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Abstract 

Conus, often known as cone snails, is one of the largest venomous marine animal 

genera known. These tropical sea gastropods are members of the Conidae family and 

the Conoidea superfamily (=Toxoglossa). They can be found in a variety of areas around 

the world, although they are more common in tropical and subtropical waters such as 

the Indo-Pacific, Western Pacific, and Macaronesian regions, such as Cabo Verde. 

These marine invertebrates are divided into three groups: (1) molluscivorous if they prey 

on other mollusks; (2) vermivorous, when they prey on worms like polychaete; (3) 

piscivores, when they prey on fishes. Cone snails developed a variety of defence and 

predation methods as a result of their limited vision, including powerful venoms (chemical 

defences) comprising conopeptides (conotoxins). The venoms of vermivorous cone 

snails native to the Cabo Verde archipelago (Conus venulatus and Conus ateralbus) and 

a non-endemic vermivorous species (Conus genuanus) were studied in this 

investigation. RP-HPLC was used to assess the variety and venom profile of conotoxins, 

and fractions were examined for distinct bioactivities. A zebrafish nile red fat metabolism 

(obesity), glucose uptake (diabetes), lipid content reduction in fatty acid-overloaded liver 

cells (steatosis) and pro- and anti-inflammatory assays were performed. According to 

Maldi-TOF profiles, Conus ateralbus may produce more compounds with lower 

molecular weight (mostly between 600 and 2000 Da) than Conus venulatus, which 

produced fewer compounds with a wider distribution of molecular weight. Anti-obesity 

studies revealed that Conus ateralbus fractions could result in a significant lipid reduction 

(40%) by fraction C.ateralbus R2.6. Conus genuanus fraction C3.1 also resulted in a 

significant lipid reduction (50%). Conus venulatus, on the other hand, showed no 

statistically significant differences from controls. Anti-diabetes assay showed no ability 

for Conus fractions to increase glucose uptake in zebrafish embryos, and anti-steatosis 

assays yielded no statistically significant differences from controls. Anti-inflammatory 

assays revealed that some fractions may have the ability to interfere with inflammatory 

processes, specifically with NO production pathways, whereas pro-inflammatory assays 

revealed that fractions had no ability to promote inflammatory processes. The bioactive 

fraction C.ateralbus R2.6 was analysed using LC-ESI-HR-MS/MS, and the molecular 

masses obtained were compared to conotoxins masses previously described in the 

literature. We were able to uncover ten conotoxins sequences that matched sequences 

found in our sample using this strategy. 

In conclusion, the current study revealed that Conus ateralbus and Conus genuanus 

may produce conotoxins capable of modulating lipid metabolism. The research is now 

focusing on the identification of peptides in the bioactive fraction C.ateralbus R2.6. In the 
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future, fraction C3.1 will be investigated to discover the peptides present, as well as other 

fractions with anti-inflammatory activity. 

 

Keywords: Conus ateralbus, Conus venulatus, Conus genuanus, obesity, diabetes, 

inflammation, steatosis, zebrafish.  
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Resumo  

Conus, frequentemente conhecido como caracóis marinhos, é um dos maiores 

géneros de animais marinhos venenosos conhecidos. Estes gastrópodes marinhos 

tropicais são membros da família Conidae e da superfamília Conoidea (=Toxoglossa). 

Podem ser encontrados numa variedade de áreas em todo o mundo, embora sejam 

mais comuns em águas tropicais e subtropicais, tais como as regiões Indo-Pacífico, 

Pacífico Ocidental, e Macaronésicas, como Cabo Verde. Estes invertebrados marinhos 

estão divididos em três grupos: (1) moluscívoros, quando se alimentam de outros 

moluscos; (2) vermívoros, quando se alimentam de poliquetas; (3) piscívoros, quando 

se alimentam de peixes. Os caracóis marinhos desenvolveram uma variedade de 

métodos de defesa e predação como resultado da sua visão limitada, incluindo 

poderosos venenos (defesas químicas) que incluem conopeptideos (conotoxinas). 

Nesta investigação foram estudados os venenos de caracóis marinhos vermívoros 

nativos do arquipélago de Cabo Verde (Conus venulatus e Conus ateralbus) e uma 

espécie vermívora não endémica (Conus genuanus). A diversidade de conotoxinas e o 

perfil venómico foi avaliado por RP-HPLC e as frações recolhidas testadas em diversos 

ensaios de bioatividade. Foram realizados ensaios anti-obesidade (Zebrafish nile red fat 

metabolismo), anti-diabetes (glucose uptake), também se avaliou a possibilidade de 

redução do conteúdo lipídico em células hepáticas crescidas em exposição a ácidos 

gordos (anti-esteatose) e potencial pro e anti-inflamatório das frações. Os perfis RP-

HPLC sugerem que o Conus ateralbus tem mais conotoxinas/péptidos no seu veneno 

do que Conus venulatus. De acordo com perfis Maldi-TOF, Conus ateralbus pode 

produzir mais compostos com menor peso molecular (principalmente entre 600 e 2000 

Da) do que Conus venulatus, que produziu menos compostos com uma distribuição 

mais ampla do peso molecular. Estudos anti-obesidade revelaram que as frações de 

Conus ateralbus poderiam resultar numa redução lipídica significativa (40%) pela fração 

C.ateralbus R2.6. A fração C3.1 de Conus genuanus também resultou numa redução 

lipídica significativa (50%). Conus venulatus, por outro lado, não mostrou diferenças 

estatisticamente significativas em relação aos controlos. Os ensaios anti-diabetes 

revelaram que as frações de Conus não aumentaram o transporte de glucose para o 

interior das células em embriões de peixe-zebra e os ensaios de anti-esteatose não 

revelaram diferenças estatisticamente significativas em relação aos controlos. Os 

ensaios anti-inflamatórios revelaram que algumas frações podem ter a capacidade de 

interferir com processos inflamatórios, especificamente com as vias de produção de NO, 

enquanto os ensaios pró-inflamatórios revelaram que as frações não têm capacidade 

de promover processos inflamatórios. A fração bioativa C.ateralbus R2.6 foi analisada 
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utilizando LC-ESI-HR-MS/MS, e as massas moleculares obtidas foram comparadas com 

as massas de conotoxinas anteriormente descritas na literatura. Conseguimos descobrir 

dez sequências de conotoxinas que corresponderam às sequências encontradas na 

nossa amostra.  

Em conclusão, o estudo revelou que Conus ateralbus e Conus genuanus podem 

produzir conotoxinas capazes de modular o metabolismo lipídico. A investigação centra-

se agora na identificação de peptídeos na fração bioativa C.ateralbus R2.6. No futuro, a 

fração C3.1 será investigada para descobrir os peptídeos presentes, bem como outras 

frações com atividade anti-inflamatória. 

 

Palavras-chave: Conus ateralbus, Conus venulatus, Conus genuanus, obesidade, 

diabetes, inflamação, esteatose, peixe-zebra. 
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1. INTRODUCTION   

1.1. Cone snails (Conus) 

 Conoidea (= Toxoglossa) is a superfamily of marine snails present in marine habitats 

all the way from the tropics to the poles, from shallow to deep water, and from hard to 

soft substrates (Puillandre et al., 2008). This superfamily comprises a wide range of 

recent and fossil genera and described species (Puillandre et al., 2008; Olivera et al., 

2013). Conoidea was originated in the Cretaceous and during the Cenozoic occurred the 

major adaptive radiations leading to the lineages found today (Olivera et al., 2013). 

According to the literature (Olivera et al., 2013; Puillandre et al., 2017), this marine snails 

superfamily can be divided into three families based on shell shape: (1) Conidea, also 

known as cone snails, characterized by their conical shells, low spire and narrow slit-like 

aperture; (2) Terebridae, also called Auger snails, with a tall multi-whorled spire, short 

siphonal canal and low aperture; and (3) Turridae, characterized by intermediate shell 

proportions and form the least characterized and most heterogeneous family, leading to 

a polyphyletic group. 

The Conidae family is perhaps the most important family of Toxoglossa due to its 

immense diversity. With approximately 800 species reported, this exclusively marine 

family exhibits a remarkable variety of shell colors, and can be found in tropical waters 

of all oceans, although they are particularly present in the Indo-Pacific and Western 

Pacific regions (Díaz et al., 2005; Flores-Garza et al., 2014; Olivera et al., 2014; 

Prashanth et al., 2016). Cone snails inhabit different types of sea bottom, which includes 

rocky areas, coral reefs, seagrass, shallow waters, and can be present in intertidal zones 

to 1000 m of depth (Díaz et al., 2005; Neves et al., 2013; Flores-Garza et al., 2014). The 

shells of cone snails are particularly variable, especially when the parameter evaluated 

is the size of adult specimens, which can fluctuate from less than 1 cm in the small 

species to almost 22 cm in the largest species, as well as when evaluated the colour 

pattern. Typically, the shell is broad at the top of the last whorl and tapers gradually to a 

narrow base. The spire is a step-like or looks like a broad, short cone. Cone snails also 

show a long and narrow aperture, and a thin and sharp outer lip (Díaz et al., 2005). Until 

recent reports, all living cone snails were assigned into a single genus (Conus), but the 

expansion of molecular database for these marine gastropods allowed the definition of 

genus Conus and introduced other accepted genera of cone snails (Olivera et al., 2014). 

Conus species form one of the largest single genera of living marine invertebrates, which 

makes them an important contributor for oceanic biodiversity. 
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1.2. Conus biology  

Cone snails are carnivores’ animals that hunt typically at night and are very active 

around sunset and sunrise. As slow-moving molluscs and with poor sight, although cone 

snails have two eyestalks, they depend on their proboscis to detect prey and a very 

specialized venom apparatus (Figure 1) to envenomate and capture them (Olivera, 2002; 

Livett et al., 2012; James et al., 2014). Cone snail’s proboscis is a muscular and 

hydrostatically appendage with small structures (sensory papillae) on its tip that allows 

chemo and mechanosensory detection of prey (Terlau & Olivera, 2004; James et al., 

2014). Sensory papillae are thought to be crucial on determine the type of prey and its 

exact location, allowing a correct and efficient envenomation and capture of prey (James 

et al., 2014). Proboscis is usually retracted into the rostrum, but when prey is chemically 

sensed it extends and starts the searching behaviour (Marshall et al., 2002). A radular 

tooth is near the proboscis tip when searching begins. This hollow radular tooth is 

individually moved into the proboscis, and scrape or bites during feeding process, 

working as an harpoon and hypodermic needle that will inject venom into the prey 

(Marshall et al., 2002; Olivera, 2002; Neves, 2016). Generally, all cone snails produce 

venom and use it as an attack and defence strategy. Venoms are synthesized and 

delivered with the help of venom apparatus. Venom biologically active components are 

synthesized on epithelial cells of venom duct and stored until needed. When receiving 

the right stimuli, the venom duct content is expelled into the proboscis by a muscular 

bulb. Venom is then injected intravenously into the prey (Neves, 2016).  

Figure 1 Conus venom apparatus. Venoms are synthetized on epithelial cells and stored until needed. Conus use their 

proboscis to detect prey and when receiving the right stimuli venom duct content is expelled into the proboscis and 

then injected intravenously into the prey. Adapted from Oliveira (2002).   
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Cone snails in general have a wide spectrum of prey, however typically Conus 

species only envenomate a single species of prey (Olivera, 2002). Conus can be 

classified into three groups depending on their feeding habits: (1) vermivorous cone 

snails feed on worms from Annelida phylum, and in some cases hemichordates and 

echiurid, and represent about 75% of Conus species; (2) molluscivorous species prey 

on other gastropods like snails; (3) piscivorous cone snails are fish-hunting species that 

can rapidly immobilize fish and represent 10% of Conus diversity. Given their ability to 

lethally injure humans this is the best studied group  (Terlau & Olivera, 2004; Neves, 

2016).   

1.3. Conus in Cabo Verde archipelago  

Conus species have  a wide distribution and can occupy a region as big as the Indo-

Pacific region, or be restricted to an archipelago, a single island or even a single bay  (da 

Cunha Oliveira, 2008). Cabo Verde archipelago, located in the Central Atlantic, belongs 

to the Region of Macaronesia and is a hotspot for cone snails species. These islands 

comprise about 10% of Conus diversity (Cunha et al., 2008). In this archipelago we can 

find 57 endemic Conus species and only 3 non-endemic (Conus ermineus, C. genuanus, 

and C. tabidus) (Cunha, 2008). As reported by Cunha (2008), Conus from Cabo Verde 

exibit two main morphological groups accordingly to shell size. With a bigger shell, Conus 

venulatus and Conus pseudinivifier inhabit Boavista, Maio and Santiago islands. Conus 

venulatus also occurs in Sal. Conus ateralbus can only be found in Sal, and Conus 

trochulus only occurs in Boavista. Small shelled species are usually restricted to an 

island or single bay (Cunha et al., 2005; da Cunha Oliveira, 2008; Cunha et al., 2008). 

Oscillations in sea-level lead to modifications on coastline and distance between islands, 

ecological and geographically isolating individuals and introducing changes in marine 

species biology. Transition from planktotrophic to lecitotrophic larval feeding mode is a 

clear exemple of these modifications. High endemism observed in Cabo Verde cone 

snail species is thought to be related with allopatric speciation due to species isolation 

and limited dispersal capacity of larvae of small shelled Conus (Cunha et al., 2008; 

Kauferstein et al., 2011).  

1.4. Venom Peptides  

All known Conus species can synthetise venoms strong enough to rapidly immobilize 

and capture prey. Depending on feeding habits, species location, interspecific 

relationships and other factors, each Conus species is under different environmental 

pressures. Therefore, synthetised venoms are very diferent, having its own complement 

of peptides (Vianna Braga et al., 2005). Each Conus venom contains 100 to 200 different 
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toxins, which are known as conopeptides or conotoxins. Conotoxins are usually 

classified as small peptides with 12 to 35 amino acids and 1 to 4 disulfide bridges (Kaas 

et al., 2010). Most research work done until now has focused on conopeptides disulfide-

rich peptides, but it is also common the existence of disulfide-poor peptides, 

conopeptides with one or none disulfide bridges (Halai & Craik, 2009; Kaas et al., 2010; 

Neves, 2016; George & Aisheck, 2020). Conopeptides with no disulfide bonds are 

classified in contulakins, conantokins, conorfamides, conolysins, conophans and 

conomarphins, depending on their targets. One disulfide bond peptides can be classified 

as contryphans and conopressins. Conotoxins usually are disulfide-rich peptides. 

Conopeptides classification system is based on sequence clustering of precursor protein 

processed in endoplasmic reticulum (gene superfamily), on pattern of cysteines found in 

the sequence (cysteine framework) and peptides specific targets (pharmacological 

target) (Kaas et al., 2010; George & Aisheck, 2020). Table 1 shows the classification 

system used to group conopeptides into categories.  

With 100,000 conopeptides synthetized by Conus and high specificity to target 

membrane proteins, like ion-channels, receptors and transporters, these small peptides 

have been largely studied in order to determine their pharmacological potential (George 

& Aisheck, 2020). Conopeptides have shown high specificity for certain classes of 

receptors, without interacting with others, leading to a precise outcome on metabolic 

pathways and less significant side effects (Mir et al., 2016).  

Antiepileptic, cardioprotective, neuroprotective and antinociceptive are among the 

activities observed when conopeptides are administered, revealing a possibility to use 

them against psychiatric and neuromuscular disorders and even cancer (Livett et al., 

2004; Mir et al., 2016). Table 2 shows conopeptides under investigation for the 

development of new therapeutics and drugs, based on Mir et al. (2016) and Livett et al. 

(2004) reports. 
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Table 1 Classification used to group conopeptides into categories. Classification used for poor disulfide conopeptides 

is shown in superior part of the table and classification for rich disulfide  conopeptides is shown in the inferior part of 

the table. Poor disulfide  conopeptides are classified into families with known and unknown pharmacological targets. 

Rich disulfide  conopeptides are classified accordingly to sequence homology in superfamilies, cysteine framework and 

pharmacological targets. 

Poor disulfide  conopeptides 

No disulfide bonds One disulfide bond 

Family Pharmacological target Family Pharmacological target 

Contulakins Neurotensin receptor 

Contryphans - Conantokins 
N-methyl-D-aspartic acid 

receptor 

Conorfamides RFamide receptor 

Conolysins Cellular membranes 

Conopressins Vasopressin homologs Conophans - 

Conomarphins - 

Rich disulfide  conopeptides/ conotoxins 

Gene 

superfamily 
Cysteine framework Family Pharmacological target 

A 

I/II 

 

IV 

α, ρ, αA, κA 
nAChR; Adrenergic receptor 

nAChR; K+ channel 

I XI; XII κ K+ channel 

J XIV κ Kv 1.6 channel; nAChR 

L XIV α nAChR 

M II, III, IV, XVI, VI/VII µ, ψ, κM 
Na+channel, nAChR, K+ 

channel 

O VI/VII, XII, XV δ, µO, κ, ω, γ 
Na+channel; K+ channel, 

Ca2+ channel 

P IX - - 

S VIII α, σ nAChR, 5-HT3 receptor 

T V, X ε, χ NE transporter 

V XV - - 

Y XX - - 

α- alpha; ρ- rho; κ- kappa; µ- micro; ψ- psi; δ- delta; ω- omega; γ- gamma; σ- sigma; ε- epsilon; χ- chi; - unknown; NE- 

norepinephrine; nAChR- nicotinic acetylcholine receptor. 
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Table 2 Investigated conopeptides for the development of new drugs and therapeutics, treatable disorder, mechanism 

of action and clinical stage of tests. 

Commercial 

name 
Conopeptide Disorder Action mechanism 

Clinical 

stage 

Prialt, 

Zicotide 
ω-MVIIA Intractable pain 

N-type calcium 

channels blocker 

Phase IV 

(FDA 

approved) 

CGX-1160 Contulakin-G Neuropathic pain 
Neurotensin 

receptor agonist 

Phase Ib 

(sciatica 

patients) 

ACV-1 α-Vc1.1 Neuropathic pain 

Nicotinic 

acetylcholine 

receptors 

antagonist 

Phase II 

Xen2174 χ-MrIA Neuropathic pain 
Norepinephrine 

transporter inhibitor 

Phase IIa 

(cancer 

patients) 

CGX-1002 µO-MrVIB Neuropathic pain 
Sodium channels 

blocker 
Pre-clinical 

AM-336 ω-CVID Neuropathic pain 
N-type calcium 

channels blocker 

Phase IIa 

(cancer 

patients) 

CGX-1007 Contulakin-G Intractable epilepsy 
NMDA receptor 

antagonist 
Phase I 

CGX-1051 κ-PVIIA 

Acute myocardial  

infarct, 

cardioprotection 

K-channel blocker Pre-clinical 

PEG-SIIIA µ-SIIIA Inflammatory pain 
Sodium channels 

blocker 

Pre-clinical 

1.5. Metabolic diseases 

1.5.1. Obesity  

Obesity is defined by the World Health Organization (WHO) as an abnormal and 

excessive body fat accumulation that can lead to severe consequences on individuals 

health (Anjos, 2006; Chooi et al., 2019). The prevalence of this metabolic disorder has 

been increasing worldwide and, in 2005, about one third of world population was 

overweight or obese, and it is estimated, that by 2030, 57.8% of world population will be 

overweight or obese (Kelly et al., 2008; Chooi et al., 2019). Obesity is a condition that 

can occur both in adults, with special prevalence in women, as well as in children of all 
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ages, and is independent from geographic localisation, ethnicity, or socioeconomic level 

(Chooi et al., 2019). The emergence of fast-food chains, sedentary lifestyle and 

overconsumption of energy-dense and nutrient-poor food are pointed as the main causes 

for this global issue by Chooi et al. (2019).  

Obesity is caused by a long period of excessive energy consumption and low energy 

expenditure, where excess energy is transformed in triglyceride and stored in adipose 

tissue (Chooi et al., 2019). According to Urbatzka et al. (2018), fat accumulation occurs 

mainly in adipocytes, that increase in size (adipocyte hypertrophy) or number (adipocyte 

hyperplasia), increasing body fat and causing weight gain. Althought adipocytes major 

function is calorie storage, they also play a crucial role as endrocrine cells, with mature 

adipocytes secreting cytokines that interfeers with food intake, inflamation, glucose and 

energy homeostasis, lipid metabolism and angiogeneses, affecting the whole-body 

metabolism (Church et al., 2012; Urbatzka et al., 2018). Chooi et al. (2019) said that 

obese individuals have higher risk to develop several other conditions associated with 

obesity, such as diabetes mellitus, cardiovascular diseases, cancer, musculoskeletal 

disorders, as well as mental health problems. There are several approaches to fight 

obesity including different diets, exercise, psychological therapies but these usually do 

not lead to a sustainable weight loss and results are disapointing at long-term. In 

particular, lifestyle changes, education for incorporating better nutrition and more 

physical exercise are important measures for the prevention of obesity. In severe cases 

of obesity, bariatic surgery is still the most effective way to guarantee weight loss and 

increase survival chances (Rodgers et al., 2012). In 2018, six medications (Table 3) were 

approved by Food and Drug Administration (FDA) in USA for the treatment of obesity. 

These drugs included compounds that can regulate food intake, increase satiety, slowing 

gastric emptying, decrease intestinal lipid absorptions and decrease appetite (Srivastava 

& Apovian, 2018; Urbatzka et al., 2018). Among these medications, Orlistat represents 

an interesting compound. Orlistat is a saturated derivative of lipstatin, a known inhibitor 

of pancreatic lipase and essential in intestinal fat digestion. Lipstatin was first isolated 

from the bacterium Streptomyces toxytricini, showing that anti-obesity compounds can 

be naturally produced by organisms (Barbier & Schneider, 1987; Weibel et al., 1987). 
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Table 3 Anti-obesity drugs approved by FDA in 2018. Adapted from Srivastava & Apovian, (2018). 

Medication Mechanism of action Year 

Phentermine TAAR1 agonists 1959 

Orlistat Lipase inhibition 1999 

Phentermine/topiramate 
Appetite suppressant/stimulant of the amphetamine 

and phenethylamine class; Anticonvulsant 
2012 

Lorcaserin 5-HT2C receptor agonist 2012 

Naltrexone/bupropion 
sustained-release 

Opioid receptor antagonist; Norepinephrine-
dopamine reuptake inhibitor and nicotinic 

acetylcholine receptor antagonist 
2014 

Liraglutide 3.0 mg GLP-1 receptor agonist 2014 

 

1.5.2. Diabetes  

According to the World Health Organization (WHO), diabetes is defined as a chronic 

disease that occurs when the pancreas does not generate enough insulin, or the body 

cannot efficiently use the insulin it produces. In 2014, diabetes affected 8.5% of adults 

with 18 years or older and, in 2019, diabetes was the direct cause of 1.5 million deaths. 

This disease is among the main causes of diabetic macro and microvascular 

complications, major damage to the blood vessels, kidneys, eyes, nerves, and heart, 

resulting in disability of affected individuals, lower productivity, premature mortality, 

reduced life quality, and a substantial increase with health care costs (Tamayo et al., 

2014; American Diabetes Association, 2018). Diabetes condition can already be 

considered a global epidemic issue, one that is expected to continue to grow as the 

population ages, as obesity rates increases in adults, and as the minority groups that are 

at higher risk to develop diabetes also increases (Deshpande et al., 2008). Tamayo et 

al. (2014) said that obesity, lack of physical activity, smoking, environmental pollutants, 

and socioeconomic deprivation are modifiable risk factors that can contribute for the 

increase of diabetic condition, and it is expected to exist more 10 million people living 

with diabetes in Europe by 2035.  

Diabetes is a metabolic condition characterized by elevated blood glucose levels, 

also known as hyperglycaemia, that can lead to extensive damages to the body systems, 

especially nerves and blood vessels (Deshpande et al., 2008). Clinically, there are 4 

types of diabetes (Deshpande et al., 2008): 

I. Type 1, represents 5-10% of all diabetics and is usually caused by autoimmune, 

genetic or environmental factors; 
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II. Type 2, accounts 90-95% of all diagnosed cases of diabetes and is caused by an 

increasing resistance to insulin, and eventually pancreas cannot produce enough 

insulin to overcome the resistance; 

III. Gestational diabetes, affects some women during pregnancy and requires a strict 

glycemic control and management of women in order to prevent birth 

complications, and problems in the developing chill. These women have 20-50% 

more risk for develop type 2 diabetes later in life; 

IV. Diabetes caused by genetic defects, drugs, or chemicals.  

Type 2 diabetes was, until recently, an adult disease, but with increasing childhood 

obesity rates, it is now common the diagnose among children and young adults. This is 

becoming a serious health problem that ends with more people dealing with diabetes 

most part of their lives, and with more risk of suffer from heart attacks, strokes, infections, 

foot ulcers, limb amputation, blindness, kidney failure, and other problems. In the last 

decade, several glucose lowering medications were approved by FDA, providing type 2 

patients a way to manage their condition (Table 4). However, as diabetes is frequently 

accompanied with various co-morbidities and pharmaceuticals have a variety of side 

effects, including cardiovascular difficulties, acute renal failure, and pancreatitis, 

diabetes treatment requires a careful selection of medications for each patient (Sterrett 

et al., 2016).  

Table 4 New glucose lowering medications approved by FDA in the last decade. Adapted from Sterrett et al. (2016). 

Class Approved agents 

GLP-1 Agonists 
Exenatide, Exenatide extended release, Liraglutide, Dulaglutide and 

Albiglutide 

SGLT-2 
Inhibitors 

Canagliflozin, Dapagliflozin and Empagliflozin 

DPP-4 Inhibitors Sitagliptin, Saxagliptin, Alogliptin and Linagliptin 

Colesevelam Colesevelam (Welchol) 

Bromocriptine Bromocriptine-QR 

 

  



Sónia Raquel Gomes Ribeiro    2021 

10 
 

1.5.3. Non-alcoholic fatty liver disease  

Non-alcoholic fatty liver disease (NAFLD) is a metabolic syndrome defined by an 

excessive accumulation of fat in the liver of patients that do not have an alcohol problem, 

a viral infection or other specific etiology of liver disease (Musso et al., 2011; Buzzetti et 

al., 2016). This condition affects 30-40% of adult world population and is most frequent 

in industrialized countries, being associated with the Western diet pattern (Buzzetti et al., 

2016; Teng et al., 2020; Shih et al., 2021). Most patients with NAFLD are asymptomatic 

and have other pathologies associated, such as obesity, hypertension, insulin 

resistance, inflammation, or type 2 diabetes, making it necessary to treat this condition 

in association with other metabolic diseases (Buzzetti et al., 2016; Shih et al., 2021). 

According to the literature, NAFLD comprises several conditions, from a simple fat 

accumulation in the liver (steatosis) to a histological phenotype non-alcoholic 

steatohepatitis (NASH) that can progress to advance steatosis plus necroinflammation, 

originating different stages of fibrosis and ultimately cirrhosis (Musso et al., 2011; 

Buzzetti et al., 2016). About 2.4 to 12.8% of NAFLD-associated cirrhosis patients 

develop a NAFLD-associated hepatocellular carcinoma (Teng et al., 2020).  

The complexity of this disease due to diverse etiologies, long period of development 

and genetic and physiological variations makes it difficult to understand the mechanisms 

underlaying its deterioration (Zhao et al., 2021). Among the pathways described as 

important for NAFLD occurrence is the absorption, biosynthesis and excretion of 

cholesterol, absorption, lipogenesis and oxidation of triglycerides and fatty acid 

metabolism, which can represent targets for NAFLD therapeutics (Zhao et al., 2021). 

Although no drug has been approved for the treatment of NAFLD condition, several 

compounds like polyphenols, lipids, proteins, and vitamins showed the ability to 

ameliorate NAFLD conditions. Marine proteins like from Spirulina biomass already 

showed beneficial effects for treating non-alcoholic fatty liver disease as a dietary 

supplement, and a small peptides (Metabolitin - MTL) also showed potential to be used 

as a therapeutic strategy (Teng et al., 2020). 

1.5.4. Inflammation  

Inflammation is an important process involved in animal cells defence against injuries 

and pathogens, and can be acute or chronical (Abdulkhaleq et al., 2018). 

Neurodegenerative disorders, cardiovascular diseases and cancer are some of the 

causes of chronic inflammation (Abdulkhaleq et al., 2018). On the other hand, acute 

inflammation avert the host from pathogens and accelerate the healing process  

(Piwowarski et al., 2015). Inflammation process is instigated by cellular and vascular 
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events that lead to changes on physical location of white blood cells, plasma, and fluids 

at the site of inflammation (Abdulkhaleq et al., 2018). Macrophage’s activation is an 

important step during initiation and dissemination of inflammatory response. These white 

blood cells produce inflammatory mediators like cytokines, tumor necrosis factor-alpha 

(TNF-α), nitric oxide (NO) and prostaglandins, involved in diseases like asthma, 

pulmonary fibrosis, rheumatoid arthritis and atherosclerosis (Kim et al., 2006; Reddy & 

Reddanna, 2009; Lee, 2011). The oxidation of l-arginine by NO synthase (NOS) 

produces a reactive radical molecule (nitric oxide – NO) essential to host immune 

responses, but also to regulate physiological functions like neurotransmission, 

neurotoxicity and vasodilation, however, when in excess, it promotes the development 

of inflammatory diseases and autoimmune disorders (Cherng et al., 2007; Yoon et al., 

2009). Therefore, inhibition of NO production is considered a main target for anti-

inflammatory drugs development (Kim et al., 2006; Cherng et al., 2007; Yoon et al., 

2009).   

Non-steroidal inflammatory drugs (NSAIDs) are the most used compounds to fight 

inflammation. These affect mostly the prostaglandins production by interfering with cyclo-

oxygenase (COX) system (Vane & Botting, 1998; Howes, 2017). COX-1, a COX 

isozyme, has constitutive expression and produce prostaglandins that protect stomach 

and kidney against damage. On the other hand, COX-2 is stimulated by cytokines during 

inflammation and produce prostaglandins involved in pain and swelling (Vane & Botting, 

1998). Drugs development focus mostly on selective COX-2 inhibitors, sidestepping 

COX-1 which is thought to be the main cause of adverse reaction especially in the gastro-

intestinal tract (Rainsford, 2007). COX-2 inhibitors also showed some concerning side 

effects like higher risk of myocardial infarctions, hypertension, or higher blood pressure 

(Rainsford, 2007). Nutraceuticals may present a complement for anti-inflammatory drugs 

that allow dose reduction and amelioration of side effects (Al-okbi, 2014). Several 

nutraceuticals have already shown the ability to inhibit molecular targets implicated in 

the inflammatory process, sharing common molecular targets with NSAIDs and steroidal 

drugs (SAIDs) (Table 5) (Huang et al., 2004).  
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Table 5 Effect of several known nutraceuticals on pro-inflammatory mechanisms. Adapted from Huang et al. (2004). 

Nutraceuticals Effects on pro-inflammatory mechanisms 

Vitamin E 
Inhibits oxidative stress 

Inhibits leukocyte adhesion to endothelium 

Vitamin C 
Suppress TNFα-induced NFκB activation 
Blocks inflammatory cytokine expression 

Curcumin Inhibits activity of PLA2, COX2, LOX, iNOS and myeloperoxidase 

Resveratrol 
Inhibits activity of iNOS, AA release, production of pro-inflammatory 

cytokines, and expression of COX2 

Green tea Inhibits activation and translocation of NFκB, and expression of COX2 

Black tea 
Inhibit carcinogen-induced expression of COX2, iNOS, glutathione-S-

transferase, and NFκB activation 

Genistein 
Inhibits production of pro-inflammatory cytokines, COX2 expression, 

NFκB activation 

Omega-3 fatty 
acid 

Decreases PGE2 and LTB4 
levels 

1.6. In vivo and in vitro models  

1.6.1. Zebrafish 

Drugs investigation requires several biochemical and cellular assays to better 

understand its mechanisms of action before testing in animal model organisms and 

clinical trials (Zon & Peterson, 2005). Model organisms can be defined as well studied 

species that allow the investigation of a wide range of biological processes and collected 

data may have some applicability to other organisms (Leonelli & Ankeny, 2013). 

Rodents, dogs, and pigs were until recently the model organisms used in the preclinical 

analysis for human diseases given its complexity and similarity to humans. Laboratory 

maintenance and pressure to decrease animal usage in research promoted the 

discovery of other organisms that can be an useful and cost-effective alternative to 

mammalian models (Zon & Peterson, 2005). Zebrafish (Danio rerio) is a cyprinoid teleost 

and a small freshwater fish first found in rivers in India and are now common in pet stores 

and aquariums all over the world (Banga, 1998). Easy to maintain in aquariums, with 

short generation time and a large offspring, these animals became a central key in 

modern biological investigation (Banga, 1998). With all key organs involved in 
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metabolism control in humans, from the appetite circuits in the hypothalamus to the 

pancreas and insulin-sensitive tissue [liver, muscle and white adipose tissue (WAT)], 

zebrafish is a good model to study metabolic diseases such as diabetes and obesity 

(Seth et al., 2013). Zebrafish, on the other hand, lack brown adipocyte tissue and are 

ectodermal creatures, whose metabolic rate is controlled by temperature, whereas 

humans are endothermal. Furthermore, genome duplications that result in the existence 

of multiple copies of various genes, such as the duplication of the genes encoding leptin-

a and leptin-b, may contribute to metabolic pathway redundancy and reduce the utility of 

zebrafish in genetic studies (Nguyen et al., 2013). Although as in humans, these striped 

animals store excess nutrients in lipid droplets in white adipocytes and use the liver as 

an adipose store. Regulation of energy balance is also conserved between humans and 

zebrafish, and response of leptin receptor, melanocortin system and neuropeptide NPY 

leads to an increase in food intake, as well as administration of cocaine and 

amphetamine regulated transcript peptide (CART) and corticotropin releasing factor 

(CRF) decrease food consumption (Seth et al., 2013). Like in humans, zebrafish also 

possesses a pancreas with exocrine and endocrine compartments connected by a ductal 

system to the digestive tract. Pancreatic islets are constituted by β-cells (insulin-

producers), α-cells (glucagon-producers), δ-cells (somatostatin producers) and ε-cells 

(ghrelin producers), and primary islets can be identified at 24 hours post-fertilization (hpf) 

(Seth et al., 2013). Optical transparency of zebrafish embryos allows the study of 

functional and morphological changes in yearly stages of development (Zon & Peterson, 

2005), especially when using staining compounds like Nile red (lipid staining) and 2-

NBDG (fluorescent glucose analog). In this way, zebrafish reveals to be a model 

organism suitable for the study of metabolic diseases like obesity and diabetes, as well 

as for the screening of bioactive compounds (Zang et al., 2018). 

1.6.2. HepG2 cells  

Drug induced hepatotoxicity is one of the reasons for candidate drugs rejection in the 

later stages of drug development. Therefore, in vitro assays are essential to determined 

drugs potential to induce liver injury before testing in animals and clinical trials (Gerets 

et al., 2012). HepG2 cells have proven to be a convenient and quantifiable in vitro model, 

useful for a better understanding of pathogenesis and effects of therapies in NAFLD (Cui 

et al., 2010). Human hepatoma cell lines, like HepG2, are commonly used to study drugs 

metabolism and hepatotoxicity due to their high availability, stable phenotype and easy 

handling (Gerets et al., 2012). These cells are highly differentiated and exhibit a 

genotype of normal liver cells, being capable of synthetise and secrete plasma proteins, 

metabolize cholesterol and triglycerides, metabolize and transport lipoproteins, insulin 
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signalling, among other hepatic functions (Gerets et al., 2012; Vinken & Rogiers, 2015). 

Assays involving Nile red binding to HepG2 cells have showed good results when tested 

with compounds known to stimulate hepatic steatosis and demonstrated to be an helpful 

in vitro model to screen for new potential medications (McMillian et al., 2001). Although 

these cells show low metabolic capacity when compared with primary hepatocytes, and 

reduced expression of enzymes and transporters involved in drugs metabolism, they 

show similar sensitivity to steatosis-inducing compounds as primary hepatocytes 

(McMillian et al., 2001; Gerets et al., 2012; Vinken & Rogiers, 2015). Consequently, 

HepG2 cells prove to be a suitable model to study compounds able to affect intracellular 

lipid accumulation.   

1.6.3. Raw 264.7 cells 

Cell lines are used for in vitro and in vivo studies given their similar genotype and 

phenotype through consecutive passages, consistency availability, and experimental 

reproducibility (Merly & Smith, 2017; Taciak et al., 2018). RAW 264.7, originated from 

Abelson leukemia virus transformed cell line derived from BALB/c mice cells, are used 

in investigation as a monocyte/macrophage model (Kong et al., 2019). Macrophages are 

able to rapidly adapt to different environmental conditions and new stimuli, and can be 

classified accordingly to produced cytokines and expressed surface markers (Taciak et 

al., 2018). M1 macrophages are activated by lipopolysaccharide (LPS) and inferon 

gamma (IFN-γ) and are pro-inflamatory cells (Taciak et al., 2018). M2 macrophages are 

anti-inflamatory cells activated by interleukin 4 (IL-4) and interleukin 10 (IL-10) (Taciak 

et al., 2018). These murine-derived cells are capable of pinocytosis and phagocytosis 

and when stimulated with lipopolysaccharide (LPS), nitric oxide (NO) production is 

augmented and phagocytosis increased (Taciak et al., 2018; Kong et al., 2019). These 

cells have being used as an indicative of the potential response of primary human cells 

and diverse studies have been performed in order to stablish anti-inflammatory 

proprieties of compounds using these cell line (Kim et al., 2006; Reddy & Reddanna, 

2009; Piwowarski et al., 2015). In this way, RAW 264.7 cells prove to be an appropriate 

model to screen for compounds able to interfere with inflammatory pathways.  
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1.7. Objectives 

This work aimed to study the bioactivity potential of cone snails endemic from Cabo 

Verde archipelago, which represent a major part on the diversity found in the genus 

Conus. To do so, two vermivorous species of cone snails were analysed, namely Conus 

venulatus and Conus ateralbus. These species are little studied from chemical and the 

pharmacological point of view, existing only one conotoxin described for C. ateralbus. 

These conotoxin was first reported in Neves et al. (2019), an δ-conotoxin-like AtVIA with 

high homology to conotoxins already described for species in the subgenus 

Tesseliconus, also worm-eating species and with proved bioactivity on vertebrate Na+ 

channels.  

To study species of Conus endemic from Cabo Verde, on the specific objectives were 

the following: 

I. Analysis and characterization of the venom of different cone snails endemic 

from Cabo Verde archipelago; 

II. Analysis of toxins diversity within the venoms including identification, and 

comparison of toxins’ molecular masses; 

III. Evaluation of the bioactivity of Conus species for metabolic diseases 

considering assays relevant for obesity, diabetes, steatosis and inflammation; 

IV. Identify conotoxins / conopeptides in the venom of active samples, which may 

be interesting from a pharmacological point of view. 

  



Sónia Raquel Gomes Ribeiro    2021 

16 
 

2. METHODS   

2.1. Materials and reagents 

C18 Vydac 218TP column was purchase from Hichrom (Berkshire, United Kingdom). 

Acetonitrille (ACN, gradient grade for HPLC) was purchase from Carlo Erba Reagents 

(Barcelona, Spain). Trifluoroacetic acid (TFA) was purchase from Sigma-Aldrich 

(Missouri, USA). Ethyl 3-aminobenzoate methanesulfonate 98% (MS-222) was purchase 

from ACROS Organics. Nile red was purchase from Sigma-Aldrich. 1-Phenyl-2-thiourea 

97% (PTU) was purchase from ACROS Organics. Dimethyl sulfoxide (DMSO) was 

purchase from VWR. Sulforhodamine B (SRB) was purchase from Sigma-Aldrich. N-(1-

Naphtyl)-ethylenediamine dihydrochloride was purchase from Sigma-Aldrich. All 

reagents used in HPLC were of analytical grade.   

2.2. Specimen collection and Venom preparation 

Specimens of Conus ateralbus were collected from the Sal island, and Conus 

venulatus were collected from Boavista island in Cabo Verde archipelago. Dissection 

step was performed as described by Neves et al. (2019). Each frozen specimen was 

dissected, exposing the Conus venom apparatus, which is formed by a venom bulb and 

venom duct (Figure 2). Individual venom ducts of specimens were dissected. The venom 

was obtained from the venom ducts by placing each duct on an ice-cold metal spatula, 

then squeeze by Eppendorf pipette tips. The content of the venom duct was diluted in ~ 

B 

A 

Figure 2 Venom apparatus dissection. It is possible to observe the venom bulb 

(A) and the venom duct (B). The venom was squeezed from the venom duct. 
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600 µL of 0.1 % formic acid freeze-dried and stored at -80ºC until use. The frozen venom 

was lyophilized (-54.4 ºC; 0.070 mBar) for 72 hours or more, until completely dehydrated. 

Venom was weighted and stored at -20ºC until use.  

2.3. Venom extraction  

Lyophilized venom (⁓ 40 mg) was resuspended in 3 mL of extraction solution (40% 

acetonitrile (ACN), 0.1% trifluoroacetic acid (TFA) in water). Each sample was 

mechanically disrupted in a tissue crusher (6 times; up and down), and centrifuged at 

13000 rpm for 5 min (4 ºC). Supernatants were transferred to another Falcon tube and 

centrifuged at same conditions. Pellets and supernatants were store at -20 ºC, until 

further use.  

2.4. HPLC conopeptide fractionation 

Extracted venom was fractionated by reverse-phase high performance liquid 

chromatography (RP- HPLC) using an Alliance Waters e2695 separation module fitted 

with a detector and operated with the Empower 2.0 software. Fractionation was 

performed using a semipreparative C18 column (5 µm particle size, 10 ⫻ 250 mm, Vydac 

218TP). For a better chromatographic separation, several conditions were tested in 

Conus ateralbus samples, using an injection volume of 100 µL. The solvent gradient 

used during the tests are shown in Table 6. Flow rate of 1 ml/min and 3 ml/min was also 

tested under these conditions. Absorbance was monitored at 220nm and 280nm. Finally, 

a total of 51 fractions of the venom were collected using an injection volume of 800 µL, 

flow rate of 1mL/min and gradient 2. Fractions were dehydrated and stored at -20 ºC until 

further use.  

Table 6 Solvent gradients and mobile phase composition used in RP-HPLC method. 

Solvent 

G
ra

d
ie

n
t 

1
 

Time 

(min) 

A 

(0.1% TFA: H2O) 

% 

B 

(90% ACN:0.1% TFA: H2O) 

% 

0 

10 

25 

50 

90 

80 

50 

0 

10 

20 

50 

100 

G
ra

d
ie

n
t 

2
 

0 

5 

25 

50 

80 

95 

90 

90 

70 

50 

0 

0 

10 

10 

30 

50 

100 

100 
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2.5. Zebrafish Nile Red Fat Metabolism Assay 

Collected fractions were screened for lipid reducing activity using zebrafish Nile red 

fat metabolism assay, as described in Urbatzka et al. (2018). Zebrafish embryos were 

raised from 1 DPF (days post-fertilization) in egg water (60 µg/mL marine sea salt 

dissolved in distilled H2O) with 200 µM PTU (1-phenyl-2-thiourea) to inhibit pigmentation. 

From 3 to 5 DPF, zebrafish larvae were exposed to extracts at a final concentration of 

10 µg/mL in egg water with daily renewal of water and extracts in a 48 well plate with a 

density of 5-7 larvae/well. A solvent control (0.1% dimethyl sulfoxide, DMSO) and 

positive control (REV, resveratrol, final concentration 50 µM) were included in the assay. 

Figure 3 shows a diagram of the 48-well plates used during this assay. Lipids were 

stained with Nile red overnight at the final concentration of 10 ng/mL. For imaging, the 

larvae were anaesthetized with tricaine (MS-222, 0.03%) for 5 min and analysed in a 

fluorescence microscope (Leica DM6000B, Wetzlar, Germany). Fluorescence intensity 

was quantified in individual zebrafish larvae by ImageJ. 

2.6. Glucose Uptake Assay 

Fractions were tested in a glucose uptake assay using 2-NBDG in zebrafish embryos, 

as described in Wang et al. (2020). Zebrafish embryos were raised from 1 DPF (days 

post-fertilization) in egg water (60 µg/mL marine sea salt dissolved in distilled H2O) with 

200 µM PTU (1-phenyl-2-thiourea) to inhibit pigmentation. 3 DPF zebrafish larvae were 

exposed to extracts at a final concentration of 10 µg/mL in egg water in a 96 well plate 

with a density of 5-6 larvae/well. A solvent control (0.1% DMSO) and a positive control 

(EMODIN, 6-methyl-1,3,8-trihydroxyanthraquinone, final concentration 10 µM) were 

included in the assay. Figure 4 shows a diagram of the 96-well plates used during this 

assay. One hour after exposure to the fractions, egg water and compounds were 

removed, and the larvae were incubated with egg water containing 2-NBDG (0.6 mM) 

 

 DMSO 

 

DMSO 

 

DMSO 

 

  REV   REV Fraction 

Fraction 

 

Fraction 

 

Fraction 

 

Fraction 

 

Fraction Fraction 

Fraction 

 

Fraction 

 

Fraction 

 

Fraction 

 

Fraction Fraction 

Fraction Fraction Fraction Fraction Fraction Fraction 

Figure 3 Diagram of the 48-well plate used in Zebrafish Nile Red Fat Metabolism 

Assay. Yellow wells represent solvent controls (DMSO 0.1%). Red wells represent 

positive control (REV 50 µM). White wells represent fractions tested at a 

concentration of 10 µg/mL. 
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for 3h. After incubation period egg water and 2-NBDG were removed. The larvae were 

washed with egg water until yellow coloration completely removed, and anesthetized 

with tricaine (MS-222, 0.03%) for 5 min and analysed in a fluorescence microscope 

(Olympus, BX-41, Hamburg, Germany). Fluorescence intensity was quantified in 

individual zebrafish larvae by ImageJ. 

2.7. Anti-steatosis Assay 

HepG2 cells were obtained from American Type Culture Collection (ATCC) 

(Manassas, VA, USA) and cultured in Dulbecco Modified Eagle Medium (DMEM) (Gibco, 

Thermo Fisher Scientific, Waltham, MA, USA). Cells were grown in DMEM 

supplemented with 10% (v/v) fetal bovine serum, 1% penicillin/streptomycin (100 IU mL-

1 and 10 mg mL-1, respectively, and 0.1% amphotericin, and incubated in a humidified 

atmosphere with 5% CO2, at 37 ºC. HepG2 cells were seeded in 96-well plates at 

1.25x105 cells/ml and adhered overnight. Lipid droplets were induced by medium change 

to DMEM supplemented with 62 µM sodium oleate. A solvent control (DMSO 0.5% and 

SO 62 µM) and two negative controls (MeOH 0.5%, DMSO 0.5%) were included in this 

assay. Fractions were added to wells at a final concentration of 10 µg/mL and incubated 

for 6 hours in a humidified incubator. Figure 5 shows a diagram of the 96-well plates 

used during this assay. Cell were stained with 75 ng/mL Nile red and 10 µg/mL Hoechst 

33342 (HO-33342) in Hank’s Buffered Salt Solution medium (HBSS), and incubated for 

15 min in the dark, at 37 ºC. Cells were washed three times with HBSS and fluorescence 

was read in a BioTek™ Cytation™ 5 Cell Imaging Multi-Mode Reader with an imaging 

approach in the blue and red fluorescence channel with an 20x objective. Gen5+ 

software was used to detect cells, nucleus and cytoplasm. Nile red fluorescence (neutral 

lipids) was normalized to Hoechst 33342 fluorescence (nucleus stain) in order to correct 

the fluorescence for cell number variations. Following, cells were fixed with ice-cold 50% 

 
 DMSO 

 

DMSO 

 

DMSO 

 

EMODIN EMODIN Fraction Fraction Fraction Fraction Fraction 

Fraction Fraction Fraction Fraction Fraction Fraction Fraction Fraction Fraction Fraction 

Fraction Fraction Fraction Fraction Fraction Fraction Fraction Fraction Fraction Fraction 

Fraction Fraction Fraction Fraction Fraction Fraction Fraction Fraction Fraction Fraction 

Fraction Fraction Fraction Fraction Fraction Fraction Fraction Fraction Fraction Fraction 

Fraction Fraction Fraction Fraction Fraction Fraction Fraction Fraction Fraction EMODIN 

Figure 4 Diagram of the 96-well plate used in Glucose Uptake Assay. Yellow wells 

represent solvent controls (DMSO 0.1%). Green wells represent positive control 

(EMODIN 10 µM). White wells represent fractions tested at a concentration of 10 

µg/mL. 
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(w/v) trichloroacetic acid (TCA) for 1 h at 4 ºC in the dark, and then washed four times 

with dH2O. Plates were air-dried at room temperature, and stained with 0.4% (w/v) 

sulforhodamine B (SRB) in 1% of acetic acid, for 15 min. Unbound SRB was washed 

with acetic acid 1%, four times, and plates air-dried at room temperature. Bound dyes 

were solubilized with Tris hydrochloride (Tris-HCl) (10 mmol/L; pH=10.5), and 

absorbance was read in the microplate reader at 492 nm with reference at 554 nm for 

cell viability.  

 

2.8. Inflammatory Assay  

RAW 264.7 macrophage cells were obtained from American Type Culture Collection 

(ATCC) (Manassas, VA, USA) and cultured in Dulbecco Modified Eagle Medium (DMEM) 

(Gibco, Thermo Fisher Scientific, Waltham, MA, USA). Cells were grown in DMEM 

supplemented with 10% (v/v) fetal bovine serum, 1% penicillin/streptomycin (100 IU mL-

1 and 10 mg mL-1, respectively, and 0.1% amphotericin, and incubated in a humidified 

atmosphere with 5% CO2, at 37 ºC. RAW 264.7 cells were seeded in 96-well plates at 

3.5x105 cells/ml and adhered overnight. For the anti-inflammation activity, inflammation 

was induced by lipopolysaccharides (LPS) from Escherichia coli 0111:B4 (LPS, Sigma, 

USA) to a final concentration of 1µg/mL. In pro-inflammatory assay, medium was 

renewed and fractions were added to wells at a final concentration of 10 µg/mL and 

incubated for 24 hours in a humidified incubator. Figure 6 shows a diagram of the 96-

well plates used during this assay. Liquid content of wells was transferred to new 96-well 

plates and 75 µL of Griess solution [sulfanilamide 1% (m/v); N-(1-

Naphthyl)ethylenediamine dihydrochloride 0.1% (m/v) in H3PO4 2% (v/v)] was added. 

Plates were shacken in the dark for 15 min and NO absorbance was read in a Synergy 

HT multi-detection microplate reader (Biotek) at 562 nm. Seeded cells were exposed to 

 
 

Figure 5 Diagram of the 96-well plate used in Anti-steatosis Assay. Yellow wells 

represent negative control (DMSO 0.5%). Orange wells represent negative control 

(MeOH 0.5%). Red wells represent solvent control (DMSO 0.5% and SO 62 µM). 

Blue and green wells represent fractions tested at a concentration of 10 µg/mL. 

Fractions were tested in triplicate. 
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5 mg mL−1 MTT and incubated at 37 ◦C for 45 min. Medium was removed and 100 µL 

DMSO added to each well. Absorbance was read in a Synergy HT multi-detection 

microplate reader (Biotek) at 510 nm.  

 

2.9. Proteomics Analyses 

A fraction with promising bioactivity was sent to the Chemistry Department from 

University of Aveiro (Prof. Pedro Domingues), in order to proceed with further 

identification and de novo sequencing of peptides, using LC-ESI-HR-MS/MS technique. 

For this procedure, clean-up of the LC fraction was performed using SPE solid-phase 

extraction (Pierce™ C18 Spin Columns, Pierce) according to the manufacturer´s 

protocol. The peptides recovered from the SPE column were resuspended in 1% formic 

acid (FA) and analysed with a QExactive Orbitrap (Thermo Fisher Scientific, Bremen, 

Germany) through the EASY-spray nano ESI source (Thermo Fisher Scientific) that was 

coupled to an Ultimate 3000 (Dionex, Sunnyvale, CA) high-pressure liquid 

chromatography (HPLC) system. The trap column (100 μm I.D. x 2 cm packed with 

Acclaim PepMap RSLC C18, 5 μm 100 Å) and the EASY-spray analytical (75 μm I.D. x 

75 cm packed with Acclaim PepMap RSLC C18, 3 μm 100 Å) columns were from Thermo 

Fisher Scientific. Peptides were trapped at 30 μL/min in 96% solvent A (0.1% FA). Elution 

was achieved at a flow rate of 300 nL/min using a 92 min gradient used as follows: 0–3 

min, 96% solvent A; 3–70 min, 4–25% solvent B; 70–90 min, 25–40% solvent B; 90–92 

min, 90% solvent B; 92–100 min, 90% solvent B; 101-120 min, 96% solvent A. The mass 

spectrometer was operated at 1.8 kV in the data-dependent acquisition mode. A tandem 

MS (MS/MS) method was used with a survey scan from 400 to 1600 m/z (resolution 
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co-exposed to LPS in the anti-inflammatory assays, and without LPS in the pro-

inflammatory assay 
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70,000; auto gain control (AGC) target 1E6). The 10 most intense peaks were subjected 

to higher-energy collisional dissociation to obtain MS/MS spectrum (resolution 17,500; 

AGC target 5E4, normalized collision energy 28%, max. injection time 100 ms and 

dynamic exclusion 35 s). Raw spectra generated were processed and analysed using 

Proteome Discoverer software version 2.2 (Thermo Fisher Scientific), with the MS 

Amanda (version 2.0, University of Applied Sciences Upper Austria, Research Institute 

of Molecular Pathology) and Sequest HT search engines. Uniprot (TrEMBL and Swiss-

Prot) protein sequence database (version of July 2021) was used for all searches under 

"Gastropoda [6448]" annotation:(type:"tissue specificity" venom) AND reviewed:yes. The 

peptide mass tolerance was 10 ppm and fragment ion mass tolerance was 0.02 Da. 

2.10. MALDI-TOF Analyses  

Conus venulatus and Conus ateralbus venom samples were analysed using the 

MALDI-TOF technology in cooperation with the University of Utah to identify the mass 

range of peptides contained in the venoms. Procedures were performed as described in 

Neves et al., 2013. Samples were concentrated and cleaned according to the 

manufacturer’s instructions on a micro C18 ZipTiP column (Millipore, Bedford, MA, USA). 

The peptides were eluted directly onto the MALDI plate using the matrix α-cyano-4-

hydroxycinnamic acid (α-CHCA) at 5 mg/mL prepared in ACN (50%), and formic acid 

(0.1%). Peptide mass spectrometry analyses were performed by MALDI-TOF/TOF (4700 

Proteomics Analyzer, AB SCIEX, Foster City, CA, USA) in reflector positive mode (600–

5000 Da).  

2.11. Statistical Analysis  

Statistical analysis was performed using GraphPad® Prism 7 program. The 

assumption for ANOVA was tested by a normality test, namely Shapiro-Wilk and 

Kolmogorov-Smirnov normality test (p value < 0.05). If normality was met, the difference 

between control group and all fractions was analysed by Ordinary one-way ANOVA with 

Dunnett’s posthoc test (p value < 0.05). Equal variance was analysed by Barthlett’s test, 

and if this assumption was not met, Brown-Forsythe and Welch ANOVA tests and Holm-

Sidak’s multiple comparisons test was applied. If data did not pass normality test, the 

difference between control group and all fractions was analysed by Kruskal-Wallis with 

Dunn’s posthoc test (p value < 0.05). Data were represented as box-whisker plots with 

plot in 5-95 percentiles, and as column bar graphs with plot in mean with standard 

deviation (SD). Significant differences were indicated by asterisks (*). 
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3. RESULTS  

3.1. RP-HPLC profiling of Conus ateralbus and Conus 

venulatus  

3.1.1. Gradient solvent optimization  

During the first couple of months the work was focused on Conus venom apparatus 

dissection to obtain the crude venom for subsequent analysis. After extraction of venom 

components, solvent gradient for RP-HPLC was optimized using Conus ateralbus 

venom, since this species is already studied and its chromatographic profile 

characterized (Neves et al., 2019). Only gradient 1 and 2 are shown, since these were 

the ones that allowed a better separation of venom constituents during the initial tests. A 

flow rate of 1 mL/min and an injection volume of 100 µL was used for testing. 

Chromatographic profile of Conus ateralbus with gradient 1 is shown in Appendix I. With 

this gradient, initial peaks were detected after 7 min of run, which match to 17% of solvent 

B, revealing the polarity of several peptides found in the venoms. For instance, around 

* 

Figure 7 Chromatographic profile of Conus ateralbus using gradient 2. More polar compounds eluted around 13 min 

of running with good resolution. Nonpolar compounds eluted with almost 36% of solvent B. RP-HPLC revealed a profile 

with good peak resolution, compounds well separated and a low baseline. The most active fraction is marked by 

asterisks *. 
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28 min more peaks were observed, indicating the presence of nonpolar compounds. 

These compounds eluted at 36% of solvent B. Chromatogram analysis suggests that 

nonpolar peaks must represent a mixture of compounds since the peaks are not well 

separated and with little resolution, and the baseline is elevated. To separate these 

compounds, gradient 2 was created. Figure 7 shows the chromatogram obtained with 

this gradient. Initial peaks eluted with 18% of solvent B, with 13 min of the run, confirming 

the profile record with gradient 1. Using this gradient, the separation of the nonpolar 

compounds was achieved, approaching the registered baseline in control, and obtaining 

good resolution of the peaks. This gradient was also tested with Conus venulatus venom 

to determine chromatographic profile and to confirm if it would be suitable for this specie 

(Figure 8). Chromatogram analysis showed that Conus venulatus has less 

peaks/compounds than Conus ateralbus, although the elution times of the compounds 

are relatively similar. The most polar conopeptides were detected around 13 minutes of 

running, as in Conus ateralbus. In turn, the most apolar peaks eluted after 32 minutes, 

equivalent to about 36% solvent B. Gradient 2 showed good peak resolution and low 

baseline for both species and was chosen for fractionation of venoms. Compounds 

separation was established with an injection volume of 800 µL, at a concentration of 12 

Figure 8 Chromatographic profile of Conus venulatus using gradient 2. More polar compounds eluted at 13 min of 

running. Nonpolar compounds eluted with approximately 36% of solvent B. RP-HPLC revealed a profile with good peak 

resolution, compounds well separated and a low baseline. 
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mg/mL. A flow rate of 3 mL/min was tested with this injection volume. The chromatogram 

obtained with these conditions can be consulted at Appendix II. An injection of 8x more 

sample volume led to higher intensity of detected peaks, consistent with the increase in 

the amount of injected compounds. It was also flagrant that all venom compounds eluted 

in an initial phase of running, which indicates that a flow rate of 3 mL/min conducted to 

a premature elution of compounds and consequently chromatographic profile reversion. 

Considering these results, separation and collection of fractions was done with a flow 

rate of 1 mL/min and an injection volume of 800 µL per sample. Two RP-HPLC runs were 

performed for fractionation and a total of 51 fractions were obtained. After dried, fractions 

were dissolved in DMSO 40% in water to a concentration of 4 mg/mL. Table A from 

Appendix III indicates fractions weight after dry.  
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3.2. Compounds mass range distribution 

Venom samples from Conus venulatus and Conus ateralbus were analysed using 

Maldi-TOF to detect compound molecular masses within the venoms (Figure 9). The 

data showed here was previously gathered by Dr. Jorge Neves in collaboration with 

University of Utah. Compounds with molecular weights ranging from 600 to 5000 Da 

could be detected using this approach. There were 109 mass peaks in Conus ateralbus 

samples. Almost 66% of these masses had a molecular mass of 600 to 4000 Da, while 

33% had a molecular mass of 4000 Da or higher. However, the majority of the peaks 

had a molecular mass of 1500 to 2000 Da (33%). Conus venulatus, on the other hand, 

has a different mass distribution than Conus ateralbus, and less mass peaks (81) in its 

venom. In this sample, molecules with molecular weights of 3000 Da or greater account 

for 63% of the venom composition, while smaller molecular masses account for just 36% 

of the venom. The most common molecular masses were greater than 5000 Da, 

accounting for around 30% of all masses discovered. 
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Figure 9 Molecular mass range distribution of venom compounds detected by Matrix-assisted laser desorption 

ionization couple to time-of-flight mass spectrometer (Maldi-TOF) analysis. 
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3.3. Bioactivity Assays 

3.3.1. Lipid reducing activity in Zebrafish Larvae 

Conus fractions obtained from RP-HPLC separation were tested in zebrafish and 

cellular bioassays. First bioactivity screen was lipid reducing activity and was performed 

in zebrafish larvae 5 days post-fertilization (DPF), using the zebrafish Nile red fat 

metabolism assay. Dimethyl sulfoxide (DMSO) was used as solvent control and showed 

a strong red fluorescence signal on zebrafish yolk sac, indicating lipid accumulation in 

that region. Resveratrol (Rev) was used as a positive control and was able to significantly 

reduce lipid accumulation on zebrafish yolk sac.  

Results from anti-obesity screening are showed in Figure 10. Results concerning 

Conus ateralbus fractions showed that only fraction C.ateralbus R2.6 led to a significant 

decrease in fluorescence intensity compared with the DMSO group. Fluorescence 

quantification and statistical analyses proved that fraction C.ateralbus R2.6 had 

significant lipid reducing activity comparing with DMSO at 48 h of exposure, as 

represented in Figure 11. C.ateralbus R2.6 reduced fluorescent staining by 39%, at a 

final concentration of 10 µg/mL. This fraction is marked by an asterisk (*) in Figure 7. 

Fractions C.ateralbus R1.7 and C.ateralbus R1.14 showed statistical differences from 

DMSO, and increased lipid accumulation in approximately 45% and 42%, respectively.  

DMSO REV C.ateralbus R2.6 C3.1 

Figure 10 Representative images of zebrafish Nile red fat metabolism assay of fraction C.ateralbus R2.6 and C.3.1. Top 

images show fluorescence with red contrast, and bottom images represent phase contrast of zebrafish larvae. Dimethyl 

sulfoxide (DMSO) was used as a solvent control, at a concentration of 0.1%, and resveratrol (Rev) was used as a positive 

control, at a concentration of 50 µM. 
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Additionally, Conus venulatus fractions were tested using zebrafish Nile red fat 

metabolism assay. Results showed that no fraction significantly decreased fluorescence 

intensity compared with DMSO (Figure 11).  

Given the results obtained during this assay for Conus ateralbus and Conus 

venulatus, we decided to test a third specie, Conus genuanus, where the venom was 

already fractionated and stored at -80 ºC from previous studies. Results showed that 

only fraction C3.1 reduced fluorescence intensity compared with solvent control group 

(DMSO) (Figure 10). Fluorescence quantification followed by statistical analysis 

confirmed what could be observed in the images (Figure 11). Fraction C3.1 had a 

statistically significant difference from DMSO control, leading to a reduction on 

fluorescent staining of 52%, after 48 h of exposition to fractions at 10 µg/mL.       

The screening for bioactive compounds that act on lipid metabolism showed that from 

68 tested fractions, two fractions (3%) were able to significantly reduce lipid staining on 

zebrafish yolk sac, two fractions (3%) increased neutral lipid staining, and 64 had no 

effect on zebrafish larvae 5DPF lipid metabolism.  
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Figure 11 Quantification of the lipid-reducing effects of different fractions from three Conus species at a final 

concentration of 10 µg/mL using the zebrafish Nile red fat metabolism assay. Solvent control had 0.1% DMSO and the 

positive control 50 µM REV. Values are expressed as mean fluorescence intensity (MFI) percentage relative to the 

DMSO group. Data have been derived from 5-7 individuals per treatment group and are shown as box-and-whisker 

plots (5-95 percentiles). Statistical differences from solvent control (DMSO) were analysed by Kruskal-Wallis with 

Dunn´s posthoc (C.ateralbus R1, C.venulatus R1, C.venulatus R2 and C.genuanus) and Brown-Forsythe and Welch 

ANOVA tests and Holm-Sidak’s multiple comparisons test (C.ateralbus R2). Differences are indicated by asterisks, * p 

< 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.    
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3.3.1.1. C.ateralbus R2.6 proteomic analyses 

C.ateralbus R2.6 was the first fraction showing promising bioactivity, namely in the 

zebrafish Nile red fat metabolism assay. In order to identify some of the present peptides, 

C.ateralbus R2.6 was sent to University of Aveiro where Prof Pedro Domingues 

proceeded with a proteomics analysis using high resolution mass spectrometry. Figure 

12 shows the chromatographic profile from fraction C.ateralbus R2.6 obtain using LC-

ESI-HR-MS/MS method. As can be observed, more abundant peaks were detected after 

48 min, as well as the presence of many peaks showing a complex mixture of the sample.  

After analysing the recovered raw sequences and comparing them to the Uniprot 

(TrEMBL and Swiss-Prot) protein sequence database, ten sequences of known 

conotoxins matched to peptide sequences from the experimental LC-ESI-HR-MS/MS 

chromatogram (Table 7). Identified peptides using this approach had a wide variety of 

molecular weights, ranging from 419 m/z (Da) to 1579 m/z (Da). For five of the eleven 

sequences, the software could determine the relative abundance in the tested fraction. 

The peptide sequence with similarity to Conotoxin Cl10.1 was identified as the most 

abundant.  

Peptides found in C.ateralbus R2.6 fraction have similarities with conotoxins already 

isolated from several Conus species, with peptide sequence coverage of 46% to 6% 

(Table 8). Sequences similarities suggest that this fraction has in its constitution peptides 

found in vermivorous, molluscivorous and piscivorous species. Among these conotoxins, 

two (18%) belong to O1 superfamily known for inhibit ion channels, three (27%) belong 

to T superfamily targeting ion channels, one (9%) inhibit nAChRs and belong to 

superfamily D. Additionally, O2 superfamily was also identified. Peptides BLAST with 

conotoxins sequences revealed that our sequences aligned mostly with signal peptide 

and/or with propeptide sequences. Only alignment with Cysteine-rich venom protein 

occur in the mature peptide region.

Figure 12 Chromatographic profile of C.ateralbus R2.6 fraction. More abundante peaks in C.ateralbus R2.6 fraction 

eluted after 48 minutes of run. 



Sónia Raquel Gomes Ribeiro    2021 

31 
 

Table 7 Peptides detected by LC-ESI-HR-MS/MS, relative abundance peptides masses and putative sequences by mass-matching using BLAST search on UniProtKB database. 

Conotoxin Sequence 
m/z 

(Da) 
Relative abundance 

Alpha-conotoxin-like Ml20.3 [-].MPKLEMMLLVLLILPLSYFSAAGGQVVQGDWRGDGLARYLQR.[G] 1579,82788 - 

Omega-conotoxin SVIA [T].ACQLITAEDSRGTQKHRTLRSTARRSKS.[E] 1579,32495 - 

Conotoxin VnMLCL-031 [F].IILLLLASPAAPNPLQTRXQSNLIR.[A] 688,159 - 

Conotoxin Vc6a [F].LTANTFATADDPRNGLENLFLKAHHEMN.[P] 1570,75366 - 

Conotoxin Ar5.1 b [F].IILLLLASPAASNPLKTRIQSDLIRAAL.[E] 595,16095 2419242,25 

Conotoxin Vc6.17 [K].LIILLLVAAVLMSTQALF.[Q] 483,04846 510537,625 

Conotoxin Ca5.1 [F].IILLLLASPAASD.[P] 432,93192 - 

Conotoxin vc5b (Fragment) [-].VILLLLI.[A] 419,80408 17915710 

Conotoxin Cl10.1 [T].MLVLLLLL.[P] - 98395568 

Cysteine-rich venom protein [A].MQCILGHDSGRRGEPDL.[P] 471,73135 11530,8418 

-  Unknown 
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Table 8 Conotoxins identification by BLAST search on UniProtKB database. Signal peptide, propeptide and mature peptide are shown in orange, green and blue, respectively. Peptides identified 

by LC-ESI-HR-MS/MS are underlined.  

Conotoxin 
(Accession) 

Species 
(Diet) 

Peptide sequence 
Coverage 

[%] 
Superfamily 

(target) 
Ref 

 
MI (P0CE32) 

 
C. miles 

(v) 

MPKLEMMLLVLLILPLSYFSAAGGQVVQGDWRGDGLARYLQRGDRDAQGCQV 
VTPGSKWGRCCLNRVCGPMCCPASHCYCIYHRGRGHGCSC 

 
46 

D (inhibitor of 
nicotinic 

acetylcholine 
receptors 
(nAChRs)) 

Loughnan 
et al., 2009 

SVIA (P28880) 
C. striatus 

(p) 
MKLTCVMIVAVLLLTACQLITAEDSRGTQKHRTLRSTAR 

RSKSESTTRCRSSGSPCGVTSICCGRCYRGKCT 
39 

O1 (Ca 
channel-
targeted) 

Ramilo et 
al., 1992 

VnMLCL (Q9BP53) 
C. ventricosus 

(v) 
MLCLPXFIILLLLASPAAP NPLQTRXQSNLI 

RAGPEDANIKTXKRVIISGLXXSILVPLIDAIIG 
38 - 

Conticello 
et al., 2001 

 
Vc6a (P69758) 

C. victoriae 
(m) 

MKLTCVVIVAVLFLTANTFATADDPRNGLENLFLKA 
HHEMNPEASKLNERCLSGGEVCDFLFPKCCNYCILLFCS 

 
37 

O1 (ion channel 
inhibitor) 

Jakubowski 
et al., 2004 

Ar5.1b(Q9BP51) 
C. arenatus 

(v) 
MLCLPVFIILLLLASPAASNPLKTRIQSDLIRAALEDADMK 

NEKNILSSIMGSLGTIGNVVGNVCCSITKSCCASEE 
36 

T (ion channel 
inhibitor) 

Conticello 
et al., 2001 

Vc6.17(G1AS83) 
C. victoriae 

(m) 
MQKLIILLLVAAVLMSTQALFQEKRRKEKIDLLSKRKTDA 

EKQHKRLCPDYTDPCSNAYECCSWNCHNGHCTG 
33 

O2 (inhibits 
voltage-gated 
ion channels) 

Safavi-
Hemami et 

al. 2011 

Ca5.1 (P0C666) 
C. caracteristicus 

(v) 
MRCVPVFIILLLLASPAASDPLEKRIQSDLIRAALEDAD 

TKNDPRILEDIVSTALATCCKFQFLNFCCNEK 
18 

T (ion channel 
inhibitor) 

Peng et al., 
2007 

Vc5b (P69768) 
C. victoriae 

(m) 
VILLLLIASAPSVDAQPKTKDDVPLAPLH 
DNAKSALQHLNQRCCQTFYWCCGQGK 

13 
T (ion channel 

inhibitor) 
Jakubowski 
et al., 2004 

Cl10.1(D6C4H8) 
Californiconus 

californicus 
(p) 

MTTLGMTMLVLLLLLPLATCLGDGERSPWDSLLRALRSDP 
QACEPTISGGEMICRDEVCASTGCNCGYNIAKAHCYCACP 

10 - 
Biggs et al., 

2010 

(Q7YT83) 
C. textile 

(m) 

MLSTMQTVGAVLMLSIVLVAGRKRHHCDSKYYELTPAHTMCLTDKPNAVAVPLTQ 
ETEHEILEMHNKIRADVTDAANMLKMEWDERLATVAQKWAMQCILGHDSGRRG 

EPDLPGSVGQNVAWSSGDLTFLGAVQMWADEIVDFQYGVWTDGTGHYIQQVFAG 
ASRIGCGQSACGNNKYFVCNYYKGTMGDEPYQLGRPCSQCRSSCQHIRGS 

QGRWGSLCDCTNGPDACFNGGIFNINTCQCECSGIWGGADCQEKHCPNEDFDD 
MCRYPDALRRPQHWCQYDNFQSDCPILCGYCPNPN 

6 - - 

v- vermivorous; p- piscivorous; m- molluscivorous; - unknown 
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3.3.2. Glucose Uptake in Zebrafish Larvae 

A 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl) Amino)-2-Deoxyglucose (2-NBDG) assay 

was performed using zebrafish larvae 3DPF. Glucose uptake was evaluated by 

fluorescent microscopy. Dimethyl sulfoxide (DMSO) was used as solvent control and 

showed light fluorescence signal on zebrafish yolk sac and eyes. Emodin was use as a 

positive control as it is known to increase glucose uptake on zebrafish larvae. 

Fluorescence quantification was done separately on zebrafish yolk sac and eyes. Figure 

13 demonstrates images from control groups used in this assay.  

Results from 2-NBDG assay in zebrafish yolk sac can be observed in Figure 14. 

Conus ateralbus fractions demonstrated that no fraction increased fluorescence intensity 

compared with DMSO group in yolk sac. Instead, majority of fractions showed decreased 

fluorescence when compared with solvent control.  Fluorescence quantification and 

statistical analyses confirmed this observation. C.ateralbus R2.3, C.ateralbus R2.4, 

C.ateralbus R2.7 and C.ateralbus R2.9 were the most statistically different fractions and 

led to a decrease in mean fluorescence intensity (MFI) of 47%, 34%, 44% and 39%, 

respectively, compared with DMSO group. Interestingly, fraction C.ateralbus R2.6 

showed no difference from solvent control.  

 

EMODIN DMSO 

Figure 13 Representative images of glucose uptake in zebrafish larvae. Top 

images show fluorescence with green contrast, and bottom images represent 

phase contrast of zebrafish larvae. Dimethyl sulfoxide (DMSO) was used as a 

solvent control, at a concentration of 0.1%, and EMODIN was used as a 

positive control, at a concentration of 10 µM. 
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Figure 14 Quantification of glucose uptake in yolk sac by embryos expose to fractions from three Conus species at a 

final concentration of 10 µg/mL. Solvent control had 0.1% DMSO and the positive control 10 µM EMODIN. Values are 

expressed as mean fluorescence intensity (MFI) percentage relative to the DMSO group. Data have been derived from 

5-6 individuals per treatment group and are shown as box-and-whisker plots (5-95 percentiles). Statistical differences 

from solvent control (DMSO) were analysed by Kruskal-Wallis with Dunn´s posthoc (C.ateralbus R1) and by Brown-

Forsythe and Welch ANOVA tests and Holm-Sidak’s multiple comparisons test (C.ateralbus R2, C.vennulatus R1, 

C.venulatus R2, C.genuanus) and are indicated by asterisks, * p < 0.1; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Conus venulatus fractions were also tested in this assay. Results of yolk sac 

observation indicated no increase in fluorescence intensity compared with DMSO group. 

And, as observed in Conus ateralbus results, a decrease in fluorescence intensity was 

noticed. Statistical analyses indicated that most active fractions (C.venulatus R1.6, 

C.venulatus R1.9, C.venulatus R1.10, C.venulatus R1.12, C.venulatus R1.13, 

C.venulatus R2.2, C.venulatus R2.5, C.venulatus R2.7, C.venulatus R2.8 and 

C.venulatus R2.11) led to a decrease of fluorescence between 49% and 59%. 

Conus genuanus showed the same propensity as Conus ateralbus and Conus 

venulatus. When compared to the DMSO groups, all fractions exhibit little fluorescence 

intensity. After fluorescence quantification, statistical studies revealed that most active 

fractions (A9, A2, C1, C1.1 and C2) cause a 53% to 68% drop in mean fluorescence 

intensity on zebrafish yolk sacs compared with solvent control.  

Quantification of glucose uptake in eyes of embryos expose to fractions can be 

observed in Figure 15. Fluorescence intensity in eyes of zebrafish larvae exposed to 

Conus ateralbus fractions was similar to fluorescence intensity observed in DMSO group. 

Statistical analyses confirm this observation. No fraction was able to enhanced 

fluorescence intensity and glucose uptake in zebrafish eyes. Similar results were noted 

in embryos exposed to Conus venulatus and Conus genuanus fractions. However, 

fraction C3 showed a statistical difference from solvent control, decreasing mean 

fluorescence intensity in 47%. 

Overall, screening for bioactive compounds produced by these three Conus species 

found that 52 out of 65 fractions (80%) decreased significantly fluorescence intensity in 

yolk sac compared DMSO control. In contrast, no fraction increased glucose uptake in 

zebrafish yolk sac. Additionally, no fraction significantly increased glucose uptake in 

zebrafish eyes, but one fraction (2%) induced a decrease in glucose uptake. 
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Figure 15 Quantification of glucose uptake in eyes of embryos expose to fractions from three Conus species at a final 

concentration of 10 µg/mL. Solvent control had 0.1% DMSO and the positive control 10 µM EMODIN. Values are 

expressed as mean fluorescence intensity (MFI) percentage relative to the DMSO group. Data have been derived from 

5-6 individuals per treatment group and are shown as box-and-whisker plots (5-95 percentiles). Statistical differences 

from solvent control (DMSO) were analysed by Ordinary one-way ANOVA (C.ateralbus R1, C.ateralbus R2, C.venulatus 

R2), by Kruskal-Wallis with Dunn´s posthoc (C.venulatus R1) and by Brown-Forsythe and Welch ANOVA tests and Holm-

Sidak’s multiple comparisons test (C.genuanus) and are indicated by asterisks, * p < 0.1; ** p < 0.01; *** p < 0.001; 

**** p < 0.0001. 
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3.3.3. Anti-Steatosis Activity in HepG2 Cells  

Cellular bioassays were also performed to test Conus fractions. The first cellular 

assay involved quantifying cellular lipids in HepG2 cells using a steatosis assay. As 

negative controls, dimethyl sulfoxide (DMSO) and methanol (MeOH) were utilized. To 

stimulate lipid droplet production, HepG2 cells were treated to 62 µM sodium oleate (SO). 

After 6 hours of co-exposure to SO and Conus fractions, the reduction in lipid 

accumulation was measured. Figure 16 depicts images from the assay's control groups, 

showing the fatty acid overloading in SO treated cells (increased fluorescence of neutral 

lipids). 

 

Results from bioactivity screening using the anti-steatosis assay in HepG2 cells can 

be observed in Figure 17. Cells exposed to SO show high lipid staining, according to the 

results of the anti-steatosis activity screening using Conus ateralbus fractions. Only 

fractions C.ateralbus R1.1, C.ateralbus R1.14, and C.ateralbus R2.10 showed statistical 

differences from the solvent control (SO) group. Exposure to these fractions resulted in 

a 7%, 20%, and 17% increase in mean fluorescence intensity, respectively. No fraction 

reduced lipid accumulation in exposed HepG2 cells. 

Additionally, Conus venulatus fractions were also tested in HepG2 cells. As observed 

in Conus ateralbus results, SO supplementation led to an increase in lipid accumulation 

and fractions did not influence the mean fluorescence intensity compared to SO control 

group.  

 

MeOH DMSO SO 

Figure 16 Representative images of anti-steatosis activity in HepG2 cells. Methanol (MeOH) at a final concentration of 

0.5%, and Dimethyl sulfoxide (DMSO) at 0.5% were used as negative controls. Sodium oleate (SO) was used to induce the 

formation of lipid droplets, which can be observed as intense lipid accumulation in cells, at a final concentration of 62 

µM. Hoechst 33342 (HO) was used as staining for DNA (blue) and Nile red (NR) was used as a lipid staining (orange). 
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Figure 17 Bioactivity screening using the anti-steatosis assay in HepG2 cells. Values are expressed as mean 

fluorescence intensity (MFI) percentage relative to solvent control (DMSO 0.5%, SO 62 µM). Two negative controls 

(MeOH 0.5%, DMSO 0.5%) were included. HepG2 cells were exposed for 6 h to 62 µM sodium oleate (SO 62 µM) and 

10 µg mL−1 Conus fractions. The data are shown as box-and-whisker plots (5-95 percentiles).  Statistical differences 

from solvent control were analysed by Brown-Forsythe and Welch ANOVA tests and Holm-Sidak’s multiple 

comparisons test and are indicated by asterisks, * p < 0.1, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Conus genuanus produced similar outcomes to Conus ateralbus and Conus 

venulatus. Except for A9 and C1, cells exposed to SO and co-exposed to fractions had 

similar mean fluorescence intensities. These fractions showed a 25% and 22% increase 

in fluorescence intensity, respectively. 

Following, the sulforhodamine B (SRB) assay was used to determine cellular vitality 

(Figure 18). Results showed that incubation with Conus ateralbus fractions did not 

reduce cellular viability, and some fractions increased cellular protein content compared 

with DMSO group. Fractions C.ateralbus R1.2, C.ateralbus R1.5, C.ateralbus R1.10, 

C.ateralbus R1.11, C.ateralbus R1.12, C.ateralbus R1.13 and C.ateralbus R2.7 

enhanced cellular viability by about 22%. Additionally, fractions C.venulatus 2.5, 

C.venulatus 2.6, C.venulatus 2.7, and C.venulatus 2.8 exhibited a statistical difference 

from the DMSO control, increasing cellular viability by about 25%. On the other hand, 

Conus genuanus fractions also did not affect protein content and consequently cellular 

viability. 

Thereupon, from 68 analysed fractions, five fractions (7%) significantly increased the 

lipid accumulation in HepG2, and 63 fractions had no effect on cellular lipid content. 

Results concerning cellular viability also demonstrated that no fraction decreased cellular 

protein content, and eleven fractions (16%) were able to increase cellular viability when 

sulforhodamine B (SRB) assay was performed.  
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Figure 18 Cell viability after 6h of exposure to Conus fractions at a concentration of 10 µg mL−1. Cells on solvent control 

were exposed to DMSO 0.5% and SO 62 µM. Two negative controls (MeOH 0.5%, DMSO 0.5%) were included. The data 

are shown as column bar graph. Statistical differences from DMSO control were analysed by Brown-Forsythe and 

Welch ANOVA tests and Holm-Sidak’s multiple comparisons test (C.ateralbus R1, C.ateralbus R2) and by Ordinary one-

way ANOVA test (C.venulatus R1, C.venulatus R2, C.genuanus) and are indicated by asterisks, * p < 0.1; ** p < 0.01; 

*** p < 0.001; **** p < 0.0001. 
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3.3.4. Inflammatory assays  

3.3.4.1. Pro-inflammatory assay  

RAW 264.7 macrophages were subjected to pro-inflammatory tests. The solvent 

control was 0.5% dimethyl sulfoxide (DMSO). Lipopolysaccharide (LPS) was used to 

cause inflammation in RAW 264.7 cells. Nitric oxide (NO) concentration was assessed 

after 24 hours of exposure to Conus fractions without the addition of LPS in these wells. 

The results demonstrated that LPS exposure caused exposed macrophages to produce 

more NO, which is a normal response to this pro-inflammatory chemical. 

Results from pro-inflammatory assay can be observed in Figure 19. No significant 

differences in NO production were found between the DMSO group and cells exposed 

to Conus ateralbus fractions at a 10 µg/mL final concentration. The same assay was 

performed using Conus venulatus and Conus genuanus fractions, and a similar outcome 

was obtained, NO levels similar to solvent control.  

The cytotoxicity of fractions was assessed using the MTT (3-(4,5-Dimethylthiazol-2-

yl)-2 assay (Figure 20). According to the data, no fraction reduced cellular viability 

significantly, even if viability reductions were observed in some groups. 

After testing the pro-inflammatory ability of 59 fractions, results demonstrated that 

studied Conus species should not produce peptides able to interfere with pro-

inflammatory pathways of macrophages. In addition, cellular viability after fractions 

exposure revealed that these are not cytotoxic for RAW 264.7.  
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Figure 19 Bioactivity screening using pro-inflammatory assay in RAW 264.7 macrophages. Cells on positive control 

were exposed to DMSO 0.5% and LPS 1µg/mL. A solvent control (DMSO 0.5%) and two quality controls (LPS and Blanc) 

were included. Values are expressed as percentage of NO production relative to solvent group (DMSO). Raw 264.7 

were exposed for 24 h to Conus fractions at a final concentration of 10 µg mL−1. The data are shown as box-and-

whisker plots (5-95 percentiles). Statistical differences from solvent control were analysed by Kruskal-Wallis with 

Dunn´s posthoc and are indicated by asterisks, * p < 0.1, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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Figure 20 Cell viability after 24h of exposure to Conus fractions at a concentration of 10 µg mL−1. Cells on positive 

control were exposed to DMSO 0.5% and LPS 1µg/mL. A solvent control (DMSO 0.5%) and two quality controls (LPS 

and Blanc) were included. The data are shown as column bar graph. Statistical differences from solvent control (DMSO) 

were analysed by Kruskal-Wallis with Dunn´s posthoc and are indicated by asterisks, * p < 0.1, ** p < 0.01, *** p < 

0.001, **** p < 0.0001. 
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3.3.4.2. Anti-inflammatory assay 

Anti-inflammatory assays were performed in RAW 264.7 macrophages. Cells on 

solvent control were exposed to DMSO 0.5% and LPS 1µg/mL. A negative control 

(DMSO 0.5%) and two quality controls (LPS and Blanc) were included in the assay. After 

24 h of exposure to LPS and Conus fractions, Nitric oxide (NO) content was measured. 

Results from anti-inflammatory activity screening can be observed in Figure 21. 

Exposure to Conus ateralbus fractions demonstrates that most fractions reduced NO 

level compared to the LPS + DMSO control group. The most active fractions in this 

experiment were C.ateralbus R1.14 and C.ateralbus R1.15, which resulted in a 66% and 

77% drop in NO concentration, respectively. Macrophages were exposed to Conus 

venulatus fractions and results suggest that when compared to the solvent control, NO 

production was lower in some fractions. The most statistically significant fractions were 

C.venulatus R2.2 and C.venulatus R2.5, which caused 74% and 76% reduction in NO 

content. Conus genuanus produced similar results to Conus ateralbus and Conus 

venulatus. NO production was shown to be lower in exposed cells when compared to 

the LPS + DMSO control. C2.5, C1, and A7 were the most statistically significant 

fractions, causing a 74%, 76%, and 67 % decline in NO content. 

MTT test was used to assess the cytotoxicity of fractions (Figure 22). According to 

the findings, fraction C.ateralbus R1.13 reduced cellular viability by 25%, compared with 

DMSO control group. Fraction C2.2 too led to a decrease of 62% of cellular viability. 

Additionally, C.venulatus R1.4 resulted in a 14% increase in cellular viability. All the other 

fractions did not have statistical differences from control group.      

The anti-inflammatory potential of 65 fractions was tested, and the results revealed 

that 43 fractions (66%) led to a decrease in NO content after co-exposure to LPS and 

fractions, suggesting that the examined Conus species may produce peptides that 

interfere with macrophage anti-inflammatory pathways. Furthermore, cellular viability 

following fraction exposure demonstrated that two fractions (3%) resulted in lower 

cellular viability in RAW 264.7 cells in this experiment, and one fraction (2%) increased 

cellular viability.  
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Figure 21 Bioactivity screening using anti-inflammatory assay in RAW 264.7 macrophages. Cells on solvent control 

were exposed to DMSO 0.5% and LPS 1µg/mL. A negative control (DMSO 0.5%) and two quality controls (LPS and 

Blanc) were included. Values are expressed as percentage of NO production relative to solvent group (DMSO and LPS) 

from cell exposed to Conus fractions. Raw 264.7 were exposed for 24 h to Conus fractions at a final concentration of 

10 µg mL−1. The data are shown as box-and-whisker plots (5-95 percentiles). Statistical differences from solvent control 

were analysed by Kruskal-Wallis with Dunn´s posthoc and are indicated by asterisks, * p < 0.1, ** p < 0.01, *** p < 

0.001, **** p < 0.0001. 
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Figure 22 Cell viability after 24h of exposure to Conus fractions at a concentration of 10 µg mL−1. Cells on solvent 

control were exposed to DMSO 0.5% and LPS 1µg/mL. A solvent negative control (DMSO 0.5%) and two quality controls 

(LPS and Blanc) were included. The data are shown as column bar graph. Statistical differences from solvent negative 

control (DMSO) were analysed by Brown-Forsythe and Welch ANOVA tests and Holm-Sidak’s multiple comparisons 

test and are indicated by asterisks, * p < 0.1, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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4. Discussion   

Cone snails are venomous invertebrates with a growing potential for identifying 

pharmacologically interesting chemicals, particularly those with a piscivorous and 

molluscivorous feeding behaviour. Fish-hunting and snail-hunting species have a tight 

association with humans and vertebrates because they prey on more complex animals, 

and compound research has mostly centred on these species (Pi et al., 2006). However, 

less studied vermivorous species have shown increasing potential for the discovery of 

equally important compounds. Three worm-hunting species (Conus ateralbus, Conus 

venulatus and Conus genuanus) belonging to Kalloconus subgenus were studied 

throughout this work. Conus ateralbus is an endemic species most found at the island of 

Sal in Cabo Verde, and it is currently endangered (Tenorio, 2012a). This species had 

previously been the subject of research, and a conotoxin, δ -conotoxin-like AtVIA (δ-

AtVIA; GenBank accession number is MH025915), was found (Neves et al., 2019). 

Calcium imaging of DRG neurons using this conotoxin showed its potential to increase 

cytosolic Ca2+ in DRG cells by inhibiting vertebrate voltage-gated Na+ channel 

inactivation, which consequently stops the repolarization of cells membranes (Aman et 

al., 2015; Neves et al., 2019). Conus genuanus is found along the West African coast, 

from Senegal to the islands of Cabo Verde and São Tomé and Príncipe, and is non-

endemic to the Cabo Verde islands. According to the IUCN Red List of Threatened 

Species 2012, this species is now categorized as Least Concern (Tenorio, 2012b). 

Previous studies involving Conus genuanus identified a small molecule, a guanine 

derivative (genuanine), that provokes paralytic activity in mice, although its molecular 

target is still unknown (Neves et al., 2015; Lin et al., 2021). Conus venulatus can mostly 

be found in Boavista, Santiago, and Maio's islands and is an endemic specie from Cabo 

Verde archipelago. According to Tenorio and his IUCN Red List of Threatened Species 

from 2012, Conus venulatus is classified as Least Concern (Tenorio, 2012c). To the best 

of our knowledge, no research has been done on Conus venulatus venom in order to 

characterize it and identify bioactive fractions and conotoxins, unlike the other species 

under investigation.  
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4.1. Venoms chromatographic characterization  

Although Conus ateralbus is already a studied species, research began with 

optimization of RP-HPLC conditions to acquire a decent chromatographic 

characterisation of its venom and a separation into fractions for screening bioactivities. 

The same process was done for Conus venulatus. The chromatographic profiles 

observed for these species suggest that Conus ateralbus has more natural products in 

its venom makeup than Conus venulatus, (Figure 7 and Figure 8). However, observed 

peaks are far from completely purified and venoms could be more complex than what 

can be elucidated from the profiles obtained. The polarity of the conopeptides identified 

in Conus ateralbus venom was as expected and identical to the chromatographic profile 

first described by Neves et al. (2019). Conus venulatus venom exhibited a similar 

chromatographic profile to Conus ateralbus venom, although apparently this venom 

contains fewer conopeptides, and retention time of more apolar compounds was later 

than what could be observed in Conus ateralbus profile.  

Conus species' venom contains between 50 to 200 peptides, according to several 

studies (Jakubowski et al., 2006; Davis et al., 2009; Mir et al., 2016). Although Davis et 

al. (2009) claims that some species can fabricate a more complex combination of 

conopeptides, such as Conus textile, which has been found to produce over 1000 distinct 

conopeptides in its venom. This study suggests that Conus venulatus and Conus 

ateralbus exhibit a mixture of roughly 81 and 109 peptides in their venoms (Figure 9). 

These data reinforce what was discovered in the chromatographic profiles, which 

indicated that Conus venulatus had less components in its chromatographic profile than 

Conus ateralbus. Both species had a multimodal peptides distribution without a clear 

pattern, like what was observed by Davis et al. (2009) for Conus imperialis (vermivorous) 

peptides. Conus ateralbus also had a more extraordinary occurrence of short peptides, 

especially those with a molecular mass between 600 and 2000 Da, similar to the 

distribution of Conus textile (molluscivorous) compounds, that showed a predominant 

mass range between 1300 and 2000 Da. Conus venulatus, on the other hand, has a 

distribution of compounds with a greater molecular mass (3000 Da or more) that is more 

similar to that of Conus imperialis, that exhibit high frequency of compounds with 

molecular masses between 3400 and 3800 Da. Conus genuanus chromatographic 

profile was already characterized by Neves et al. (2015). The venom duct was divided 

into distal and proximal sections, with polar molecules being more plentiful in the distal 

portion and apolar compounds being more abundant in the proximal segment (Neves et 

al. 2015). Conus genuanus venom molecular mass range was also characterized in 

Neves et al., (2015). Small components, with molecular masses between 200 and 700 
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Da, were more common in the venom recovered from the distal section of the venom 

duct, while compounds with higher molecular mass (2000 Da or more) were detected in 

the proximal part of the venom duct (Neves et al., 2015).  

Non-peptidic small compounds have been found in Conus genuanus and Conus 

imperialis. Genuanine and Conazolium A were both extracted from the venom of the 

distal venom duct and demonstrated remarkable bioactivity, paralyzing mouse limbs and 

mimicking natural polychaete pheromones, respectively (Neves et al., 2015; Torres et 

al., 2021). These findings highlighted a novel possibility for non-peptide compounds to 

play a significant role in Conus biology and hunting techniques (Neves et al., 2015; 

Torres et al., 2021). According to Dutertre et al. (2014), the distal portion of the venom 

duct is responsible for predation, whereas the proximal section contains chemicals 

responsible for animals’ defence. In the defence-evoked, paralytic peptides and other 

compounds active in vertebrate receptors were detected, while non-paralytic peptides 

were found in the predation-evoked. On the other hand, paralytic molecules identified in 

the distal area of the venom duct were discovered to play a predation role in Conus 

genuanus hunting strategy (Neves et al., 2015). The results discussed here, suggest that 

Conus ateralbus has a high concentration of smaller compounds that, like in Conus 

imperialis and Conus genuanus (worm-hunting species), could be non-peptides 

molecules with an important role in worm predation and with activity in vertebrate 

receptors (Torres et al., 2021). In order to better understand the location and importance 

of these substances in Conus ateralbus interactions with predators and preys, studies 

incorporating the examination of distinct venom duct sections could be useful. 

4.2. Screening for fractions with anti-obesity activity  

Drug side effects, including cardiovascular side effects, drug misuse, and 

psychological issues, limit the utilization of anti-obesity medications (Arya et al., 2020). 

Natural products have been studied to develop anti-obesity substances with fewer 

adverse effects than pharmaceutical medications. Sponges, marine microbe extracts, 

and algae are already reported to produce metabolites with anti-obesity activities (Arya 

et al., 2020). Intriguingly, bioactive fractions, such as C.ateralbus R2.6 and C3.1, 

belonging to Conus ateralbus and Conus genunaus, respectively, were discovered to 

reduce fluorescence staining in the zebrafish yolk sac, indicating a reduction in lipid 

deposition in that location (Figure 11). Other Conus ateralbus venom fractions, such as 

C.ateralbus R1.7 and C.ateralbus R1.14, have also been shown to interfere with lipid 

metabolism, causing fat buildup in the yolk sac. However, Conus venulatus fractions 

showed no bioactivity using Nile red fat metabolism assay. These findings demonstrated 

for the first time that the components in these fractions, probably conotoxins, can 
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interfere with the lipid metabolism in zebrafish larvae. These results corroborate what 

was reported by Sousa et al. (2018) and Neves et al. (2019), that showed that peptides 

synthetised by vermivorous cone snails can interact with vertebrates receptors. In the 

first, it was demonstrated that Conus moncuri has in its venom composition a conotoxin 

(ω-conotoxins) that interacts with Cav2.2 voltage-gated calcium channels when tested 

using a human SH-SY5Y neuroblastoma cell line (Sousa et al., 2018). ω-conotoxins are 

usually found in piscivorous species, which use them as part of their predation strategies, 

and they might have a defensive role in vermivorous species. In Neves et al. (2019) 

report was first discovered a conotoxin in Conus ateralbus, a δ-conotoxin-like, capable 

of triggering excitatory activity in DGR mouse neurons by acting in Na channels. This 

conotoxin can also be found in piscivorous species. Conotoxins and conopeptides have 

been studied primarily for their neuropharmacological potential, particularly in the 

treatment of Alzheimer's disease, Parkinson's disease, and chronic pain. (Gao et al., 

2017; Hoggard et al., 2017). And, as far as we know, this is the first study involving 

conopeptides and their potential as a treatment for metabolic illnesses such as obesity.  

The first fraction showing promising bioactivity was C.ateralbus R2.6, and it was only 

after this positive heat, we decided to include Conus genuanus in our research. This 

fraction was sent to the chemistry department of University of Aveiro to proceed with 

fraction proteomic profiling. Alignment of all discovered mass fragments from LC-ESI-

HR-MS/MS with sequences from the Uniprot protein sequence database resulted in the 

identification of ten sequences that were comparable to previously identified conotoxins 

(Table 7). Results from proteomic profile of C.ateralbus R2.6 (fraction) showed a mixture 

of sequences from fish-hunter, worm-hunter, and snail-hunter cone snails (Table 8). 

These findings suggest that Conus ateralbus venom can be employed for more than only 

feeding purposes, and that it can also be used to protect from predators in a variety of 

situations. The sequences revealed a higher coverage percentage among the identified 

conotoxins with an Alpha-conotoxin-like MI20.3 (superfamily D), a conotoxin isolated 

from Conus miles (vermivorous specie), that is known to inhibit nicotine acetylcholine 

receptors. This sample also contained sequences comparable to conotoxins from the O1 

and O2 superfamilies, suggesting the presence of conotoxins capable of inhibiting ion 

channels by binding to and blocking voltage-gated calcium channels. Sequences similar 

to T-superfamily conotoxins were also discovered. Conotoxins from this superfamily can 

inhibit norepinephrine receptors or block tetrodotoxin sensitive (TTX-S) Na channels and 

target neuronal nicotinic acetylcholine receptors (Wang et al., 2014; Rajesh, 2015). 

Additionally, the algorithm was able to calculate the relative abundance of five of these 

sequences in the tested fraction. The relative abundance of a sequence similar to a 
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cysteine-rich venom peptide recovered from Conus textile (vermivorous) was determined 

and this was the only sequence that aligned with the mature component of conopeptide. 

The presence of a cysteine common to both our sequence and this previously identified 

peptide was discovered in this sequence. Even though cysteines are present in the 

mature section of the peptide, the remaining sequences all align with the signal and/or 

propeptide regions, which are poor-cysteine regions. The signal peptide (endoplasmatic 

reticulum signal), N-terminal pro-region (propeptide), and C-terminal region of 

conopeptides are cleaved during maturation, and the mature peptide region can be 

subjected to post-translational changes (Kaas et al., 2008). According to ConoServer 

database (http://www.conoserver.org), to maintain proteins shape, cysteine residues are 

oxidised to form disulfide bridges. However, it is known that cone snails also produce 

cysteine-poor peptides, that show no or few disulfide bridges. Conopeptide diversity is 

due to the considerable variation found in the mature domain, whereas the signal peptide 

is known to be a conserved sequence, originating the identified conotoxins superfamilies 

(Kaas et al., 2008; Kaas et al., 2010). Therefore, these results could indicate that 

conopeptides found in this fraction are still non-identified.  

Although we found sequences similar to conotoxins already categorized in 

superfamilies such as O, T, and D and have a high relative abundance, observed 

bioactivity could be due to other molecules present in the fraction other than the ones 

identified in the proteomic profiling. This way, to determine the compounds responsible 

for reduction of lipid accumulation in zebrafish embryos, more studies need to be 

performed, namely further purification of C.ateralbus R2.6, isolation and testing of 

separated compounds or the synthesis of the ten peptides and re-testing in the anti-

obesity assay.  

4.3. Screening for fractions with anti-diabetic activity  

Natural compounds, particularly those derived from plants, have been shown to have 

anti-diabetic characteristics and are being studied to develop anti-diabetic 

pharmaceuticals (Xu et al., 2018). Anti-diabetic properties have also been reported in 

marine species such as sponges and sea cucumbers, which inhibit glycogen synthase 3 

beta (GSK-3B), protect beta pancreatic cells, manage glycemic status, and reduce 

diabetic cardiovascular problems (Khanfar et al., 2009; El Barky et al., 2016; Arya et al., 

2020). Concerning Conus species and their potential as sources of anti-diabetic agents, 

an insulin-like conotoxin (Con-Ins G1) was discovered in Conus geographus (Safavi-

Hemami et al., 2015). This conotoxin can induce hypoglycemic shock in animals, 

facilitating their capture. In addition, transcriptome analyses have revealed that all 

molluscivorous cone snail venom contains insulins. The majority of vermivorous cone 

http://www.conoserver.org/


Sónia Raquel Gomes Ribeiro    2021 

52 
 

snails and a minor percentage of piscivorous snails share this trait. These insulin-like 

conotoxins are used as a technique of predation by snail-hunting and piscivorous Conus. 

However, the purpose of these compounds in worm-hunting cone snails is unknown 

(Robinson & Safavi-Hemami, 2016; Safavi-Hemami et al., 2016). Different results were 

observed when quantifying fluorescence staining in zebrafish yolk sac (Figure 14) and 

eyes (Figure 15) using the 2-NBDG assay on zebrafish embryos exposed to cone snails’ 

fractions. The majority of fractions decreased fluorescence staining in the yolk sac, 

showing that exposure to fractions reduced glucose uptake and may hinder its uptake 

into cells. The results of fluorescence quantification in eyes, on the other hand, showed 

that fluorescence staining was similar to the solvent control, implying that fractions were 

not capable of significantly shifting glucose homeostasis. Polakof et al. (2012) and 

Dalmolin et al. (2018) reported that glucose transporters, specifically the GLUT family, 

are expressed differently in different tissues. Fish have already been found to have 

GLUT1-4. The blood-brain barrier and erythrocytes are the major sites of GLUT1 

expression. GLUT2 is more commonly found in the gastrointestinal tract, whereas 

GLUT3 is found in neurons. Adipose tissue and skeletal muscles both express GLUT4. 

The results of this assay could indicate that distinct conotoxins found in the venom of 

certain Conus species have varying affinities for glucose transporters, as evidenced by 

interactions with transporters found in the zebrafish yolk sac in the opposite of 

transporters expressed in the eyes. 

Based on these findings, it is reasonable to conclude that the vermivorous species 

studied here do not produce insulin-like conotoxins or other conopeptides capable of 

increasing glucose transport into zebrafish cells. But, on the other hand, it may produce 

conopeptides capable of interacting with glucose receptors. These findings may 

corroborate what Safavi-Hemami et al. (2016) discovered, which found that venom 

insulins expressed differently in different cone snail species. Snail-hunter and fish-hunter 

venom glands showed higher expression, while worm-hunter venom glands showed 

lower or no expression. According to Safavi-Hemami et al. (2016), insulins produce by 

cone snails are similar to prey signalling insulins. Snail-hunting species synthetise 

insulin-like conotoxins comparable with gastropods insulins, and fish-hunting species 

have venom insulins similar to fish insulins. The low levels of expression in vermivorous 

cone snails could be due to the low importance of these conotoxins in these species 

hunting strategies. 

4.4. Screening for fractions with anti-steatosis activity  

Marine proteins produced by Chlorella vulgaris and Arthrospira platensi, as well as 

spirulina have shown promise as dietary supplements that inhibit oxidative and 
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inflammatory processes and improve NALFD symptoms (Zhao et al., 2021). Small 

peptides found in Kefir, digestion-resistant peptides derived from potato protein 

hydrolysate, the bioactive peptide DIKTNKPVIF, and the MTL small oral peptide have all 

been shown to be dietary proteins that can help reduce hepatic fat accumulation (Teng 

et al., 2020; Zhao et al., 2021). The ability of venom from these three Conus species to 

influence cellular metabolism and cause alterations in lipid accumulation in HepG2 cells 

was therefore investigated (Figure 17). Although conotoxins have been proven to be 

bioactive in other biological assays, the results showed that almost all tested fractions 

had no effect on the steatosis in vitro. In contrast, it was observed that some fractions 

resulted in more significant lipid accumulation in cells. Concerning cellular viability, 

fractions showed no cytotoxicity against HepG2 cells (Figure 18). These results are 

different from those obtained in the Nile red fat metabolism assay, where two fractions 

decrease lipid accumulation in zebrafish embryos (Figure 11). Carotenoids and terpenes 

are among the known compounds that interfere with lipid metabolism in this human 

hepatoma cell line (Zeng et al., 2016; Costa et al., 2019). To our knowledge, no studies 

have been carried out with conotoxins to evaluate their potential against hepatic 

steatosis, although there are studies that evaluated conopeptides cytotoxicity in this cell 

line (Sun et al., 2011). According to Sun et al. (2011), cell viability was tested with MTT 

assay using conotoxin lt14a from Conus litteratus. Cells were exposed to conotoxins at 

a final concentration of 0.5 and 0.1 mg/ml, and both concentrations induce low 

cytotoxicity, presenting a cell viability of 90%. Another report combining HepG2 cells and 

Conus venom suggests that Conus geographus extracts have strong antiproliferative 

activity against the HepG2 cells line. MTT assay results revealed IC50 values for 

cytotoxicity of 19 ± 2.1 µg/mL (Alburae & Mohammed, 2020). Because Conus litteratus 

is a worm hunter and Conus geographus is a fish hunter cone snail, the cytotoxic 

variations described in these reports could be linked to the cellular pathways impacted 

by conotoxins, the concentrations of conopeptides evaluated, or the fact that isolated 

conotoxins or venom extracts were used in these reports. In this way, though HepG2 are 

proved to be a decent hepatic steatosis model, these cells show low metabolic capacity 

and reduced expression of enzymes and transporters (McMillian et al., 2001), the 

findings reported in this work might suggest that lack of bioactivity could be related with 

the type of receptors involved in the lipid storage in hepatic cells and zebrafish yolk sac, 

and low cytotoxicity could be linked to the test concentrations employed or to conotoxins 

found in the venoms of the investigated vermivorous species. 
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4.5. Screening for fractions with inflammatory activity  

Carotenoids, flavonoids, and phenolic substances are known to inhibit the production 

of inflammatory mediators, resulting in an anti-inflammatory action (Al-okbi, 2014; 

Howes, 2017). Anti-inflammatory properties have also been reported in a few marine 

nutraceuticals. Among the chemicals with proven antioxidant and anti-inflammatory 

activity are lipids from marine microalgae, polysaccharides from seaweeds, and proteins 

from Phaeodactylum tricornutum and Arthrospira platensis (Chojnacka & Michalak, 

2016). The ability of these three Conus species’ venoms to impact macrophage 

metabolism was investigated. Exposure of RAW 264.7 cells to Conus fractions revealed 

that the peptides found in each fraction had no ability to cause an inflammatory response, 

implying that these are not pro-inflammatory chemicals (Figure 19). In an anti-

inflammatory experiment in which cells were exposed to LPS, a known inflammatory 

agent, there was a clear decrease in NO content following exposure to fractions, 

indicating that peptides present in these fractions may interfere with anti-inflammatory 

pathways (Figure 21). Cell viability following fraction exposure in the pro-inflammatory 

experiment demonstrated that these are not cytotoxic (Figure 20), while anti-

inflammatory assay revealed cytotoxicity of two fractions after cells were exposed to LPS 

and conopeptides (Figure 22). Nicotinic acetylcholine receptors (nAChRs), sodium 

channels, potassium channels, and calcium channels are identical receptors that exist 

both in neuronal cells and in immune cells, like macrophages (Padilla et al., 2017). 

Although conotoxins have already been largely studied on the nervous system, only a 

few studies have been conducted to establish their pharmacological potential in these 

non-excitable cells. α-conotoxins have been demonstrated to interact with diverse 

subtypes of n-AChRs, resulting in different metabolic responses in cells linked to 

oncogenesis and tumor-associated inflammation. The importance of acetylcholine 

regulation during the inflammatory process and the selectivity, affinity, and inhibitory 

effect of these conotoxins on human macrophage AChRs were revealed in these 

investigations (Terpinskaya et al., 2015; Padilla et al., 2017). Additionally, from the same 

family of the already FDA approved Ziconotide (ω-MVIIA), a novel ω-conotoxins was 

isolated from Conus catus and exhibit selectivity to inhibit N-type voltage-gated calcium 

channels, reversing chronic inflammatory pain in mouse paws (Sadeghi et al., 2013). As 

a result, the findings reported in this work showed for the first time that conopeptides 

produced by Conus ateralbus, Conus venulatus, and Conus genuanus could interact 

with receptors expressed in RAW264.7 macrophages and elicit strong anti-inflammatory 

activities. 
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4.6. Zebrafish as model organism on screening for 

conotoxins bioactivity  

The use of zebrafish as a model organism for screening bioactive chemicals is 

growing. Several investigations evaluating toxicity, anti-cancer activity, and screening for 

novel medicines have previously been performed. Furthermore, these species are 

frequently used in researching metabolic and genetic illnesses (Lieschke & Currie, 2007; 

Morash et al., 2011; Zang et al., 2018). The bioactive potential of conotoxins applied to 

zebrafish has revealed that they can reduce the locomotor activity of larvae when applied 

to water or injected directly into individuals and affect the escape behaviour of 

individuals. Insulin secreted by Conus geograhus (Con-Ins G1) and a peptide (ρ-TIA) 

produced by Conus tulipa, among other conotoxins, have already been studied using 

this model organism (Bosse et al., 2021). Despite this potential, no research has been 

done before on the influence of conotoxins on the improvement of metabolic conditions 

in zebrafish larvae. As a result of the findings presented here, it is clear that zebrafish 

can be used to screen for conotoxins bioactivities against a variety of pathologies, 

expanding the number of model organisms suitable for conotoxins research and the 

diseases that can be investigated.  
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5. Conclusions  

Cone snails are one of the most diverse groups of extant marine invertebrates, 

accounting for a significant portion of the ocean's biodiversity. These gastropods 

developed powerful venoms to seek their prey and defend themselves against predators. 

The majority of previous research has concentrated on identifying and characterizing 

conopeptides with neurological action, resulting in the discovery of conotoxins that 

interact with human receptors and develop a number of interesting pharmaceutical 

compounds. On the other hand, cone snails from the Cabo Verde archipelago remain an 

underexploited source of peptides due to their endemism and variety. This study aimed 

to investigate and characterize the venom of Cabo Verde's endemic and non-endemic 

Conus species, mainly bioactive potential against metabolic diseases like obesity, 

diabetes, non-alcoholic fatty liver disease, and inflammation.  

According to venom characterization data, Conus ateralbus may synthesize more 

compounds for its venom than Conus venulatus. Conus ateralbus also has a higher 

prevalence of smaller peptides. Bioactivity assays revealed two fractions (C.ateralbus 

R2.6 and C3.1) with significant lipid reducing activity in zebrafish embryos. In addition, 

proteomic analyses were performed in C.ateralbus R2.6, and ten conotoxins were 

identified, which revealed sequences similarities with already described conotoxins. 

However due to the complexity of the fraction, peptides responsible for observed 

bioactivity will need to be uncovered in the future. An anti-inflammatory ability of fractions 

was also revealed during this project, where majority of fractions affected NO content 

after cells exposure to LPS. To the best of our knowledge, this was the first time 

conotoxins were investigated against obesity, steatosis and inflammation.  

As a result, this research highlights the importance of exploring cone snail venoms 

for diseases other than neurological diseases. Furthermore, the zebrafish model 

organism demonstrates its compatibility with screening for conotoxins bioactivities 

against various pathologies as well as the use of immune system cells, expanding the 

range of model systems suitable for conotoxins research as well as the diseases that 

can be assessed. 
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6. Future perspectives  

In terms of future research, it would be interesting to separate the venom duct content 

of Conus ateralbus to better understand the location of small molecules discovered in 

the venom and compare it to other species known to have small molecules, such as 

Conus genuanus and Conus imperialis. 

In order to discover the responsible compounds, further purification and isolation of 

compounds contained in C.ateralbus R2.6 fraction would be necessary. This would 

require another sampling campaign and collection of the species. Alternatively, synthesis 

of identified conotoxins/conopeptides could be performed. Those ten conopeptides could 

then be exposed directly in the zebrafish fat metabolism assay to verify if some of these 

are responsible, at least in part, for the observed bioactivity. After bioactive compounds 

were identified, researchers could focus on the molecular mechanisms of action of these 

compounds and other bioactivities in zebrafish embryos, such as fatty acid and 

cholesterol uptake. 

Proteomic investigations of other bioactive fractions could also be carried out in order 

to identify the responsible peptides for the bioactivities and better understand how 

conopeptides interfere with the anti-inflammatory response.  
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Appendixes  

• Appendixes I- Chromatographic profile of Conus ateralbus 

using gradient 1 

 

 

  

Figure A Chromatographic profile of Conus ateralbus using gradient 1. More polar compounds eluted around 7 

min of running with good resolution. Nonpolar compounds eluted with almost 36% of solvent B. Compounds 

eluted in this phase show poor separation, suggesting a mixture of detected compounds. 
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• Appendixes II - Chromatographic profile of Conus 

ateralbus using a flow rate of 3 mL/min 

 

 

Figure A Chromatographic profile of Conus ateralbus using a flow rate of 3 mL/min. It was observed a higher intensity 

in the recorded peaks, but it was also obvious a premature elution of compounds, indicating that compounds did not 

have enough time to bind to the column and were dragged at the beginning of race. 
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• Appendixes III – Fractions masses   
 

Table A Fractions weight after dried. Fractions were dissolved in DMSO 40% to a concentration of 4 mg/mL. 

Sample Fractions weight  

(mg) 

 
Sample Fractions 

weight  

(mg) 

 
Sample Fractions weight  

(mg) 

C. ate R1 #1 4.46 
 

C. ven R1 #1 1.79 
 

281 A #12 0.18 

C. ate R1 #2 0.12 
 

C. ven R1 #2 0.45 
 

281 A #2 0.59 

C. ate R1 #3 0.02 
 

C. ven R1 #3 2.59 
 

281 A #2.1 0.45 

C. ate R1 #4 0.02 
 

C. ven R1 #4 0.16 
 

281 A #7 0.36 

C. ate R1 #5 0.11 
 

C. ven R1 #5 2.22 
 

281 A #7.1 0.88 

C. ate R1 #6 0.09 
 

C. ven R1 #6 0.58 
 

281 A #8 0.04 

C. ate R1 #7 0.08 
 

C. ven R1 #7 0.16 
 

281 A #9 1.47 

C. ate R1 #8 0.45 
 

C. ven R1 #8 0.41 
 

281 A #3 0.07 

C. ate R1 #9 0.04 
 

C. ven R1 #9 0.36 
 

281 C #4 0.2 

C. ate R1 #10 0.2 
 

C. ven R1 #10 0.19 
 

281 C #5 0.08 

C. ate R1 #11 1.67 
 

C. ven R1 #11 0.4 
 

281 C #1 0.57 

C. ate R1 #12 0.41 
 

C. ven R1 #12 2.17 
 

282 C #5.1 0.25 

C. ate R1 #13 0.19 
 

C. ven R1 #13 1.34 
 

282 C #2.6 0.07 

C. ate R1 #14 0.44 
 

C. ven R1 #14 0.28 
 

282 C #3 0.25 

C. ate R1 #15 0.36 
 

C. ven R2 #1 2.03 
 

282 C #2 0.34 

C. ate R2 #1 4.28 
 

C. ven R2 #2 1.02 
 

283 C #2.1 0.39 

C. ate R2 #2 0.08 
 

C. ven R2 #3 0.15 
 

284 C #2.2 0.22 

C. ate R2 #3 0.08 
 

C. ven R2 #4 0.19 
 

285 C #2.3 0.13 

C. ate R2 #4 0.35 
 

C. ven R2 #5 2.56 
 

286 C #2.4 0.18 

C. ate R2 #5 0.2 
 

C. ven R2 #6 0.15 
 

287 C #2.5 0.55 

C. ate R2 #6 0.23 
 

C. ven R2 #7 0.16 
 

288 C #3.1 0.11 

C. ate R2 #7 0.18 
 

C. ven R2 #8 0.33 
 

289 C #1.1 0.89 

C. ate R2 #8 0.18 
 

C. ven R2 #9 0.35 
 

290 C #4.1 0.05 

C. ate R2 #9 0.18 
 

C. ven R2 #10 0.25 
   

C. ate R2 #10 0.29 
 

C. ven R2 #11 0.17 
   

   
C. ven R2 #12 1.25 
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• Appendixes IV - Work dissemination  

 

 

Figure A Poster communication for IJUP 14.º Encontro de Jovens Investigadores da Universidade do Porto 2021. 
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Figure B Poster communication for BLUE THINK CONFERENCE 2021.  

 


