the production of inflammatory

molecules like interleukin-1p (IL-1p) [18].

Monocyte
5 / F
TNF-q,IL-1,IL-6,IL-8
/ Chemotaxis
. Protease
S )
! 77 /J Complement Sir?f:rtls:::
Y —* Activation -

NLRP3 Inflammasome | inflamation

\ S\ Lysosomal enzymes,
R LTB4,

!.. -l \\. Chemotaxis —"  Freeradicals,
oy Prostaglandins
Neutrophil
FIGURE 2: Pathogenesis of hyperuricaemia and an acute gouty arthritis [18].
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1.4 Symptoms

In individuals with gout, the clinical course often progresses from asymptomatic
hyperuricemia to symptomatic episodes characterized by crystal-induced joint inflammation.
As MSU crystals accumulate, they may eventually provoke acute flares and form visible tophi
(figure 3) [32]. These episodes involve significant joint inflammation [18]. Commonly involved
sites include the metatarsophalangeal joint, midfoot, ankle, fingers, and upper limbs [33].
Additional symptoms may include skin peeling or flaking due to swelling, and in advanced
stages, joint erosion and deformity. Between flares, patients experience intercritical periods
symptom-free intervals during which urate deposition may continue unnoticed. As the
condition progresses, these intervals often become shorter. If left untreated, repeated attacks
and chronic inflammation may result in lasting joint pain, stiffness, and irreversible structural

damage, marking the chronic phase of the disease [34].

FIGURE 3: Chronic gout with tophi present in the hands and along the Achilles tendon.
[34].

1.5 Diagnosis and treatments

Diagnosis of gout usually begins with a detailed review of the patient's medical history and
a comprehensive physical exam. Additionally, blood tests may be conducted to measure UA
levels, aiding in the diagnostic process [35]. If the diagnosis of gout remains uncertain or
incomplete, joint aspiration and synovial fluid microscopy should be considered as important
diagnostic tools (figure 4). These procedures help detect MSU crystals, providing a more

definitive confirmation of gout [36].
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Identifying MSU crystals can be challenging, as joint aspiration and synovial fluid analysis
require specialized expertise and equipment that may not always be accessible, especially in
primary care settings. As a result, imaging techniques play a crucial role in diagnosing gout,

particularly for patients with uncertain or inconclusive clinical findings [37].

Gout patients

Gold standard for gout diagnosis

Microscopic conformation of monosodium urate crystals in synovial fluid or tophi

Detection of synovial fluid was not available

X-ray US (ultrasound) DECT and spectral CT MRI SPECT/CT
D # Detection of acute
MSU crystals: Tophi —visualized Detection of inflammation
Bone and joint are # Snowstorm » Superficial joint acute > The extent,severity
eroded by thophi » Double contour » Deep skeletal inflammation and di.‘strifﬁ;l.lti()llof
Sign system gouty arthritis

FIGURE 4: Gout imaging flowchart.
MRI: magnetic resonance imaging; MSU: monosodium urate monohydrate; DECT: dual
energy computed tomography; US: ultrasound; SPECT: single photon emission computed
tomography; CT: computed tomography.

The treatment of gout involves the use of XO inhibitors (table 1), which target this enzyme as
the primary therapeutic approach for managing both gout and hyperuricaemia. By inhibiting
X0, these medications effectively reduce the production of UA, helping to prevent flare-ups
and complications associated with elevated UA levels [38]. Gout treatment can be highly
effective. It generally involves two key components:

+ Managing acute flare-ups: Treatment during a gout attack focuses on relieving
symptoms like pain, swelling, and inflammation (table 1). The goal is to ease discomfort
during the episode, rather than to lower UA levels or prevent future attacks. This
approach does not tackle the root cause of gout.

+ Preventing future flare-ups: Long-term management involves urate-lowering

therapies, which work to decrease UA levels in the body. These medications help
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dissolve existing crystals and prevent new ones from forming, addressing the underlying

cause of gout and reducing the likelihood of recurrent attacks and joint damage [39].

TaABLE 1: Drugs indicated in the treatment of gout [39].

Class Drug (Brand) Common Dosing

Urate-Lowering Therapy

Starting dose: 100 mg/day (all patients); 50 mg/day (stage 4
CKD or worse)

Xanthine ?leolgurrlirrw%l Dose titration: Titrate to doses >300 mg/day even in renal
oxidase ylop patients; dosgs >300 mg/dzf\y may b_e required for most
inhibitors patients. Max daily dose is 800 mg

Starting dose: 40 mg/day

Febuxostat (Uloric) Dose titration: Increase to 80 mg/day after 2-4 weeks

Starting dose: 250 mg/day

Uricosuric Probenecid Dose titration: Increase by 500 mg per month to a max dose
agents (Benemid) of 2-3 g/day (2 divided doses) in patients with normal renal
function
. Pegloticase . s
Uricase agents (Krystexxa) Dose: intravenous infusion 8 mg every 2 weeks

Acute Gout Attack Prophylaxis During Initiation of Urate-Lowering Therapy

Colchicine (Colcrys) 0.6 mg orally once or twice daily as tolerated
Antigout
agents Probenecid/colchicine 500 mg/0.5 mg once daily for 7 days, then
(Col-Benemid) 500 mg/0.5 mg twice daily thereafter
NSAIDS Naproxen 250 mg orally twice daily
NSAIDS: non-steroidal anti-inflammatory drugs CKD: Chronic Kidney Disease

2. Xanthine oxidase

Xanthine oxidase is the terminal enzyme in human purine catabolism, catalyzing the
sequential hydroxylation of hypoxanthine to xanthine and then xanthine to UA [40]. This
enzyme is essential for purine metabolism and is conserved across a wide range of organisms.
One of the earliest successful purifications of XO was reported in 1924 by Dixon and Thurlow,
who isolated the enzyme from cow’s milk. The enzyme exists in two interchangeable forms.
One form acts as a dehydrogenase, using NAD as the final electron acceptor from the flavin
site. The other form functions as an oxidase, where oxygen (O:) serves as the electron acceptor

instead [41].
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2.1. Structure
Xanthine oxidase is homodimeric enzyme with a total molecular weight of about 300 kDa.

Each subunit is made up of a single polypeptide chain containing approximately 1,332 amino
acids (figure 5). These subunits are equipped with several cofactors: one molybdopterin (Mo-
pt), two 2Fe-2S clusters, and one FAD. These cofactors are located within distinct structural
domains of the enzyme [42]:

+ The C-terminal domain, weighing approximately 85 kDa.

%+ The N-terminal domain, around 20 kDa.

+ The intermediate domain, roughly 40 kDa.

Each domain plays a specific role in the enzyme's structure and function.

23

&
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LSS,

NH2
COOH
1 165 AA 226 531 AA 590 1332 AA
Domaine Fe/S Domaine FAD Domaine Mo
20KDa 40 KDa 85 KDa

FIGURE 5: The 3D structure of xanthine oxidase.
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2.2. Reaction mechanism

The catalysis is activated by a nucleophilic attack via the molybdenum center Mo (V1) Mo-
OH on the C-8 carbon of the xanthine and in the presence of the catalytic amino acid Glu1261,
which simultaneously leads to the reduction of Mo (VI) to Mo (1V). The first step consists in a
reoxidation of the molybdenum center (figure 6) by electron transfer to Glu1261 of the active
site, accompanied by the protonation of the Mo-SH bond, the second step consists in the
deprotonation of the Mo-SH bond to Mo=S, the third step consists in regenerating the Mo-OH
group of the molybdenum system (Mo (VI)) and releasing a new product which is the UA,

consequently Glu1261 returns to its original ionic form. Finally, the fourth step will repeat the

cycle [43].
Molybdenum center
Mo (IV)
O
N (0]
///,/ " /
" Mo —-o—</ Y
- NH
Glu 1261
Molybdenum
center Molybdenum center
Mo (VI)
Ty, //////
4
" OFE/‘_<N - o <O_</ NH
o} O OH o
/‘< Xanthine MO
Glu 1261 Glu 1261

U id Molybdenum center
ric aci Mo (V) H,0

j;(\l/

/—< Uric acld

O
Glu 1261

i, /

IZ ZT

Xanthine

FIGURE 6: Scheme of the catalytic mechanism of xanthine oxidase [43].
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2.3. The different forms of xanthine oxidase

Xanthine oxidase exists in different forms [40], primarily as xanthine oxidase abbreviated
XO and xanthine dehydrogenase abbreviated XDH. These two forms are interconvertible and
play a crucial role in purine metabolism: XO is the predominant form found in biological fluids
such as plasma and milk [44]. XDH primarily utilizes NAD" as its oxidation substrate,
facilitating electron transfer for purine metabolism. However, it can also interact with molecular
oxygen (O, though less efficiently). In contrast, XO is unable to use NAD* and relies
exclusively on O: as its electron acceptor, producing reactive oxygen species alongside UA
formation [42].

3. Studied sponges

For centuries, alkaloids have played a crucial role in human history due to their potent
biological activities and diverse chemical structures. These naturally occurring compounds,
primarily derived from plants, have been extensively utilized in traditional and modern
medicine, as well as in agriculture and biotechnology, for their therapeutic, insecticidal, and
antimicrobial properties [45]. In recent decades, the marine environment has emerged as a
prolific and relatively untapped source of novel bioactive alkaloids and other secondary
metabolites. Marine organisms, especially invertebrates such as sponges, tunicates, and
mollusks, have demonstrated remarkable chemical diversity [46].

A comprehensive study examining marine natural products from 1985 to 2012 revealed that
nearly 75% of newly discovered marine-derived compounds originated from invertebrates [47].
Among these, sponges (phylum Porifera) stood out as the richest reservoir of bioactive
molecules, largely due to their unique symbiotic relationships with microorganisms and their
exposure to complex ecological pressures in marine habitats. These findings underscore the
immense potential of marine invertebrates as sources of pharmacologically active alkaloids and
highlight the importance of continued exploration of ocean biodiversity for drug discovery and

development.
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In this study, we focused on three sponge species known for their potential to produce diverse

secondary metabolites:

+ Oceanapia sp (Figure 7).

+ Hemimycale columella (Figure 8).

+ Xestospongia testudinaria (Figure 9).
Their taxonomic classification and geographical distribution and morphology were obtained
from reliable sources, including the Sponge Guide [48], World Porifera Database [49],
Florent's Guide To The Florida, Bahamas & Caribbean Reefs [50] and the iNaturalist Guide
[51].

3.1. Oceanapia sp
Common Name: Buried sponge.

3.1.1. Taxonomy

Kingdom Animalia
Phylum Porifera
Class Demospongiae
Order Haplosclerida
Family Phloeodictyidae
Genus Oceanapia

3.1.2. Geographical distribution and morphology

Oceanapia sp. is a marine sponge genus with a broad distribution, including regions such as
the Caribbean, the Bahamas, and parts of the Pacific Ocean, notably near Micronesia and
Western Australia. Members of this genus are typically found at depths ranging from 18 to 130
feet (approximately 5.5 to 40 meters) [50]. These sponges exhibit a distinctive morphology
characterized by a buried, bulbous base from which one or more slender, tubular projections
called fistules emerge through the substrate. Each fistule terminates in a fragile, cap-like
structure known as a capitum. The sponge's surface is often hispid and may be covered by other

organisms or sediment [52]. The skeletal structure of Oceanapia sp. comprises oxeas smooth,
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straight to slightly curved megascleres with variably shaped ends (acerate, hastate, or blunt)
measuring approximately 125 to 408 pum in length and 2 to 14 pum in thickness. Microscleres,
when present, include sigmas or toxas, contributing to the sponge’s structural integrity [53].
Ecologically, Oceanapia sp. plays a role in benthic environments, often inhabiting sandy or
sediment-rich substrates. Notably, certain species within this genus produce secondary
metabolites, such as kuanoniamines C and D, which have been shown to deter predation by reef

fishes, indicating a chemical defense mechanism [52].

Oceanapia sagittaria Oceanapia polytuba
Location: Lembeh Strait, Indonésie Location: Sechelt Inlet, BC, Canada.
Photographer: Sylvain le bris Photographer: Neil McDaniel
Picture taken on: 11-07-2017 07:59 Picture taken on: 09-01-2015 15:57

FIGURE 7: Photos represents Oceanapia genus (obtained from iNaturalist).

3.1.3. Derived metabolites

The genus Oceanapia represents a valuable source of chemically diverse and biologically
active secondary metabolites with significant pharmacological potential. Among these are
quinolizidine alkaloids, including petrosin and xestospongins, which have been isolated from
Oceanapia and related marine sponges [54]. Petrosin, a bis-quinolizidine alkaloid first
identified from Petrosia similis, and its derivative petrosin-A, exhibit notable anti-HIV
activities by inhibiting early steps of HIV replication (ICso values of 41.3 uM and 52.9 uM,
respectively) as well as HIV-1 reverse transcriptase (10.6 pM and 14.8 uM) [55].

Xestospongins, a series of bis-1-oxaquinolizidine alkaloids, show diverse bioactivities such as
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vasodilation, cytotoxicity against cancer cell lines (HepG-2, HL-60, LU-1, MCF-7, SK-Mel-2)
with ICso values between 0.43 and 1.02 pM, and moderate antimicrobial effects [56].

Other notable alkaloids from Oceanapia include kuanoniamines, which possess
antimicrobial and anticancer properties [57], petrosamine B, an inhibitor of the Helicobacter
pylori enzyme aspartyl semialdehyde dehydrogenase [58], and oceanapamines, which
demonstrate strong antiparasitic and anti-inflammatory activities [59]. Given their diverse and
potent biological effects, petrosin and xestospongins, isolated from Oceanapia, were selected

in this study as promising candidates for investigation as potential gout inhibitors.

3.2. Hemimycale columella
Common Name: Crater sponge

3.2.1. Taxonomy

Kingdom Animalia
Phylum Porifera

Class Demospongiae

Subclass Heteroscleromorpha
Order Poecilosclerida
Family Hymedesmiidae
Genus Hemimycale
Species Hemimycale columella

3.2.2. Geographical distribution and morphology

Hemimycale columella is a brightly colored encrusting sponge species widely distributed
across the eastern North Atlantic and the Mediterranean Sea. It has been recorded along the
western and southern coasts of the British Isles, the Bay of Biscay, the Azores, and extensively
throughout the western Mediterranean, including the Adriatic and Aegean Seas [60]. Typically
found at depths ranging from the shallow subtidal zone down to approximately 100 meters,
Hemimycale columella favors rocky substrates in moderately sheltered environments.
Morphologically, the sponge forms cushion-like or encrusting growths with a smooth to slightly

hispid surface and scattered oscula. Fresh specimens are usually vivid red, orange, or pink,
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although this coloration often fades upon preservation [61]. The skeletal structure consists of
plumose tracts of styles, supported by microscleres such as sigmas and rhabdostyles, which are
key diagnostic features used for taxonomic identification [62]. The combination of its
widespread distribution and distinct morphological features has made Hemimycale columella

an important species in benthic community studies and marine sponge taxonomy.

FIGURE 8: Photo represents Hemimycale columella (obtained from iNaturalist).

Location: Olbia-Tempio, Sardegna, IT. Photographer: Frédéric ANDRE.
Picture taken on: Juillet 1, 2019 09:49.

3.2.3. Derived metabolites

Hemimycale columella has been recognized as a prolific source of bioactive secondary
metabolites, particularly phenolic compounds and other small molecules with significant
pharmacological potential. Among its identified metabolites are various phenolic acids,
brominated alkaloids, and glycosylated derivatives that exhibit antimicrobial, antioxidant, and
anti-inflammatory activities [63, 64]. One notable compound isolated from Hemimycale
columella is gentisic acid 2-O-B-glucoside, a phenolic glycoside with reported antioxidant and
enzyme-inhibitory properties [64]. In the present study, gentisic acid 2-O-B-glucoside was

selected for its potential as a XO inhibitor, a key therapeutic target in the treatment of gout.
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This selection was based on both its natural occurrence in Hemimycale columella and its
structural suitability for interfering with UA biosynthesis pathways. The inclusion of this
compound underscores the relevance of marine sponges such as Hemimycale columella as
reservoirs of novel lead molecules for drug discovery against metabolic disorders.

3.3. Xestospongia testudinaria
Common Name: Giant barrel sponge.

3.3.1. Taxonomy

Kingdom Animalia
Phylum Porifera
Class Demospongiae
Order Haplosclerida
Family Petrosiidae
Genus Xestospongia
Species Xestospongia testudinaria

3.3.2. Geographical distribution and morphology

Xestospongia testudinaria, commonly referred to as a giant barrel sponge, is a prominent
member of coral reef ecosystems throughout the Indo-Pacific region. Its distribution spans from
the Red Sea and East African coast to Southeast Asia, the Philippines, Indonesia, and northern
Australia, including the Great Barrier Reef [65]. It typically inhabits shallow reef slopes and
fore-reef areas, ranging from 5 to 30 meters in depth, where it plays an essential role as a benthic
filter feeder and habitat-forming organism. Morphologically, Xestospongia sp forms large, vase
or barrel-shaped bodies, often exceeding 1.5 meters in diameter and height. Its thick, leathery
walls exhibit a reddish to brownish-purple coloration, influenced by its dense and diverse
microbial communities [66]. A single, large osculum at the top allows for the expulsion of
filtered water. The sponge's skeleton is composed of siliceous spicules and spongin fibers,
which provide structural support. Due to its size, longevity, and high microbial abundance,
Xestospongia sp serves as a model organism in studies of sponge-microbe symbiosis, reef

health, and the effects of climate change on reef ecosystems [67].
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FIGURE 9: Photo represents Xestospongia testudinaria (obtained from iNaturalist).
Location: Thailand. Photographer: Mike Morrison.
Picture taken on: Mai 9, 2025 08:08 PM.

3.3.3. Derived metabolites

Xestospongia testudinaria is a prolific source of structurally diverse and biologically potent
secondary metabolites. Among the notable compounds isolated from this species is testusterol,
a novel sterol exhibiting strong antibacterial activity against both Gram-positive and Gram-
negative bacteria, with ICso values below 12.0 nM [68]. Another sterol derivative, xestosterol-
3-palmitate, has been identified from Red Sea specimens and contributes to the sponge’s
cytotoxic properties [69]. In addition, the sponge produces nonanedioic acid (azelaic acid),
known for its bactericidal, anti-inflammatory, and antioxidant activities [70]. Tetradecanoic
acid (myristic acid), also present, has shown significant larvicidal effects against mosquito
species such as Aedes aegypti and Culex quinquefasciatus [70]. Notably, a bioactive peptide
derived from Xestospongia testudinaria has demonstrated selective cytotoxicity toward human
cervical cancer (HeLa) cells while sparing normal human embryonic kidney (HEK 293) cells
[71]. Furthermore, the fungal strain Aspergillus sp., isolated from the inner tissue of a freshly

collected Xestospongia testudinaria specimen by Dan Li et al., [72] has been a source of
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additional bioactive compounds. In our study, we selected two sesquiterpenoids
(Aspergiterpenoid A and sydonol) from this fungal isolate for their therapeutic potential. These
findings highlight Xestospongia testudinaria, along with its associated microbial symbionts, as
a valuable reservoir of pharmacologically active molecules with promising applications in gout

therapies.
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1. Databases and webservers
1.1. Protein Data Bank (PDB)
The Protein Data Bank (PDB), founded in 1971 by a group of structural biologists, was the

first publicly accessible repository (https://www.rcsb.org/) for biological data (figure 10).

Initially focused on structural data, the archive has since broadened its scope to include data
from macromolecular crystallography, NMR spectroscopy, and cryo-electron microscopy. To
accommodate this expansion, advanced systems for data submission, validation, curation,
storage, and dissemination were implemented. Active engagement from the scientific
community has ensured the platform meets the needs of both data contributors and users.
Currently, the PDB holds more than 236,970 experimentally resolved structures (Figure 10),
including proteins, nucleic acids, molecular complexes, and their interactions with small
molecules. Impressively, maintaining this resource costs only about 1% of the total expense
involved in determining these structures. The PDB has played a pivotal role in promoting
progress across the natural and biomedical sciences, notably supporting the development of Al-
driven 3D protein structure prediction tools such as AlphaFold2, RoseTTAFold, and OpenFold

[73].

RCSB PDB  Deposit -+ Search - Visualize - Analyze - Download - Leam - About -+ Careers COVID-19

FET e, e 236,974 =) 1,068,577
&Fﬁ)l‘lﬂ% Bsuu:unwww e Computed Structure Enter se

PROTEIN DATA BANK POB archive Models (CSM)

SPDEB 200wkeom SNAKB [t @PDB-HM

tein Dala Bank (RCSB PDB) enables breakthroughs in science and education May Molecule of the Month

I by providing access and tools for exploration, visualization, and analysis of.

u Experimentally-cetermined 3D structures from the Protein Data Bank (PDB) archive
@ Deposit E Computed Structure Models (CSM) from AlphaFold DB and ModelArchive

These dala can be explored In context of external annotations providing a structural view
Q Search of bloloay.

»Q

T E PDB-101

%% Training
Resources

4 Visualize

2 Analyze

. Explore

" Integrative
Structures

& Download

W Leam

FIGURE 10: Latest view of the RCSB PDB homepage, accessed on May 10, 2025.
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1.2. Pubchem

PubChem is a free, open-access chemical database (https://pubchem.ncbi.nlm.nih.gov/ )

maintained by the NCBI (NIH), providing extensive data on small molecules and their
biological activities (figure 11). It aggregates information from over a thousand sources,
including research institutions, government agencies, and industry contributors. The database
is divided into key collections:

+ Substance: Chemical samples from data providers.
Compound: Unique chemical structures derived from the substance records.
BioAssay: Experimental data on biological activities of compounds.
Protein and gene: Links chemicals to molecular targets.

Pathway: Connects compounds to biological pathways.

= = = + ¥

Cell line and taxonomy: Describe biological systems used in studies.
+ Patent: Extracts chemical information from patent literature.
PubChem supports structure searches, bioactivity exploration, and data downloads, making it a

vital tool for drug discovery, toxicology, and biomedical research [74].

Pub@hem About  Docs  Submit  Contact

Explore Chem|stry

Quickly find chemical information from authoritative sources
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[ vse tnrez

TR LS [

Draw Structure Upload ID List Browse Data Periodic Table
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FIGURE 11: Recent screenshot of the PubChem database homepage, accessed on May 10, 2025
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1.3. Pre-ADMET

PreADMET v2.0 is a freely accessible web-based server designed to offer rapid and
preliminary predictions of key pharmacokinetic and toxicological properties of small molecules
(figure 12). It assists researchers in the early stages of drug discovery by estimating essential
ADMET characteristics Absorption, Distribution, Metabolism, Excretion, and Toxicity which
are critical for assessing the drug-likeness and safety profile of candidate compounds before
experimental testing.
The server supports input in multiple formats, including SMILES strings and molecular
structure files (e.g., MOL or SDF), and provides a user-friendly interface for structure
submission and property analysis. PreADMET utilizes a variety of predictive models based on

quantitative structure—activity relationships (QSARSs) and curated experimental data [75].

Oruglikeness  ADME Predicion  Tawiciy Predicion Molecular descriprors MDLformar Login Register  bonicLiquid Q & Logn f w 8 in
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—
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FIGURE 12: Screenshot of the PreADMET server homepage, accessed on May 10, 2025.
2. Software’s and programs
2.1. AutoDock Tools
AutoDock Tools v1.5.7 (ADT) is a graphical interface designed to set up and run AutoDock
simulations. It offers a free, open-source platform that enables researchers to perform molecular
docking with accuracy, helping to predict how small molecules bind within the active sites of

target receptors (Figure 13) [76].
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FIGURE 13: AutoDock Tools graphical user interface for preparing receptor and ligand files
for molecular docking.

2.2. AutoDock Vina
AutoDock Vina (ADV) is a widely utilized open-source molecular docking program
designed for precise prediction of protein-ligand interactions. It employs a hybrid search
algorithm that integrates genetic algorithms with a scoring function based on empirical binding
affinity data. This approach enables ADV to efficiently explore ligand conformational space
within a protein’s binding site, identify the most energetically favorable binding modes, and
assess binding affinities [77].
2.3. Discovery studio visualizer
Discovery studio visualizer (DSV) provides a suite of tools for creating graphical
representations of molecular structures and simulation results. Its visualization features enable
researchers to analyze and communicate findings from molecular simulations, docking studies,
and other molecular investigations. This protocol offers guidelines for displaying molecular
structures in 3D, highlighting key interactions between proteins and ligands such as hydrogen
bonding and hydrophobic interactions which influence complex stability and binding affinity.
Additional visualization capabilities include electrostatic potential mapping, surface and
volume rendering, and complex visualization. Users can customize these visualizations by

adjusting settings like color, transparency, and labels (Figure 14) [78].
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FIGURE 14: The primary interface of the DSV software.

3. Absorption, Distribution, Metabolism and Toxicity

Absorption, Distribution, Metabolism, and Toxicity (ADMT) are fundamental
pharmacokinetic properties that play a vital role in the drug discovery and development
process. These parameters collectively describe how a compound is absorbed into the body,
how it is distributed among various tissues and organs, how it undergoes metabolic
transformation, and its potential to cause toxic effects. Evaluating these characteristics is
essential for assessing a drug's safety, efficacy, and overall suitability before advancing to
clinical trials. Compounds with unfavorable ADMT profiles often fail during preclinical or
clinical stages due to issues such as low bioavailability or adverse toxicity. In recent years,
computational and in silico approaches have become increasingly important for early-stage
prediction of ADMT profiles, allowing researchers to filter out suboptimal candidates before
costly experimental procedures [79].

In this study, we employed the PreADMET v2.0 web server. This server facilitated a
comparative analysis of our target compounds against Allopurinol, which was used as the
reference drug. It is important to note that the excretion parameter was excluded from our
evaluation due to a lack of reliable predictive data for the specific compounds analyzed. The

selected ADMT parameters used in our assessment are summarized in table 2.

25|Page



MATERIALS AND METHODS

TABLE 2: Parameters used in the ADMT study.

Parameters Description Standards Reference
Absorption
Caco-2 cell permeability Used to assess the intestinal > 20 (best) [80]
(nm/sec) o ..
permeability of a molecule, i.e. its
Human intestinal ability to pass through the intestinal between (80-100) %
absorption wall. are best [81]
(HIA %)
o pere s P-glycoprotein (P-gp) protects cells Molecules should
P-gp inhibition from toxins and xenobiotics. not be inhibitor [82]
Distribution
Blood-brain barrier Is a physical barrier, which tightly

> 2 cross the blood-

penetration (BBB) controls exchanges between the blood brain barrier easil [83]
(C.brain/C.blood) and the cerebral compartment. Y
MDCK cell MDCK cells are used to study the .
permeability (nm/sec) distribution of xenobiotics. Bigger (better) [84]

To assess binding to the main plasma
proteins, namely albumin, alphal- Lower (better) [85]
glycoprotein, lipoproteins and globulins.

Plasma protein binding
(“) (PPB)

Metabolism
Inhibition of
cytochrome P450 3A4 Assess the metabolism of 90% of Harmf.ul.effect
biofi (Inhibitor) [86]
Substrate of cytochrome xenobiotics. Safe (Substrate)
P450 3A4
Toxicity
The Ames test is used as a risk test to
Ames test determine the mutagenic effects of Non-mutagen [87]
xenobiotics.
Carcinogenicity Assessing the carcinogenic potential of Negative (88
Mouse / rat xenobiotics.
To assess the inhibition of the potassium
HERG inhibition channel in the heart (responsible for Negative [89]

beating).
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4. Molecular docking
Molecular docking is a computational technique used in drug discovery and biochemistry to
predict how small molecules (ligands) interact with a target protein or enzyme (receptors). It
helps researchers understand the binding affinity and orientation of a ligand within a receptor's

active site (figure 15), which is crucial for designing effective drugs [90].

PR

\"( @y

2CKJ Ligand 2CKJ+ligand
FIGURE 15: Schematic showing the stages of the docking process.

In this study, molecular docking (MD) were conducted to evaluate the inhibitory potential of
five marine-derived metabolites against HXO. The selected compounds (table 3) included two
alkaloids: moll (Petrosin) and mol2 (Xestospongin D); one phenolic acid: mol3 (Gentisic acid);
and two sesquiterpenoids: mol4 (Sydonol) and mol5 (Aspergiterpenoid A).

The molecules were retrieved from the PubChem database in SDF format, converted to PDB
format using DSV, and further transformed into PDBQT format using ADT for docking
preparation. The aim was to estimate binding affinities and identify key molecular interactions
contributing to complex formation with HXO.

The crystal structure of HXO (PDB ID: 2CKJ) was retrieved from the PDB. This structure
includes a polypeptide chain and five heteroatoms: FAD, an iron-sulfur cluster (FES), glycerol
(GOL), acetic acid (ACY), and a phosphate ion (PO4). Notably, no substrate or inhibitor was
present in the enzyme’s active site. Allopurinol was employed as a positive control to validate

the MD protocol for this target. System validation was essential to improve ligand enrichment,

a critical aspect of the docking workflow.
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TABLE 3: Used compounds 2D structures and their major chemical properties.

Inhibitors Sponge

2D structure Reference

Petrosin
(Mol1)

MF: CsoHsoN202

MW: 470.7 g/mol

MC: Quinolizidine alkaloid
PubChem ID : 3009290

Oceanapia sp

Xestospongin D
(Mol2)

MF: C2gHsoN203

MW: 462.7 g/mol

MC: Quinolizidine alkaloid
PubChem ID : 9847216

[54]

Gentisic acid
(Mol3)

MF: C13H1609

MW: 316.26 g/mol

MC: Phenolic acid
PubChem ID : 49859721

Hemimycale
columella

OH

OH

[64]

OH

(S)-(+)-Sydonol
(Mol4)

MF: Ci5H2403

MW: 252.35 g/mol

MC: Sesquiterpenoid
PubChem ID : 25112062

Aspergiterpenoid A

(Mol5) Xestospongia

testudinaria

MF: C15H2402

MW: 236.35 g/mol

MC: Sesquiterpenoid
PubChem ID : 156580533

HO

HO

OH

[72]

MF: Molecular formula
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To assess the accuracy of the docking results, a self-docking approach was used, in which
the natural substrate, xanthine, was docked into the enzyme’s active site. This step confirmed
the reliability of the docking methodology.

In this study, MD was carried out as a flexible docking approach, allowing full flexibility of
the ligand and partial flexibility of the enzyme’s catalytic site. Protein preparation consisted of
three main steps:

+ Removal of unnecessary molecules: In this step, all non-essential components were
removed from the enzyme structure, including water molecules, heteroatoms,
ligands, and co-ligands except those required in the active site.

+ Addition of polar hydrogens and partial charges: Polar hydrogens and partial
atomic charges were added to the protein structure using the ADT software, which is
essential for accurate molecular docking.

+ Grid Box (GB) setup: The grid box was defined using ADT by specifying the x, y,
and z coordinates of its centre (x =4.553,y=77.579, z=118.879) and its dimensions
(size: x =40, y =40, z=40). Once the grid box was configured [91], MD was carried

out using the ADV program.
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1. Absorption, Distribution, Metabolism and Toxicity

The predicted ADMT parameters for all compounds are summarized in table 4. The results
show that Mol1, Mol5, and the control compound exhibit low Caco-2 cell permeability (ranging
from 0.78 to 16.50 nm/sec), suggesting limited ability to cross-intestinal epithelial barriers. In
contrast, Mol2, Mol3, and Mol4 display higher permeability values (ranging from 28.80 to
55.67 nm/sec), indicating better potential for membrane penetration. Despite differences in
permeability, except Mol5, all compounds demonstrate high-predicted human intestinal
absorption, ranging from 85 % to 97 %, surpassing the absorption rate of the control drug,
allopurinol.

Regarding P-glycoprotein (P-gp) interactions, Moll, Mol2, Mol5, and the control
compound are predicted to be neither inhibitors nor substrates of P-gp. This suggests they are
less likely to be actively effluxed from cells, which may contribute to higher intracellular
concentrations and improved bioavailability favorable characteristics for oral administration.
In contrast, Mol3 and Mol4 are predicted to act as P-gp inhibitors, indicating a potential to
interfere with the efflux of other compounds. This interaction may influence the
pharmacokinetics of co-administered drugs and increase the risk of drug—drug interactions.

The predicted distribution profiles of the selected compounds reveal varying capacities to
penetrate the blood-brain barrier (BBB). Approximately half of the compounds exhibit limited
BBB permeability, with values ranging from 0.21 to 1.78, indicating potential challenges in
accessing the central nervous system. In contrast, Mol2, Mol3, and Mol4 demonstrate high BBB
permeability scores (ranging from 4.43 to 8.57), suggesting that these compounds may have the
potential to exert neurological activity or central nervous system effects.

In terms of MDCK cell permeability which serves as a model for predicting tissue
distribution Moll, Mol2, and the control compound exhibit high permeability values (>19

nm/s), indicating strong potential for effective distribution into body tissues.
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Mol3 demonstrates moderate permeability (10.38 nm/s), suggesting sufficient, though less
efficient, tissue penetration. In contrast, Mol4 and Mol5 show low MDCK permeability (<1
nm/s), indicating poor tissue absorption. This limited permeability may hinder their systemic
bioavailability and could necessitate alternative administration strategies or formulation
enhancements to improve therapeutic delivery.

The predicted plasma protein binding (PPB) values indicate that all compounds, except Mol5,
exhibit high binding affinity to plasma proteins such as albumin. This strong binding can limit
the free (pharmacologically active) concentration of the drug in the bloodstream, potentially
necessitating higher doses to achieve effective levels at the target site. However, increasing the
dose may elevate the risk of side effects or toxicity, particularly if albumin-binding sites become
saturated. Once saturation occurs, excess drug remains unbound, which can significantly
increase the risk of adverse effects. Therefore, understanding PPB is critical for optimizing
dosage and ensuring therapeutic safety. In contrast, Mol5 shows low plasma protein binding,
suggesting it remains largely unbound in circulation. This characteristic may enhance its
immediate bioavailability and enable lower dosing to achieve therapeutic efficacy, thereby
reducing the potential for dose-related toxicity.

The cytochrome P450 metabolism predictions for the five marine-derived metabolites
provide valuable insights into their potential pharmacokinetic behavior and associated drug
interaction risks, particularly in relation to the major isoenzymes CYP2D6 and CYP3A4.
Among the compounds, Mol3 and Mol4 are notable as the only predicted inhibitors of CYP2D6,
indicating a potential to interfere with the metabolism of co-administered drugs processed by
this enzyme. Furthermore, both Mol3 and Mol4 are predicted to be CYP2D6 substrates,
suggesting that they may themselves be metabolized via this pathway implying a potential risk
of self-inhibition. In contrast, Moll, Mol2, Mol5, and the control compound showed no

interaction with CYP2D6, indicating a reduced metabolic liability through this isoform.
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Regarding CYP3AA4, all compounds except Mol5 are predicted to act as inhibitors. Notably,
Mol4 is predicted to be a full substrate, while Mol1, Mol3, and Mol5 are identified as weak
substrates, implying a potential risk of self-inhibition. The control compound is also a CYP3A4
inhibitor but is not a substrate, suggesting it may exhibit metabolic stability while still
interfering with the metabolism of other drugs. In contrast, Mol5 presents a more favorable
metabolic profile, acting as a weak substrate of CYP3A4 without inhibitory effects, thereby
minimizing the risk of enzyme-mediated interactions.

Overall, Mol5 appears to be a safer candidate in terms of CYP3A4 and CYP2D6 related
interactions, whereas the remaining compounds particularly Mol3 and Mol4 warrant further
investigation due to their potential inhibitory activity and dual roles as substrates.

The toxicity prediction revealed highly encouraging results across all tested marine-derived
secondary metabolites (Table 1). None of the selected compounds demonstrated carcinogenic
effects in standard rodent models (mouse and rat), indicating a low potential for long-term
cancer risk. Additionally, predictions for HERG channel inhibition a critical marker for cardiac
safety showed low risk for all compounds. Notably, the control compound was the only one
found to possess mutagenic potential, carcinogenic effects, and a higher risk for HERG
inhibition, which may explain its known secondary effects, including possible cardiotoxicity
and long-term safety concerns. Together, these results suggest a favorable safety profile for the
marine-derived compounds, supporting their continued development as promising therapeutic
candidates.

Excretion parameters, including renal and biliary clearance, were not assessed in this study
due to the limited or insufficient data available for the selected marine-derived compounds.
Reliable prediction of excretion requires comprehensive physicochemical and metabolic
information, such as metabolic stability and specific transporter interactions. However, given

the novelty of these compounds, especially those derived from marine sources, current
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computational tools offer poor or inconclusive predictions in this domain. As a result, excretion
profiling was excluded from the pharmacokinetic analysis to avoid speculative or unreliable
conclusions. Future experimental studies will be necessary to accurately determine the
excretory behavior of these compounds.

TABLE 4: ADMT parameters of the selected compounds.

Pharmacokinetics Moll Mol2 Mol3 Mol4 Mol5 Control
Absorption
Caco-2 cell permeability 16.50 28.80 37.17 55.67 0.78 10.26
(nm/sec) > 20
Human intestinal absorption 86.11 91.60 9580 9763 1585 8570
(H1A %) 80 to 100 %
P-glyco protein inhibition
shou-ld.noF |nh|b|t. Non Non Inhibitor  Inhibitor Non Non
a substrate of it indicates high levels
absorption
Distribution

Blood-brain barrier penetration
(C.brain/C.blood) (BBB) 1.78 4.43 8.57 6.59 0.21 0.22
> 2 cross the blood—brain barrier easily

MDCK cell permeability (nm/sec)

Low (< 1 nm/s), moderate (1-10 nm/s), and 19.14 29.08 10.38 0.044 0.61 29.95
high (>10 nm/s)

Plasma protein binding (%) (PPB)

80 to 100 % is considered high, 50 to 80 % 100 93.90 80.91 33.19 91.36
(moderate), < 50 % (low)

Metabolism

Cytochrome P450 2D6 inhibition Non Non Inhibitor  Inhibitor Non Non

Cytochrome P450 2D6 substrate Non Non Substrate  Substrate Non Non
Cytochrome P450 3A4 inhibition Inhibitor Inhibitor Inhibitor  Inhibitor Non Inhibitor

Cytochrome P450 3A4 substrate Weakly Non Weakly  Substrate ~ Weakly Non

Toxicity

Ames test m':t(;gén mldt(;g_en m':t(;g;en m':t(;g;en Mutagen  Mutagen
Carcinogenicity (Mouse) Negative Negative ~— Negative Negative  Negative  Positive
Carcinogenicity (Rat) Negative Negative ~ Negative Negative  Negative Negative
HERG_inhibition low risk  low risk  low risk low risk  low_risk Medium

risk

HERG: Human ether related gene channel MDCK: Mandin Darby Canine Kidney Caco-2:Human colorectal carcinoma

- Safe Medium risk - Unsafe
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2. Molecular docking

The analysis of the MD results for our five compounds shows significant findings based on

the lowest binding energy, which ranges between -7.2 and -11.5 kcal/mol. Mol1 was the best

inhibitor among the other tested alkaloids, with a value of -11.5 kcal/mol compared to the

control (-5.9 kcal/mol). All results are summarized in table 5.

TABLE 5: Analysis of the MD results.

Li Energy Active site Hydrophobic Hydrogen Fav /Unfav
igand . : bond
(Kcal/mol) residues Interactions A) bond
Val259 (1.86)
Glu263, Ala346 Gly260 (2.20)
Xanthine 6.2 Val259, Gly260 n-Alkyl, Asn261 (1.96) 8/0
(Substrate) ‘ Asn261, Thr262 n-Anion Thr262 (2.57)
Gly350, Thr354 Gly350 (2.73)
Thr354 (2.20)
Allopurinol Ala346, Val259, Gly260 (2.20)
(Copntrol) e Gly260, Asn261 ALY Asn261 (1.96) 40
Petrosin Lys395, Val259 Leu257 (2.27)
(mol1) -11.5 Leu257, 11e353, Alkyl Thr396 (2.13) 6/0
Thr396 Thr396 (2.34)
Glu263 (2.11)
Xestospongin D 8.8 Glu263, Thr262 ) Thr262 (2.58) 5/0
(Mol2) ' Alad32 Glu263 (2.85)
Ala432 (2.61)
Leu257, Val259 Val259 (1.92)
Gentisic acid Gly260, Asn261 Asn261 (2.76)
-7.3 ’ n-Alkyl Glu263 (2.77) 8/2
(mol3) Glu263, Gly350
116353 Leu257 (2.60)
Gly350 (2.70)
Leu257, Val259
Sydonol 73 Pro281, Leu287 n —alkyl Gly350 (2.29) 10/0
(mol4) ‘ Ala301, Gly350 Alkyl Thr354 (2.55)
11e353, Thr354
Leu257, Val259
Aspergiterpenoid A 79 Gly260, Thr262 n —alkyl Gly260 (2.77) 8/2
(mol5) ' Pro281, Leu287 Alkyl

Ala301, 11e353

A : Angstrom Fav /Unfav: Favorable/Unfavorable

Xanthine oxidase is a molybdo-flavin oxidoreductase [92] whose cofactor is NAD or FAD,

[93]. It is primarily found in the liver and intestine [94]. HXO plays a key role in purine
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metabolism [95] by promoting their oxidation into UA [96]. Its hyperactivity leads to
hyperuricemia and gout [97].

The crystal structure of HXO was analyzed in the absence of any bound substrate or inhibitor,
as previously noted. To validate the docking protocol, MD was performed using both xanthine
(the natural substrate) and allopurinol (a known competitive inhibitor). The results highlight
key differences in their binding interactions, which are consistent with their structural
distinctions. Structurally, xanthine is a purine derivative featuring two carbonyl groups at
positions 2 and 6 of the purine ring. In contrast, allopurinol is a structural isomer of
hypoxanthine, possessing a pyrazolo[3,4-d]pyrimidine scaffold with a single carbonyl group at
position 4. This shift in ring configuration alters the electronic distribution and hydrogen
bonding potential, directly influencing their binding modes within the active site of HXO.

The docking results provide insight into the distinct binding behaviors of xanthine and
allopurinol within the active site of HXO, directly reflecting their structural differences.

Xanthine, the natural substrate, exhibited a higher number of hydrogen bonds (six in total)
distributed between both its pyrimidine and imidazole rings (figure 16), which reflects its
optimized fit and recognition by the enzyme. These interactions include key residues such as
Gly260, Asn261, Val259, Gly350, Thr354, and Thr262, stabilizing the substrate through
extensive polar contacts.

In contrast, allopurinol, despite being an effective inhibitor, formed only two hydrogen bonds
and two hydrophobic interactions. Its modified pyrazolo[3,4-d]pyrimidine ring lacks the same
number of hydrogen-bond donors/acceptors as xanthine and adopts a slightly different
orientation in the binding pocket (figure 16). However, its favorable interactions especially with
Gly260, Asn261, and Ala346 allow it to mimic xanthine’s position and effectively block
substrate access. This supports allopurinol’s mechanism of action as a competitive inhibitor that

is further metabolized into oxypurinol, a more potent, long-lasting form. Overall, the greater
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hydrogen bonding capacity of xanthine correlates with its role as a substrate, whereas
allopurinol’s lower but targeted binding interactions enable effective active site inhibition.
These differences are critical for rational drug design targeting HXO and provide a molecular

basis for allopurinol’s inhibitory action.

Xanthine Allopurinol
GLY THR
C:260 C:262 ASN
ASN C:261
C:261 QLU
C:263 GLY
C:260

VAL

€:259
ALA
C:346
VAL ALA
THR
: GLY €:259 C:346
&Y €9
Conventional Hydrogen Bond 7- anion m-alkyl

FIGURE 16: 2D interaction diagrams illustrating the molecular docking of xanthine (substrate)
and allopurinol (reference inhibitor) with HXO.

Moll, corresponding to Petrosin, is a bisquinolizidine alkaloid exhibiting a complex 3D
knotted structure (figure 17). Its molecular architecture includes two amine groups, two
hydroxyl groups, and a long, branched carbon chain. It is classified as a polycyclic aliphatic
compound (figure 17).

Among the ligands evaluated for their binding affinity to HXO, Moll demonstrates the lowest
binding energy (table 5), outperforming both the control compound and the natural substrate.
This low binding energy indicates a highly stable complex with the enzyme and suggests a
strong binding affinity, making Moll a promising candidate for the development of HXO
inhibitors. At the molecular level, Moll interacts with HXO through three key conventional
hydrogen bonds involving residues Leu257 and Thr396, located at the entrance of the enzyme’s

active site. Additionally, Mol1 forms three significant hydrophobic interactions with residues
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Lys395, 11e353, and Val259. These interactions collectively allow Mol1l to block access to the
active site, thereby preventing substrate entry (figure 17).

(A)
XO active site

{t\% ,

(B) (©)

THR396 ILE353 l ca57 ™

LYS395

€353

Conventional Hydrogen Bond
n-alkyl
FIGURE 17: Molecular docking analysis of Petrosin with HXO.

(A) Surface representation of HXO showing Petrosin occupying the active site, effectively blocking
substrate access. (B) 3D binding pose of Petrosin within the HXO active site, highlighting key
interacting residues involved in hydrogen bonding and hydrophobic interactions. (C) 2D interaction
diagram, illustrating conventional hydrogen bonds and hydrophobic contacts between Petrosin and
active site residues.

Petrosin LEU257

Mol2, corresponding to Xestospongin D, is a polycyclic ether alkaloid featuring a rigid
pentacyclic core (figure 18). Its structure includes two oxygen atoms forming ether linkages,
two nitrogen atoms incorporated into the polycyclic framework, and a terminal hydroxyl group,
contributing to both its conformational rigidity and capacity for polar interactions. It is

classified as a polycyclic aliphatic amine ether (figure 18). Mol2 displayed a notably low

38|Page



RESULTS AND DISCUSSION

binding energy (table 5), comparable to or slightly higher than that of Mol1, suggesting a strong
and stable interaction with the enzyme. However, unlike Mol1, which occupies the entrance of
the active site and physically blocks substrate access, Mol2 appears to interact via a distinct
binding mode.

At the molecular level, Mol2 forms multiple carbon hydrogen bonds involving residues such as
Glu263, Ala432, and Thr262, positioned deeper within or adjacent to the allosteric pocket of
HXO. Importantly, the binding of Mol2 does not directly occlude the catalytic center, but
instead induces subtle conformational changes that may alter the geometry or accessibility of
the active site. This mechanism of action is consistent with non-competitive or allosteric
inhibition, setting Mol2 apart from Moll, which acts via direct competitive inhibition.
Consequently, Mol2 represents a structurally and mechanistically distinct scaffold with

potential for development as a novel class of HXO inhibitors.

(A) (B)

ALA
C:432 THR

Attractive charge

Carbon Hydrogen Bond
Conventional Hydrogen Bond

FIGURE 18: Molecular docking analysis of Xestospongin D with HXO.
(A) 3D best pose within the binding pocket, highlighting key interacting residues.
(B) 2D interaction diagram.

Mol3, identified as Gentisic acid, is a phenolic acid composed of a benzene ring substituted
with two hydroxyl groups and a carboxylic acid moiety (figure 19). This small, planar aromatic
compound is well-suited for polar interactions within enzyme binding sites. Mol3 exhibited a

binding energy moderately higher than that of Moll (Petrosin) and Mol2 (Xestospongin D),
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placing it third in terms of predicted affinity (table 5). Mol3 binds within the active site of HXO
and forms five conventional hydrogen bonds with key residues: Val259, Asn261, Glu263,
Leu257, and Gly350. These polar interactions are complemented by =-alkyl hydrophobic
contacts, further stabilizing the ligand-enzyme complex. However, Mol3 also exhibited two
unfavorable interactions, which may slightly compromise its overall binding efficiency.
Nonetheless, its binding mode suggests a competitive inhibition mechanism, directly interfering

with substrate access to the catalytic center.

(A) (B)

LEU
€:259

GLY
C:350

{/ / p ;
vaLzse s,

Conventional Hydrogen Bond n-alkyl/alkyl
Carbon Hydrogen Bond B unfavorable interactions

FIGURE 19: Molecular docking analysis of Gentisic acid with HXO.
(A) 3D best pose within the binding pocket, highlighting key interacting residues.
(B) 2D interaction diagram

Mol4, corresponding to Sydonol, is a sesquiterpenoid characterized by a three hydroxyl
groups (figure 20). This structure combines polar functional groups with an extended
hydrophobic side chain, enabling diverse interactions within the enzyme's binding pocket.
Mol4, like Mol3, binds within the active site of HXO and shows a binding energy of similar
magnitude, indicating moderate but favorable affinity (table 5). It forms two conventional
hydrogen bonds with Gly350 and Thr354, and engages in a total of nine hydrophobic

interactions, the majority of which are of the alkyl type, along with some z-alkyl contacts. This
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dense network of hydrophobic interactions likely represents the primary mode of binding for
Mol4, compensating for its limited polar contacts. Notably, Mol4 exhibited no unfavorable
interactions, contributing to its overall stability within the active site. These features support a
competitive inhibition mechanism, and highlight Mol4’s potential as a structurally distinct,

hydrophobically driven inhibitor of HXO.

ILE GLY
THR354 |LE353 C:353 €:350

GLY350 LEU
C:287

LEU
€:257

\
ALA N
C:301

PRO
C:281

LEU257

VAL259
PRO281

(A) (B)
Conventional Hydrogen Bond n-alkyl/alkyl
FIGURE 20: Molecular docking analysis of Sydonol with HXO.
(A) 3D best pose within the binding pocket, highlighting key interacting residues.
(B) 2D interaction diagram.

Mol5, corresponding to Aspergiterpenoid A, also classified as a sesquiterpenoid, shares
structural and mechanistic similarities with Mol4, particularly in terms of binding affinity and
complex stability with HXO (table 5). Its sesquiterpenoid scaffold features a compact
hydrophobic framework capable of occupying the enzyme’s active site while supporting limited
polar interactions (figure 21). Mol5 was found to bind within the active site of HXO and
exhibited a binding energy comparable to that of Mol4, suggesting a stable and energetically
favorable interaction. Mol5 formed a single conventional hydrogen bond with Gly260,

reflecting a minimal polar contact profile. This interaction is complemented by a substantial

network of seven hydrophobic interactions, primarily of the alkyl type, along with one w-alkyl
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interaction, indicating that hydrophobic interactions constitute the dominant mode of binding.
However, Mol5 also exhibited two unfavorable interactions, which may slightly affect the
overall binding efficiency. Despite this, the compound maintains a stable position within the
catalytic site, supporting a competitive inhibition mechanism. These findings highlight Mol5
as a structurally distinct sesquiterpenoid with moderate affinity and a primarily hydrophobic

interaction profile, reinforcing its potential as a candidate for HXO inhibition.

VAL259

ILE

PRO281 LY260 C:353

THR262 =

LEU
C:287

LEU287 ALA301

} VAL ;
[ gggl C:259 GLY
ALA : C:260
ILE353 A

Conventional Hydrogen Bond n-alkyl/alkyl - Unfavorable interactions

FIGURE 21: Molecular docking analysis of Aspergiterpenoid A with HXO.
The most favorable binding conformation is illustrated in both 3D and 2D representations.
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In this in silico study, we aimed to identify marine invertebrate-derived secondary
metabolites as potential inhibitors of HXO with reduced side effect profiles. A multi-step
approach was implemented, encompassing literature-based compound selection,
pharmacokinetic profiling (ADMT), and MD analysis to assess binding interactions and
therapeutic potential. From the marine sponge Oceanapia sp., two alkaloids were selected:
Petrosin (Moll) and Xestospongin D (Mol2). A phenolic acid, Gentisic acid (Mol3), was chosen
from Hemimycale columella. Additionally, two sesquiterpenoids Sydonol (Mol4) and
Aspergiterpenoid A (Mol5) were examined, both derived from a fungal strain (Aspergillus sp.)
isolated from the sponge Xestospongia testudinaria.

The ADMT profiling offers valuable insights into the pharmacokinetic behavior and safety
of the selected marine-derived compounds. Mol2, Mol3, and Mol4 exhibit favorable
characteristics, including high intestinal absorption, strong Caco-2 cell permeability, and
notable blood-brain barrier penetration, along with moderate interaction with cytochrome P450
enzymes. Moll and Mol5 show superior membrane permeability and minimal interaction with
P-glycoprotein, which supports their potential for efficient oral bioavailability. Although Moll
is predicted to interact with CYP3A4, the associated metabolic liabilities may be mitigated
through appropriate dosing or formulation strategies. Importantly, all compounds demonstrate
favorable toxicity profiles, with Mol5 standing out due to its low plasma protein binding and
minimal CYP-related interaction risk. Collectively, these findings highlight the promising
pharmacokinetic and safety attributes of the studied compounds as potential therapeutic agents.

Crucially, the molecular docking results highlight Moll and Mol2 as the most promising
candidates, showing the strongest binding affinities among the tested compounds. Both
molecules bind directly within the active site of HXO, establishing key interactions with
catalytic residues, indicative of a competitive inhibition mechanism. Similarly, Mol3, Mol4,

and Mol5 also demonstrated strong binding within the active site, reinforcing their potential as
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effective inhibitors. Notably, all five selected compounds outperformed both the control and the
natural substrate in terms of binding affinity, confirming their strong and stable interactions
with HXO.

Taken together, the combination of favorable docking scores, active site engagement, and
acceptable toxicity profiles supports the progression of these marine-derived metabolites as lead
candidates for the development of novel HXO inhibitors. Comprehensive in vitro and in vivo

studies will be conducted to validate these findings.
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Appendix 1: 2D structure of uric acid.
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Appendix 2: Structural information on HXO available in the PDB.
PDB Code Ligands Resolution References
FES, FAD, GOL,
2CKJ ACY. PO4 359 A [44]
BCT, FES, FAD,
2E1Q MTE, MOM, 26 A [98]
SAL, CA

Appendix 3: Xanthine oxidase reaction mechanism

02 , H,0, 02 , H,0,
k)I /> Xanthine )\ /> Xanthme )\
oxydase oxydase
Hypoxanthine Xanthine Acide urique
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