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ABSTRACT   

 

Parkinson´s disease (PD) is a neurodegenerative illness characterized by the 

progressive loss of dopaminergic cells and the formation of Lewy bodies in the substantia 

nigra pars compacta, leading to motor system dysfunctions such as resting tremor and 

bradykinesia, affecting autonomy and cognition. Furthermore, following the growing pattern 

of old-age population, the discovery of new therapeutic agents able to prevent or  treat this 

condition is of utmost importance. In this context, especially when compared with terrestrial 

environment, marine environment represents a vast area that still remains widely 

unexplored, constituting a huge source of interesting secondary metabolites with unusual 

chemical structures with several biological activities, including neuroprotective activities. 

Therefore, the objective of this dissertation was to isolate compounds from the red 

seaweed, Sphaerococcus coronopifolius, aiming to evaluate their antioxidant and 

neuroprotective activities on an in vitro cellular model of PD.   

The isolation and purification of compounds was achieved through preparative 

chromatographic techniques, namely column chromatography and thin layer 

chromatography. Structural elucidation of compounds was determined by nuclear magnetic 

resonance (NMR). Regarding biological activities, antioxidant activity of compounds (1 – 

100 µM) was evaluated through the 2,2-diphenyl-1-picrylhydrazyl (DPPH), oxygen radical 

absorbance capacity (ORAC) and ferric reducing antioxidant power (FRAP) methods. The 

neuroprotective activity was evaluated on SH-SY5Y human neuroblastoma cellular model, 

which was exposed to the neurotoxin 6-hydroxy-dopamine (6-OHDA- 100 µM), mimicking 

PD effects, in absence and/or presence of the compounds (0.3, 1, 3 and 10µM; 24 h). 

Several biomarkers linked to the loss of dopaminergic neuronal cells, namely production of 

reactive oxygen species (ROS), alterations of mitochondrial membrane potential (MMP), 

and Caspase 3 activity were evaluated. The cytotoxicity of compounds was evaluated both 

on SH-SY5Y neuronal cells and on fibroblasts (3T3 cells).  

In our results, four compounds were isolated and when compared to NMR literature data 

they were identified as the sesquiterpene   alloaromadendrene and the brominated 

diterpenes (1), sphaerococcenol A (2), 12S-hydroxy-bromosphaerol (3) and 12R-hydroxy-

bromosphaerol (4). These terpenes revealed weak antioxidant activity compared to 

ascorbic acid in all methods tested. Through the ORAC assay, 12R-hydroxy-bromosphaerol 
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revealed the highest capacity to reduce peroxyl radicals compared with the remaining 

compounds. Regarding the neuroprotective activities, treatment of SH-SY5Y cells with 6-

OHDA decreased cell viability in approximately 50%, an effect that was mediated by an 

increase of ROS production, a depolarization of mitochondrial membrane potential and a 

stimulation of Caspase-3 activity. On the other hand, when SH-SY5Y cells were exposed 

to 6-OHDA in the presence of 12R-hydroxy-bromosphaerol there was an increase of SH-

SY5Y cell viability of 24%, 23% and 18% at 3, 1 and 0.3 µM, respectively. The treatment 

with 1 µM 12R-hydroxy-bromosphaerol promoted a significant decrease of ROS levels (9%) 

and the treatment with 3, 1, and 0.3 µM concentrations reduced the MMP depolarisation 

induced by 6-OHDA exposition in 13%, 19% and 35%. Furthermore, the treatment with 0.3 

µM 12R-Hydroxy-bromosphaerol reduced Caspase-3 activity in 113% to values similar with 

vehicle situation. Sphaerococcenol A and alloaromadendrene did not revealed capacity to 

recover the neurotoxicity induced by 6-OHDA. 

In conclusion, 12R-hydroxy-bromosphaerol exhibited the highest neuroprotective activity 

that seems to be mediated by the inhibition of ROS production, MMP protection and 

Caspase-3 activity. Therefore, additional assays should be considered in order to validate 

the therapeutic potential of this compound in PD.    

Keywords:  Antioxidant activity; 6-hydroxi-dopamine; SH-SY5Y cells; Apoptosis, 

Mitochondrial dysfunction; Oxidative stress; Marine Natural Products 
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RESUMO 

A doença de Parkinson é uma patologia neurodegenerativa caracterizada pela perda 

progressiva de células dopaminérgicas e a formação de corpos de Lewy na substância 

negra pars compacta. Manifesta-se em disfunções do sistema nervoso, causando 

tremores, bradicinesia e consequentemente afetando a autonomia do paciente. Além disso, 

tendo em conta o padrão de crescimento do envelhecimento da população, a descoberta 

de novos agentes terapêuticos capazes de prevenir  ou tratar esta condição patológica é 

da maior importância. Neste contexto, especialmente quando comparado com o ambiente 

terrestre, o ecossistema marinho representa uma vasta área ainda pouco explorada e uma 

enorme fonte de metabolitos secundários de interesse que têm exibido diferentes 

atividades biológicas incluindo neuroprotetora. Desta forma, o objetivo desta dissertação 

consistiu em isolar e purificar compostos a partir da macroalga vermelha Sphaerococcus 

coronopifolius, com a finalidade de avaliar a sua atividade antioxidante e neuroprotetora 

num modelo celular da doença do Parkinson. 

Os compostos foram isolados através da realização de diferentes técnicas 

cromatográficas, incluindo colunas cromatográficas e cromatografia de capa fina. A 

elucidação estrutural dos compostos isolados foi determinada através de ressonância 

magnética nuclear (RMN). A atividade antioxidante (1 – 100 µM) foi determinada por 

diferentes métodos antioxidantes complementares, nomeadamente através da redução do 

radical 2,2-difenil-1-picril-hidrazilo (DPPH), da capacidade de absorção dos radicais livres 

de oxigénio (ORAC) e do poder de redução férrica (FRAP). Por sua vez, o efeito 

neuroprotetor dos compostos foi avaliado no modelo celular SH-SY5Y derivado de 

neuroblastoma humano quando exposto à neurotoxina 6-hydroxy-dopamina (6-OHDA – 

100 µM; 24 h), que mimetiza a DP, na presença e/ ou ausência dos compostos (0.3, 1, 3 

and 10 µM; 24 h). Os efeitos sobre vários biomarcadores associados à DP, nomeadamente, 

alterações do potencial de membrana mitocondrial (MMP), a produção de espécies 

reactivas de oxigénio (ROS) e a atividade da Caspase-3 foram avaliados. A atividade 

citotóxica dos compostos foi avaliada na linha celular  3T3 (fibroblastos), assim como na 

própria linha dopaminérgica SH-SY5Y.  

Nos resultados, quatro compostos foram isolados e comparados com dados da literatura 

tendo sido possível identificar o sesquiterpeno  alloaromadendrene (1) e os diterpenos 

brominados, sphaerococcenol A (2), 12S-hydroxy-bromosphaerol (3) and 12R-hydroxy-

bromosphaerol (4). Os compostos demonstraram fraca atividade antioxidante quando 
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comparados com o ácido ascórbico. No caso do ensaio de ORAC, o 12R-hydroxy-

bromosphaerol demonstrou ser o composto com a maior capacidade de reduzir radicais de 

peroxil quando comparado comos restantes.  

Relativamente os resultados do ensaio de neuroprotecção observou-se que exposição 

das células SH-SY5Y à neurotoxina 6-hidroxi-dopamina (6-OHDA) reduziu a viabilidade 

celular aproximadamente em 50%, a qual foi mediada por um aumento da produção de 

ROS, da despolarização da membrana mitocondrial, assim como da atividade da Caspase-

3. Contudo, quando as células SH-SY5Y foram expostas à neurotoxina na presença do 

diterpeno 12R-hydroxy-bromosphaerol (4), observou-se um aumento significativo da 

viabilidade celular em 24%, 23% e 18% para as concentrações de 3, 1, e 0.3 µM 

respetivamente. Também foi possível verificar que o 12R-hydroxy-bromosphaerol reduziu 

significativamente a produção de espécies reativas de oxigénio (1 µM - 9%), a 

despolarização da membrana mitocondrial (3 µM - 13%, 1 µM - 19%, 0.3 µM - 35%) e a 

atividade da Caspase-3 (0.3 µM – 113%) induzida pela 6-OHDA. Por sua vez, o 

sphaerococcenol A e o alloaromadendrene não demostraram capacidade de reduzir os 

efeitos tóxicos induzidos pela 6-OHDA. 

De acordo com os resultados obtidos o12R-hydroxy-bromosphaerol foi o composto que 

revelou maior capacidade neuroprotetora contra a neurotoxicidade induzida pela 6-OHDA. 

Os efeitos observados foram acompanhados por uma diminuição da produção de ROS, 

proteção do MMP e da inibição da atividade da Caspase-3. Desta forma, estudos futuros 

deverão ser desenvolvidos de forma a determinar o real potencial farmacológico deste 

composto para o tratamento da doença de Parkinson.   

Palavras - chave: Atividade antioxidante; 6-hidroxi-dopamina; Células SH-SY5Y; 
Apoptose; Disfunção mitocondrial; Stress Oxidativo; Produtos naturais marinhos; 
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1.  Introduction 

1.1. Parkinson’s disease 
 

Neurodegenerative diseases include several medical disorders that present a great 

symptomatology variability, from cognitive deterioration in Alzheimer’s disease and Frontal-

temporal Lobe Dementia (FTLD), to diminished control of motor functions in Huntington’s 

disease and Parkinson’s disease. In most cases, these diseases are related to a 

progressive process of degeneration of specific neuronal cell populations associated to age, 

with symptoms developing gradually, usually taking decades to emerge (Linsley et 

al.,2019). As a matter of fact, the raise of these age-dependent disorders in the last decades 

is directly associated with the elderly population increase, as life expectancy is growing 

each day (Heemels et al.,2016). In this context, the World Health Organization and the 

Harvard School of Public Health refer to neurodegenerative diseases as one of the greatest 

challenges to the future of human health, and a problem that will be expected to increase 

in the coming years (Aarli et al., 2006).  

Parkinson´s disease (PD) is the second most common neurodegenerative disease, 

affecting approximately 1% of the society over the age of 60, while in individuals over the 

age of 85 this prevalence reaches 5% (Table 1). These facts highlight the relevance of 

advanced age on the risk to develop this condition (Reeve et al., 2014; Sherer et al.,2012). 

In Europe, there are estimated 1.2 million people suffering PD (Feigin et al., 2017). Due to 

that, research about PD is becoming of the upmost importance, in fact,  in the last decades, 

several loci and risk variants have been identified and linked to the pathology of familial and 

sporadic PD in diverse populations worldwide (Singleton et al., 2013), including mutations 

in leucine‐rich repeat kinase 2 (LRRK2) (Zimprich et al.,2004), or PRKN (parkin, PARK2), 

PINK1 (PARK6), and DJ‐1 (PARK7), that have been reported as a cause autosomal‐

recessive forms of PD (Bonifati et al.,2005). 
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Table 1.  

Prevalence of Parkinson's disease per age and geographical location per 100,000 habitants 
(Adapted from Pringsheim et al., 2014). 

                             Age range 

Location 50-59 60-69 70-79 80+ 
     
Europe/North 
America/ 
Australia 

113 540 1602 2953 

 
Asia 
 

88 376 646 1418 

South America 228 637 2180 6095 

 

Symptoms of PD are directly associated with the loss of dopaminergic cells in the 

substantia nigra pars compacta (SNpc), a decline in caudate-putamen dopamine content 

and progressive accumulation of Lewy bodies, which are cytoplasmic eosinophilic 

inclusions composed of the presynaptic protein α-synuclein in affected regions of the central 

nervous system (Johry et al., 2012; Duty and Jenner, 2011; Schaphira, 2008). The referred 

chronic disturbs cause severe motor dysfunction, such as bradykinesia, resting tremor, 

rigidity and postural instability, affecting autonomic function and cognition (Lesage and 

Brice, 2009; Poewe, 2008). 

1.2. Intracellular signalling pathways underlying Parkinson's 
disease development 
 

Regarding the molecular processes within PD development, there is evidence 

suggesting that neurons in the substantia nigra pars compacta (SNpc) present differences 

when compared with the remaining tissues. These neurons exhibit pacemaking activity and 

increased oxidative stress associated to the metabolism of dopamine and the high levels of 

iron and calcium (Dias et al., 2013, Guzman et al., 2009; Jenner et al.,2006). In addition, 

there is also evidence indicating that neurons from SNpc suffer mitochondrial dysfunction 

due to age. In fact, it has been reported that a great number of mitochondrial DNA deletions 

related with age occurs in the SNpc when compared with other brain areas, being 

significantly important in the cytochrome C oxidase translation (Bender et al., 2006; 

Kraytsberg et al., 2006). 

Furthermore, as previously mentioned, apart from the typical oxidative stress produced 

in normal mitochondria, it is suggested that SNpc neurons also suffer oxidative stress due 

to the metabolism of dopamine, since the dopamine metabolization by monoamine oxidase 
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generates a great level of reactive oxygen species (ROS). Regarding this, SNpc neurons 

protect themselves using the dopamine transporter (DAT), which takes the dopamine back 

into the nerve terminal where it can be repacked into synaptic vesicles by the vesicular 

monoamine transporter 2, (VMAT2) (Reeve et al., 2014). However, it has also been 

reported that DAT expression in the SNpc declines through time, probably resulting in a 

decrease in the effectiveness of antioxidant mechanisms against oxidative stress (Ma et al., 

1999).  

Following this, there are other endogenous mechanisms involved in the antioxidant 

protection in neurons that can be divided in two groups, antioxidants enzymes and 

pathways and low molecular weight antioxidants (LMWA).  

The action of the first group is related with the neutralization of reactive oxygen species, 

like superoxide (O2
-) which is converted by superoxide dismutase enzyme (SOD) to 

hydrogen peroxidase (H2O2) which in turn is converted into water by peroxidases like 

glutathione peroxidase (GPx) or peroxiredoxin (Prx), or even transformed to water and 

oxygen by catalase (CAT) (Martinez et al., 2010). Likewise, there is also evidence 

highlighting the protective role of the Nrf2–ARE transcriptional factor, which encodes 

detoxification enzymes and antioxidant proteins (Element et al.,2004) and activates in 

neurodegenerative conditions, reducing oxidative stress and neuroinflammation (Buendia 

et al.,2016).          

The second group include low weigh molecules like ascorbic acid, vitamin E or uric acid 

(Ames et al.,1993), representing incorporated or metabolized molecules able to donate 

electrons to reactive oxygen species preventing their interaction and reaction with 

biomolecules and thus avoiding cellular damages. 

1.1.2. Mitochondrial dysfunction in Parkinson’s disease 
 

The mitochondrial respiratory electron transport chain is a biological machinery 

composed by different electron transport complexes embedded in the inner mitochondrial 

membrane, namely Complex I (CI NADH: ubiquinone, oxidoreductase), Complex II (CII, 

Succinate: ubiquinone oxidoreductase), Complex III (CIII, ubiquinol: cytochrome c oxide-

reductase), Complex IV (CIV, cytochrome c oxidase) and Complex V (CV ATP synthase) 

(Figure 1). These complexes play a crucial role during mitochondrial respiration, where 

oxygen is consumed in a process that aims to produce ATP by oxidative phosphorylation.  

A mitochondrial dysfunction was identified by the first time in 1989 in SNpc of PD patients 

(Schapira et al., 1990). Posterior evidence pointed out that neuronal cells in SNpc exhibited 
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around 35% deficiencies in Complex I rates (Johry et al., 2012¸Mann et al., 1994). Although 

there are different opinions about the relevance of Complex I deficiency in the pathogenesis 

of PD, it was also observed that these facts seem to occur exclusively in SNpc, since the 

mentioned complex I mitochondrial dysfunction was not verified in other brain tissues of 

patients with PD, including caudate, putamen, globus pallidus, tegmentum, cortex, 

cerebellum or substantia innominata (Schapira et al., 1990). 

 

 

Figure 1. Schematic representation of the mitochondrial respiratory chain (Nadege et al., 2009) 

 

Following the reports of complex I deficiency in SNpc in PD, respiratory chain 

abnormalities were described also from, platelets, lymphocytes and less consistently in 

muscle tissue from patients with PD (Johry et al., 2012; Schapira et al., 2008). 

On the other hand, mitochondria are dynamic organelles that are transported through 

the interactions with a variety of cytoskeletal proteins. Furthermore, mitochondrias also fuse 

and divide (fusion is mediated by OPA1, Mfn1, and Mfn2, and fission is mediated by the 

proteins fission1 and Drp1). In this context, unbalanced fusion leads to mitochondrial 

elongation and eventually to excessive mitochondrial fragmentation, both of which impair 

the function of the mitochondria (Johry et al., 2012).                                                                                                                    

Morevover, several pathways may be involved in the appearance of PD due to impair 

fragmentation. For instance, phosphatase and tensin homolog (PTEN) enzyme is involved 
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in the chemical pathway that signals cells to stop dividing and triggers cells to apoptosis, 

being also important to maintain the cell genetic information (Naredra and Ypule 2011). In 

addition, there is also evidence that (PETEN)-induce kinase (PINK1) has a direct role in the 

mitochondrial quality-control pathways, identifying impaired mitochondria with reduced 

membrane potential and selectively eliminating them from the mitochondrial network by 

mitophagy (Naredra and Ypule 2011). Furthermore, there is evidence of a direct 

involvement of PINK1 in abnormal mitochondrial dynamics in fly, rat, and mouse models of 

PD (Wang et al., 2011) and thus, this implicates a failure in mitophagy as an important factor 

in the pathogenesis of PD (Narendra and Ypule, 2011).  

Accordingly, methods able to assess in vivo mitochondrial integrity remain as good 

empiric procedures to evaluate the different effects associated with the increase or 

decrease of mitochondrial disfunction. For instance, the mitochondrial membrane potential 

assay (MMP), which allows to detect changes in mitochondrial membrane potential is widely 

used in apoptosis studies to monitor mitochondrial function status (Lee et al.,2015), since 

mitochondrial membrane permeabilization plays a key role in the mitochondrial apoptotic 

pathway (Bove et al.,2012).  

1.1.3. Role of oxidative stress and antioxidants in Parkinson’s 
disease 
 

Oxidative stress has also been proved to play a relevant role in the development of 

several pathological conditions such as cardiovascular disease, cancer, neurological 

disorders, and ageing (Dalle-Donne et al., 2006). In fact, apart from the already mentioned 

disfunctions that may be involved in neurodegenerative diseases, and particularly in PD, 

several studies have also explored the effects of oxidative stress as a factor implicated in 

the cascade events that lead to degeneration of dopaminergic neuronal cells (Figure 2). 

The involvement of oxidative stress in PD has been observed in after post-mortem studies 

where the brains of PD patients presented higher levels of ROS in the SNpc (Sarrafchi et 

al., 2016; Valko et al., 2007). Furthermore, the expression and activity of monoamine 

oxidase-B (MAO-B) is also significantly enhanced in this organ, where it is involved in the 

oxidation of dopamine in the mitochondrial membrane. The pathological elevated activity of 

(MAO-B) leads to dopamine (DA) oxidation generating deleterious H202 and thus 

contributing to intensify the oxidative stress condition (Hermida-Ameijeiras et al.,2004). 
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Figure 2. Intracellular events linked to mitochondria in Parkinson’s disease. 

 

Within this framework, oxidative stress is usually induced by free radicals which include 

several ROS species produced in the cells. The term ROS encompasses oxygen free 

radicals, such as superoxide anion radical (O2
·−) and hydroxyl radical (OH-), and nonradical 

oxidants, such as hydrogen peroxide (H2O2) and singlet oxygen (O2) which can be 

converted from one to another by enzymatic and nonenzymatic mechanisms inside the cell 

(Zorov et al.,2014). Regarding their harmful effects, free radicals are reactive molecules 

having an unpaired electron orbital, like hydroxyl radical (0H-) or the carbene molecule 

(CH2). This electronic configuration is highly energetic (Pavlin et al.,2016), making them 

unstable and likely to react with nearby molecules such as carbohydrates, lipids or nucleic 

acids (Ozcan et al., 2015; Valko et al., 2007). For instance, molecular oxygen (dioxygen) 

has a unique electronic configuration and is itself a radical. The addition of one electron to 

dioxygen forms the superoxide anion radical (O2
−), which is highly reactive (Miller et al., 

1990). 

Accordingly, several preventing approaches have been proposed as neuroprotection 

against those oxidative stress events, based on the endogenous antioxidant defensive 

mechanisms developed by the biological systems to protect themselves against oxidative 

stress-induced cell damage, like catalase or superoxide dismutase. These mechanisms 
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help to maintain the redox homeostasis and thus, a regulation of this mechanisms mediated 

by exogenous compounds presented in our diet can contribute to prevent the development 

of chronic diseases (Di Dominico et al., 2015). As matter of fact, strategies against 

neurodegeneration based in antioxidants aim to counteract the damaging effects of ROS 

production, preventing malfunctions in the neuronal intracellular machinery or reversing and 

re-regulating already damaged systems like the mitochondrial transport chain of electrons. 

Those mechanisms include free radical scavenging of reactive species, sequestration of 

transition metals, stimulation of enzymatic antioxidant defences and/ or inhibition of 

enzymes involved in the overproduction of ROS (Sheeja Malar et al., 2015; Kim et al., 2010).    

As an example, polyphenols are among the most widely employed natural compounds 

to protect cellular components from the oxidative damage caused by ROS and transition 

metals (Losada-Barreiro et al., 2017; Roleira et al., 2015; Brewer et al., 2015; Vladimir-

Knežević et al., 2012) due to their well-recognized antioxidant properties and their beneficial 

effects in controlling aging and related neurodegenerative diseases (Di Dominico et al., 

2015; Roleira et al., 2015). Those compounds have been identified from several sources, 

revealing great antioxidant activities as well as neuroprotective activities on several PD 

models (Cha et al., 2016; Dutta et al., 2015; Camilleri et al., 2013; Vijayabaskar et al., 

2012).In this context it should be mentioned that a great variety of polyphenols, including 

catechins, flavonols, and phlorotannins, can be found in marine macroalgae (Murrary et 

al.,2018; Murugan et al. 2015) and have been reported for their antioxidant and 

neuroprotective activities (Cha et al., 2016; Vijayabaskar et al., 2012). 

Concerning terpenoids, tanshinone, a diterpenoid isolated from Salvia species has been 

reported in literature for its antioxidant capability through the upregulation of Nrf2/ARE 

signalling pathway and its anti-inflammatory capability in neuroprotective models, the 

second one associated to the regulation of anti-inflammatory cytokines (González-Cofrade 

et al.,2019; Park et al.,2014). Likewise, carnosic acid and carnosol, abietane diterpenoids 

isolated from Rosmarinus officinalis (rosemary) have also been reported for its antioxidant 

activity associated with the modulation of the Nrf2/ARE pathway, the major regulator of the 

cellular redox homeostasis in mammalian animals (González-Cofrade et al.,2019; de 

Oliveira et al.,2016 Satoh et al.,2013). In fact, carnosic acid and carnosol are not 

electrophilic molecules, but in response to oxidation they can become electrophilic and then 

activate the Nrf2/ARE pathway to synthesize endogenous antioxidant phase 2 enzymes 

(Satoh et al.,2013). Altogether, these results highlight the relevance of terpenes as potential 

therapeutic molecules able to mitigate the harmful effects of ROS production in pathologies 

like Parkinson's disease. 
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1.1.4. Apoptosis in Parkinson’s disease 
 

Apoptosis or programmed cell death is an evolutionary conserved process of elimination 

of dysfunctional or damaged cells that may represent a problem to the homeostasis of 

multicellular organisms (Nagley et al.,2010). Within this framework, regarding PD, 

enhanced apoptotic cell death in neurons from SNpc has been demonstrated in post 

mortem tissues of PD patients (Tatton et al.,2003; Kosel et al.,1997), highlighting the 

relevance of apoptotic pathways in this disease. Following this, apoptosis is a complex 

mechanism that can be separated in two different processes, intrinsic apoptosis and 

extrinsic apoptosis.   

 Intrinsic apoptosis signalling pathway is centred in mitochondria and characterized by 

the mitochondrial outer membrane permeabilization, triggering the activation of the Bcl-2 

family members, Bax and Bak, resulting in the release of pro-apoptotic proteins, including 

cytochrome C, into the cytosol (Wei et al., 2001). This process leads to the formation of the 

apoptosome complex when cytochrome c binds Apaf-1 activating factor, resulting in the 

activation of pro-Caspase-9 (Figure 3). Caspase-9 can directly cleave and active pro-

Caspase-3 and pro-Caspase-7 (Pandey et al., 2000). Those last effector caspases are 

responsible for initiating the biological processes of the degradation phase of apoptosis, 

including DNA fragmentation, cell shrinkage and membrane blebbing (Brentnall et al., 

2013).  

On the other hand, the extrinsic apoptosis signalling pathway is activated by pro-

apoptotic ligands that interact with specialized cell surface death receptors (DRs) 

(Ashkenaz et al., 2002). After activation, each receptor can independently form the death-

inducing signalling complex (DISC) by recruiting the adapter Fas-associated death domain 

(FADD) and pro-caspases 8 and 10 (Kischkel et al., 2001; Kischkel et al., 2000), which in 

turn, undergo self-processing releasing active caspase molecules into the cytoplasm. These 

enzymes then cleave the pro-caspases forms and thereby active the effectors Caspase-3, 

-6, and -7, which ultimately execute apoptosis (LeBlanc et al., 2002).  
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Figure 3. Intrinsic and extrinsic apoptotic signalling pathways (Bhosale et al.,2020) 

 

The extrinsic and intrinsic signalling pathways converge at the level of the effector 

caspases, and cross talk can occur between the two pathways (Sayers et al., 2011; Lavrik 

et al., 2005). In fact, the activity of initiator (Casp-9, Casp-8) and the effector caspase (Casp-

3) has been reported to increase in SNpc of dopaminergic neurons of PD patients 

(Hartmann et al.,2001; Tatton 2000).  Therefore, the assessment of the different apoptotic 

pathways that may be related with dopaminergic cell loses and thus PD is currently being 

studied. Furthermore, the search for compounds able to inhibit or diminish apoptosis 

represent as well, an increasing field of research. For instance, rasagiline, an inhibitor drug 

of MAO-B currently employed in PD therapeutics, has been reported to mediate a protective 

effect against apoptotic cell death, stabilizing the mitochondrial membrane potential (Am et 

al., 2004; Jenner et al., 2004).  

Concerning terpenes, triptolide, a diterpene isolated from Chinese herb Tripterygium 

wilfordii, exhibited ability to inhibit apoptosis in models of neuroprotection against middle 

cerebral artery occlusion in mouse models (González-Cofrade et al.,2019). Likewise, Asiatic 

acid, a pentacyclic triterpenoid isolated from Centella asiatica have also displayed 

antiapoptotic effects in the rotenone-induced apoptosis cellular model, using SH-SYS5Y 

cells (Nataraj et al.,2017; Xiong et al.,2009).  
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In the same way, the marine derived compound,11-dehydro-sinulariolide, isolated from 

soft corals, also decrease apoptosis, inhibiting Caspase-3 activation on in vitro studies 

conducted with a human neuroblastoma cells (SH-SY5Y) incubated under the adverse 

effect of the neurotoxin 6-OHDA (Chen et al., 2012).  

1.2.  Relevance of the neurotoxin 6-OHDA on in vitro cellular 
models of Parkinson’s disease   
 

The 6-hydroxydopamine (6-OHDA) neurotoxin has been extensively used in the 

experimental assays conducted in animal models of Parkinson’s disease due of its in vivo 

selectivity over dopaminergic neuronal cells. Furthermore, although 6-OHDA is commonly 

employed as an exogenous neurotoxin in PD models, previous studies carried out in PD 

patients have shown an increased amount of 6-OHDA in their urine (Andrew et al., 1993). 

Likewise, it has also been reported that SNpc of PD patients showed an increase in the 

amount of iron Fe(III) and Fe (II) (Hirsch et al.,1991) and thus  when free ferric iron is present 

in addition to H2O2 the main product of dopamine oxidation is 6-0HDA (Jameson and Linert, 

2000). Following this, there is evidence suggesting that 6-OHDA can be formed in vivo from 

dopamine in PD patients.        

As for the assimilation of exogenous 6-OHDA, this toxin is actively incorporated into the 

cells by the dopamine transporter (Figure 4). Once inside the neurons, 6-OHDA 

accumulates and undergoes non-enzymatic auto-oxidation, promoting ROS formation such 

as H2O2 and hydroxyl radicals in the presence of iron (Bladini et al., 2008). Likewise, it 

seems to be toxic to the mitochondrial complex I, leading to the formation of superoxide and 

hydroxyl radicals (Rodriguez-Pallares et al., 2007), once again suggesting the relevance of 

a dysfunction in the mitochondrial complex I as an important factor in PD development. The 

inhibitory effect over Complex I activity in mitochondria also accounts for the described 

mechanism of ROS generation mediated by this neurotoxin (Lehmensiek et al., 2006).                      
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Figure 4. Schematic representation of the intracellular signalling mechanism associated to the 
neurotoxicity induced by 6-hydroxydopamine and its repercussion inside of SNpc neuron cells that 
mimics Parkinson’s disease effects (DAT - dopamine active transporter). 

 

Different in vitro cellular models have been employed to mimic the events associated to 

Parkinson’s disease, like SH-SY5Y cell line (ATCC® CRL-2266™), which is a 

neuroblastoma cell line derived from a metastatic bone tumor biopsy and are a sub-line of 

the parental line SK-N-SH (ATCC® HTB-11™) which was sub-cloned three times; first to 

SH-SY, then to SH-SY5 and, finally, to SH-SY5Y, in 1970, by June L.Biedler (Kovalevich et 

al., 2013). Since 1980’s this cell line has been widely used as a cellular model of neurons 

for scientific research, mainly because it possesses many biochemical and functional 

properties.  

Due to their characteristics, SH-SY5Y cells have also been used as a dopaminergic 

neuronal cellular model for Parkinson’s disease. As a matter of fact, several characteristics 

of the SH-SY5Y cell line make it useful for this purpose: firstly, they have capacity to 

synthesize dopamine (DA) and norepinephrine (NA), since these cells express tyrosine and 

dopamine hydroxylases. Tyrosine hydroxylase is the rate-limiting enzyme of the 

catecholamine synthesis pathway and converts tyrosine to L-dopa, the precursor of DA, 

which is converted to NA by dopamine-B-hydroxylase (Nagatsu et al., 2019). They also 
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express the dopamine transporter (DAT), a protein expressed only in dopaminergic 

neurons. Likewise, DAT is a pre-requisite for the incorporation into neurons of 1-methyl-4-

phenylpyridinium (MPP+), a toxin that is also used in neurotoxicity models in SH-SY5Y cells 

to study this mechanism of action (Xie et al., 2010). 

For instance, gallic acid pre-treatment in SH-SY5Y cells before exposition to 6-OHDA 

demonstrated neuroprotective activity, resulting in a decrease of the Bax/Blc-2 ratio 

(Chandrasekhar et al., 2018), triggering also an upregulation of antioxidant enzymes like 

CAT, GPx or SOD. On the other hand, hinokitiol, a tropolone-related compound, have also 

been tested against 6-OHDA induced neurotoxicity in SH-SY5Y cells and results proved 

that the pre-treatment with hinokitinol downregulated PTEN and induced kinase PINK1, 

suggesting an effect in increasing mitochondrial stability (Varier et al., 2019).  

Furthermore, in recent studies, employing SH-SY5Y cells, several terpenoids extracted 

from the resins of Populus euphratica, an endogenous tree from the Gobi desert, have been 

reported to display neuroprotective effects against 6-OHDA-induced damage in a SH-SY5Y 

cellular model (Liu et al.,2020). Similar results have been also reported from the terpenois 

isolated from Zea mays, most referred as maize, which protected cells from an induced-

oxidative stress condition through the upregulation of the Nrf2 pathway (Song et al.,2020).  

Regarding marine-derived compounds, 11-Dehydrosinulariolide which as previously 

mentioned was isolated from cultured soft corals, significantly reduced 6-OHDA induced 

cytotoxicity and apoptosis on SH-SY5Y cells (Chen et al.,2012). In the same way, two 

flavalins, which are nardosinane-type sesquiterpenoids, isolated from the soft coral 

Lemnania flava promoted a significant reduction 6-hydroxydopamine (6-OHDA) induced 

cytotoxicity at a concentration of 20 µM in SH-SY5Y cells after preincubation (Lu et 

al.,2011). 

 

1.3. Marine derived secondary metabolites as neuroprotective 
and antioxidant agents 
 

In the marine environment, especially in sessile organisms like algae, corals or sponges, 

there is a strong competition for space, a factor that increases competitiveness and thus 

stimulates species to develop mechanisms to overcome its surroundings or survive 

predation. Due to that, these species have developed mechanisms to synthesize unique 

chemical structures through the secondary metabolism, which plays a crucial role in 

ecological processes. Recent studies have also reported how these chemical compounds 
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may represent a decisive chemical weapon for the population growth or even for the 

replacement of native species by invasion into new ecosystems (Svensson et al., 2013). 

These compounds are commonly referred as “secondary metabolites” and have shown 

great biological activities for pharmacological development (Simmons et al., 2005). These 

secondary metabolites can be unique to a taxonomic family, genus, species or even 

organism and are characterized by their wide heterogeneity and many of them have been 

reported for their therapeutic potential for human health as antioxidant (Pinteus et al., 2017), 

anti-inflammatory, (De Souza et al., 2009), neuroprotective (Pangestuti and Kim, 2011) and 

antitumor agents (Alves et al., 2016; Rodrigues et al., 2015).  

As a brief resume, several marine natural compounds have been tested to evaluate their 

neuroprotective and antioxidant capabilities. For instance, astaxanthin, a keto-carotenoid  

extracted from the microalgae Haematococcus pluvialis and Chlorella zofingiensis, has 

been proved to have anti-apoptotic properties (Grimmig et al.,2017; Yuan et al., 2011; Ikeda 

et al., 2008). Fucoidan, a sulphated polysaccharide extracted from the macroalgae 

Turbinaria decurrens, showed promising effects too, resulting in an increment of antioxidant 

enzymes and dopamine levels (Meenakshi et al., 2016; Ananthi et al., 2010). Also, several 

compounds isolated from marine fungi have shown neuroprotection, for example xyloketal 

B, a compound isolated from Xylaria sp. (mangrove fungus) exhibited neuroprotection 

against 1-methyl-4-phenylpyridinium (MPP+) induced neurotoxicity (Chen et al., 2009; Lin 

et al., 2001). In addition, 3-methylorsellinic acid and 8-methoxy-3,5-dimethylisochroman-6-

ol, both isolated from Penicillum sp., have shown protection against 6-OHDA induced 

neuronal death (Yurchenko et al., 2018; Yurchenko et al., 2016). 

Regarding macroalga, which is our case of study, in previous reports it has been 

demonstrated that fractions isolated from the macroalgae Padina pavonica, Saccorhiza 

polyschides, Codium tomentosum, and Ulva compressa are able to diminish the neurotoxic 

effects of 6-OHDA in SH-SY5Y cells (Silva et al., 2018). Likewise, crude extracts from the 

brown seaweed Sargassum hemiphyllum have been reported for its capability to protect 

SH-SY5Y cells from 6-OHDA-induced apoptosis (Huang et al.,2018). Altogether, 

considering the above-mentioned results, the search for new neuroprotective and 

antioxidant compounds derived from marine algae sources currently represents an 

increasing area of study. 
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1.3.1. Biological activities of Sphaerococcus coronopifolius 
compounds 
 

The red alga S. coronopifolius is a widely distributed cosmopolitan macroalgae that 

belongs to the family Sphaerococcaceae, phylum Rhodophyta. This alga usually grows on 

rocky bottoms being found in depths between 20 to 70 metres, although sometimes it can 

be found in shallow waters too. This specie is distributed in the East Atlantic, the 

Mediterranean and the Black Sea (Guiry and Guiry, 2010).  Sphaerococcus coronopifolius 

has  demonstrated to be a great source of interesting terpenes including diterpenes and 

sesquiterpenes, most of which contain one or more bromine atoms (Rodrigues et al., 2015; 

Etahiri et al.,2001), thus representing an unusually prolific source of these kind of 

metabolites with more than 40 compounds isolated and described from this specie 

(Smyrniotopoulos et al., 2020; Smyrniotopoulos et al., 2015; Rodrigues et al., 2015; 

Smyrniotopoulos et al., 2010; Smyrniotopoulus et al., 2008). Some of these metabolites 

have proved to possess interesting bioactive properties. In fact, in recent studies it has been 

demonstrated that some of them possess significant cytotoxic activity and anti-tumor 

potential (Alves et al., 2016; Rodrigues et al., 2015; Smyrniotopoulos et al., 2008). Likewise, 

anti-fouling (Piazza et al.,2011) and antimicrobial activity have been reported as well (Ethari 

et al.,2001; Smyrniotopoulus et al., 2008). 

Regarding diterpenes, they are a group of terpenoids found as secondary metabolites in 

terrestrial and marine organisms (Córdoba-Guerrero et al., 2013). They are compounds 

formed by four isoprene units, possessing a core skeleton of twenty carbons (Hao et al., 

2015). In marine brown algae, diterpenes are relatively common secondary metabolites; 

nonetheless, in red algae this balance is less profuse. In Rodophyta, they have been found 

mainly in species of the genus Laurentia, and in the unrelated species S. coronopifolius 

(Erickson et al., 1983; Fenical et al., 1973). On the other hand, sesquiterpenes are formed 

by the assembly of three isoprene units, resulting in a core skeleton of 15 carbons. They 

have been reported to display anti-inflammatory (Kurniasih et al.,2018) and antitumoral 

properties (Alirei et al.,2013). The presence of sesquiterpenes in red alga has also been 

reported for Laurencia dendroidea (Da Silva et al.,2011), Laurentia obtuse (Alirei et 

al.,2012) and S. coronopifolius (Smyrnitiopoulos et al.,2010). 

Considering this, S. coronopifolius has been proved as an interesting source of new 

natural compounds with pharmacology potential, however their antioxidant and 

neuroprotective potential remains widely unexplored.
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2. Research objectives 

 

Parkinson’s disease is the second most common neurodegenerative disease being 

characterised by the progressive loss of dopaminergic cells in the substantia nigra pars 

compacta (SNpc), and the formation of Lewy bodies, manifesting in symptoms like resting 

tremor, bradykinesia and lack of autonomy. Due to the increase of the economic and social 

impact of this disease and the absence of effective therapeutics, the discovery and 

development of new therapeutic agents is a matter of utmost importance. Regarding this, 

the marine environment remains a vastly unexplored area of study and a potential source 

for new natural compounds with therapeutic ends. For instance, macroalgae currently 

represents an emerging area of study due to their ability to produce a vast number of 

bioactive compounds. Therefore, the main goal of this dissertation was to study the 

antioxidant and neuroprotective activity of compounds isolated from the red seaweed 

Sphaerococcus coronopifolius on an in vitro human cellular model of Parkinson´s Disease 

induced by the neurotoxin 6-hydroxydopamine. 

2.1. Specific objectives  
 

In order to achieve the general goal, specific objectives were outlined:   

 

1. Extraction, purification, and structural elucidation of compounds from Sphaerococcus 

coronopifolius extracts by chromatographic techniques and NMR spectroscopy 

techniques. 

2. Evaluation of the antioxidant activity of the compounds by different methods (DPPH, 

FRAP, ORAC).   

3. Evaluation of cytotoxicity and neuroprotective activities of the compounds in SH-

SY5Y and 3T3 cell lines. 

4. Study of the neuroprotective effects of compounds on Parkinson’s Disease 
biomarkers, namely ROS production, MMP and Caspase-3 activity.
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3. Materials and Methods 

3.1. Reagents and solvents  
 

For the fractionation and purification processes, HPLC quality grade solvents (VWR, 

Fontenay-sous-Bois, France) were used. Column chromatography (CC) was performed 

using silica Kieselgel (60-200 µm) (VWR, ref.84893.290, Leuven, Belgium) eluting with 

mixtures of n-hexane, ethyl acetate, and methanol. Thin layer chromatography (TLC) was 

accomplished using Kieselgel 60 F254 aluminium sheets (Merck, Ref. 5554, Darmstadt, 

Germany). 

Concerning the antioxidant assays, the following reagents were used: 2,2-Diphenyl-1-

(2,4,6-trinitrophenyl) hydrazyl reagent (Sigma, Steinheim, Germany) was employed for the 

DPPH radical scavenging assay;  Fluorescein (Sigma-Aldrichh, St Louis, MO, USA), α,α′-

azodiisobutyramidine dihydrochloride (APPH) (Sigma-Aldrich, St Louis MO, USA),  trolox, 

(6-hydroxy-2,5,7,8-tetramethylchroman-2- carboxylic acid) and phosphate buffer (Sigma, St 

Louis, MO, USA)  were used in the Oxygen Radical Absorbance Capacity  (ORAC) assay;. 

Iron (II) sulphate (FeSO4) (Sigma-Aldricht,St Louis, MO), 2,3,5-Triphenyltetrazolium 

chloride (TPTZ), Iron (III) chloride (FeCl3) (Sigma-Aldrich, St Louis, MO, USA) and acetate 

buffer were employed as main reagents (Sigma, Karkanata, India) in Ferric Reducing 

Antioxidant Power (FRAP) assay.   

Regarding cell culture experiments, fetal bovine serum (FBS), Dulbecco´s modified 

Eagle medium (DMEM/F12) (Biowest, Riverside, MO, USA), antimicotic solution (Sigma, 

Rehovot, Israel), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Fisher 

Bioregents, Geel, Belgium) and sodium carbonate (Na2CO3) (Panreac, Barcelona, Spain) 

were used in cell culture medium. Trypsin 1x (Biowest, Riverside, MO, USA) was employed 

for cell detachment. Finally, for the cytotoxicity assessment, saponin (Sigma, 47036-50G-

F, St Louis,MO, USA) was employed as cellular dead control, while 6-hydroxydopamine (6-

OHDA), (Sigma,St Louis,MO,USA) was used in the neuroprotection assays.  

 

 

 

 

3.2. Fractionation, purification and structural elucidation of 
compounds from Sphaerococcus coronopifolius extracts  
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3.2.1. Isolation and purification of compounds 
 

The red algae S. coronopifolius was previously collected between May and June from 

Peniche coast, Portugal and immediately transported to MARE-Polytechnic of Leiria 

facilities. Samples were then cleaned and washed to remove epiphytes, encrusting 

materials and detritus. Posteriorly they were freeze-dried (Scanvac Cool Safe, LaboGene, 

Lynge Denmark) and stored in dry powder at -80 ºC. Samples to be purified derived from a 

previously fractionation step of S. coronopifolius extracts by vacuum liquid chromatography 

(VLC) followed by semi-preparative high performance liquid chromatography (HPLC). 

Preparative column chromatography (CC) was performed aiming to achieve the purification 

of the major compounds present in the 3 selected fractions (F CC-F8-34, SC-P1 and SC-

P2). CC was performed in glass tubes with different diameters and lengths, accordingly with 

the samples weights that were to be purified.  The solid phase used as silica-gel (60-200 

µm) and elution performed with mixtures of n-Hexane and ethyl acetate by gradient polarity, 

followed by methanol. Briefly, fraction F CC-F8-34 (87.4 mg) was eluted with mixtures of n-

Hexane and ethyl acetate of increasing polarity, with sub-fraction 3/4 (n-hexane, 100%) 

affording compound 1 (34.1 mg), (Table 6, Annex 1). A similar process was performed with 

fraction SC-P1 (96.0 mg), from which sub-fraction 5/6 (n-hexane/ethyl acetate, 90:10, v/v) 

afforded compound 2 (28.4 mg), and sub-fraction 13/15 (n-hexane/ethyl acetate, 75:25, v/v) 

afforded compound 3 (3.9 mg), (Table 7, Annex I). On the other hand, for the purification of 

SC-P2, a previous HPLC which rendered seven fractions was performed. After that 

chromatography column was performed with SC-P2-F5, from which subfractions 5-9 (n-

hexane/ethyl acetate, 80:20, v/v) afforded compound 4 (1.9 mg). The isolation process is 

depicted in Figure 5.  
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Figure 5. Schematic representation of Sphaerococcus coronopifolius compound´s isolation process.  

Processes inside the box represent the work developed in this dissertation. Schematic representation 

outside the box represents previous isolation work developed. 

 

 

3.2.2. Structural elucidation of compounds by NMR 
 

The isolated compounds were identified by nuclear magnetic resonance (NMR). NMR 

spectra were acquired on a Bruker Advance 400 spectrometer with a frequency of 400 MHz 

for 1H, and 100 MHz for 13C. Samples were dissolved in 500 µL of CDCl3 (Sigma-Aldrich, 

St. Louis, MO, USA). Chemical shifts were expressed in ppm and reported to the residual 

solvent signals. Coupling constants (J) are expressed in Hertz (Hz). 
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3.3. Antioxidant activity of compounds isolated from 
Sphaerococcus coronopifolius 
 

3.3.1. 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging 
assay 
 

DPPH Radical Scavenging assay was performed accordingly to Brand-Williams et al. 

(1995) with slight modifications (Pinteus et al.,2017). This method is based in the capability 

of antioxidant compounds to react with free radicals and reduce them. In this case, DPPH 

was employed as a free radical, stable at room temperature, that may be reduced in the 

presence of antioxidant molecules, resulting in a change of colour whose absorbance can 

be measured. DPPH solution was prepared in ethanol in a concentration of 0.1 mM. 

Following this, 2 µL of each compound (5-150 µM) was added to 198 µL of DPPH solution 

in a 96-well plate.  Mixtures were incubated at room temperature in the dark for 30 min. 

Absorbance was measured at 517 nm (Synergy H1 Multi-Mode Microplate Reader, 

BioTek® Instruments, Winooski, VT, USA). For blank samples, ethanol (198 µL) was used 

instead of DPPH solution, while control samples were prepared with 2 µL DMSO plus 198 

µL of DPPH solution. The results of the antioxidant capability to scavenge DPPH were 

estimated in % of reduced DPPH from the control, following the equation: 

DPPH radical scavenging capability (% control)=ቂቀ
(஺௕.௦௔௠௣௟௘ି஺௕.௦௔௠௣௟௘௕௟௔௡௞)

஺௕.௖௢௡௧௥௢௟ି஺௕.௖௢௡௧௥௢௟௕௟௔௡௞
ቁ ∗ 100ቃ       

(eq.1) 

 

3.3.2. Oxygen Radical Absorbance Capacity (ORAC) 
 

ORAC assay was performed following the methodology described by Davalos et al. 

(2004). This assay is based on the fluorescent probe damage, in this case fluorescein, 

caused by an oxidizing reagent, resulting in a loss of fluorescent intensity over time (Ou et 

al., 2001). A calibration curve was prepared, using trolox (0-80 µM) as antioxidant standard 

in 75 mM phosphate buffer (pH 7.4). Compounds were diluted in phosphate buffer 0.75 M 

(pH 7.4). Ascorbic acid was used as a positive control. Briefly, 20 µL of the different 

calibration curve solutions and the samples were added in a 96-well plate, following this, 

fluorescein (120 µL, 75 mM) was added. The mixture was then pre-incubated for 15 min at 

37 °C. Phosphate buffer was employed for the blanks instead of fluorescein. Ended this 
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time, APPH solution (60 µL, 20 µM final concentration) was added to both samples and 

blanks. Fluorescence was measured at λexcitation: 458 nm and λemission: 520 nm 

wavelengths and recorded every minute for 240 min. Samples were automatically shaken 

before each read. Oxygen Radical Absorbance Capacity was calculated from the Area 

Under the Curve (AUC) of the samples and extrapolated from AUC of a trolox calibration 

curve by the means of the following equations:  

                                    AUC=ቀ
ோభ

ோభ
ቁ + ቀ

ோమ

ோభ
ቁ + ቀ

ோయ

ோభ
ቁ + ⋯ + ቀ

ோ೙

ோభ
ቁ                                        (eq.2)                            

Where R1 is the fluorescence at the starting point of the reaction and Rn is the final 

measurement. AUC were calculated by GraphPad Prism 5 software using equations 3 and 

4, respectively.  

                               NET AUC = 𝐴𝑈𝐶𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑈𝐶𝐵𝑙𝑎𝑛𝑘                                           (eq.3) 

                       Oxygen Radical Absorbance Capacity =ቂቀ
ோ்஺௎஼.௖௢௠௣௢௨௡ௗ௦ି

௠ 
ቁቃ     (eq.4) 

 

Results are presented as µmol of Trolox equivalents per mg of compound (μmol TE/ /mg 
compound). 

3.3.3. Ferric Reducing Antioxidant Power (FRAP) 
  

This method was performed as previously described by Benzie and Strain (1999) with 

minor modifications (Pinteus et al.,2017). The assay is based in the reduction of ferric iron 

(Fe3+) to ferrous iron (Fe2+) by the presence of antioxidants molecules. A calibration curve 

was prepared with FeSO4 50 µM (0-10 µM). FRAP reagent was prepared in 0.3 M acetate 

buffer (pH=3.6), using 10 mM of TPTZ prepared in 40 mM HCl and 20 mM ferric solution 

(FeCl3). The final working FRAP reagent was incubated at 37 °C. Ascorbic acid and acetate 

buffer were used as positive control and blank, respectively. Samples were diluted in 

acetate buffer 300 mM (pH 3.6), and 2 µL of that was added to 198 µL of FRAP reagent, 

remaining in the dark at 37 °C for 30 min. Concluded this time, the absorbance increase 

was measured in the microplate reader at 593 nm (Synergy H1 Multi-Mode Microplate 

Reader, BioTek® Instruments, Winooski, VT, USA). The FRAP reducing antioxidant power 

was determined following the equation: 

  

             FRAP reducing antioxidant power=ቂቀ
(஺௕.௖௢௠௣௢௨௡ௗି஺ .௕௟௔௡௞)ି௕

௠
ቁቃ                 (eq.5) 

 



                                                                                                                     MATERIALS AND METHODS 
 

Page 28 
 

Results were presented as µM equivalents of FeSO4 per mg of compound (μM FeS04 

EQ/mg compound) 

 

3.4. Cytotoxic and neuroprotective activities of Sphaerococcus 
coronopifolius compounds 
 

3.4.1. Cell culture maintenance 
  

SH-SY5Y cells (ACC 209) were acquired from DMSZ bank-German collection of 

microorganisms and cell cultures and cultivated in Dulbecco´s Modified Eagle’s Medium 

(DMEM). Cell medium was supplemented with 10% (v/v) of fetal bovine serum (FBS) 

(Hyclone, Northumherlan, UK) and 1% of antibiotic/antimycotic commercial solution 

(Hyclone, Thermoscientific, Waltham, MA, USA). Cells suspension was split in a 1:3 ratio 

and sub-cultured into cell culture flasks of 25 cm2 growth area. Medium was replaced every 

2-3 days until the cells reached the total confluence (4-5 days of initial seeding). Biological 

assays were performed after SH-SY5Y cells reached total confluence in 96 well plates. 

Cells were maintained in controlled conditions:  humidified atmosphere, 5% CO2 and 

constant temperature of 37 °C.  

3.4.2. Cytotoxicity of compounds on 3T3 and SH-SY5Y cells  
 

SH-SY5Y and 3T3 cells were cultured in DMEM medium and treated with different 

concentrations of the compounds (10,3, 1 and 0.3 µM) during 24 h. Saponin was used as 

positive control of cell death. Their effects on SH-SY5Y cell viability were estimated by the 

means of MTT assay. This assay is based on the reduction of a yellow tetrazolium salt by 

NAD(P)H-dependent oxidoreductase enzymes of viable cells to purple formazan crystals 

that can be measured spectrophotometrically. Briefly, MTT was dissolved in DMEM medium 

to a final concentration of 0.5 mg/mL. After cells treatment, the medium was removed, cells 

were washed with phosphate buffer (PBS X1) and 100 µL of MTT solution were then added 

to each well. Plates were maintained in the CO2 chamber during 2 h. MTT solution was then 

removed, and 100 µL of DMSO were added to each well to dissolve the formazan crystals. 

Absorbance was read at 570 nm in a microplate reader. Results were expressed in 

percentage of the control (untreated cells). 
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3.5. Neuroprotective activity of the compounds 
 

The neuroprotective effect of compounds was assessed on SH-SY5Y cells when 

exposed to 6-OHDA neurotoxin as previously described by Silva et al. (2018). Two different 

approaches were carried out. The first one, SH-SY5Y cells were exposed to 6-OHDA (100 

µM) in the presence of non-toxic concentrations of compounds (3, 1 and 0.3, µM) for 24 h. 

In a second approach, SH-SY5Y cells were pre-treated with non-toxic concentrations of 

compounds (3, 1 and 0.3, µM) for 1 h before exposition to 6-OHDA for 24 h. Cell viability 

was estimated through the MTT assay as previously described. Results were expressed in 

percentage of the control (untreated cells). 

3.6. Neuroprotective effects of compounds in Parkinson’s Disease 
biomarkers 
 

3.6.1. Production of reactive oxygen species (ROS)  
 

ROS levels were determined using carboxy-H2DCFDA probe. Briefly, the carboxy-

H2DCFDA molecule is incorporated into the cells, where it is deacetylated by cellular 

esterases to a non-fluorescent compound, which in turn may be oxidized by ROS to DCF, 

a molecule that is highly fluorescent. Cells were treated with 6-OHDA (100 µM) in the 

presence/ absence of compounds (3, 1 and 0.3, µM) for 6 h. Concluded this time, cell 

medium was removed and cells were washed with PBS (1x) twice. 100 µL carboxy-

H2DCFDA (20 µM) solution, previously dissolved in culture medium, was added and cells 

were incubated in the dark for 1 h. Finally, the fluorescence was measured at λexcitation: 498 

nm and λemission: 522 nm wavelengths. Results were expressed as percentage of control 

(untreated cells). 

3.6.2. Mitochondrial membrane potential (MMP) 
 

MMP was assessed using the JC-1 fluorescence probe (Molecular Probes, T3168, 

Eugene, Oregon, USA). Firstly, SH-SY5Y cells were exposed to 6-OHDA (100 µM) in the 

presence/ absence of different concentrations of compounds (3, 1 and 0.3, µM) for 6 h. 

Concluded this time, culture medium was removed and cells were incubated with JC-1 

solution (3 µM) for 15 min at 37 °C. After that, cells were washed with PBS (1x) twice and 

100 µL of PBS was added to each well and plate was placed in the plate reader for 30 min. 

Ending this time, cells were washed again and a FCCP (50 µM) plus oligomycin (1 µg/mL) 

conjugated solution was added to each well. Formation of JC-1 aggregates, and JC-1 
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monomers were measured at 490 nm excitation and 590 nm emission and at 490 nm 

excitation and 530 nm emission wavelengths, respectively. Results were expressed in 

percentage of control based in the ratio of monomers/aggregates of JC-1.  

 

3.6.3. Caspase-3 activity 
 

Caspase-3 (cysteine-aspartic acid protease) activity was determined by the means of 

“Caspase-3 activity fluorometric“ kit according to manufacture instructions and as detailed 

by Silva et al.,2018. This assay is based in the hydrolysis of the peptide acetil-Asp-Glu-Val-

Asp-7-amido-4-metilcumarina (Ac-DEVD-AMC) by the Caspase-3 enzyme resulting in 7-

amine-4-metilcumarina (AMC), a high fluorescence product that can be measured.  Briefly, 

cells were exposed to 6-OHDA (100 µM) in 6-well plate in the presence/ absence of 

compounds (3, 1 and 0.3, µM)  for 6 h. Cells were then washed with PBS (x1) and detached 

for centrifugation at 3,300 g for 5 min. After that, 100 µL lysis buffer was added to cells and 

incubated in ice for 20 min followed by 20 min of centrifugation at 22,500 g and supernatant 

was taken and stored at - 80 °C. Pellet was stored at - 80 °C for further protein quantification 

by the means of Lowry method (Waterborg 2002).  For Caspase-3 activity determination, 5 

µL supernatant of each sample was placed into a 96-well plate plus 200 µL substrate 

solution and fluorescence was measured every minute during 60 min at a wavelength of 

360 nm excitation and 460 nm emission. Caspase-3 activity was calculated by the slope of 

the linear phase of the resulting fluorescence and expressed in arbitrary fluorescence units 

per mg of protein per minute (∆ fluorescence (u.a).mg-1 of protein min-1). 

3.7. Data treatment and statistical analysis 
 

One factor analysis of variances (ANOVA) was performed to test the null hypothesis in 

which values would not vary using the same treatment (p-value > 0.05). Furthermore, 

ANOVA was also used to analyse differences between measurements with different 

treatments. Before that, Kolmogorov-Smirnov test was used to test normality distribution 

and Cochran Test (Cochran, 1951) was used to test homogeneity of variances.  When such 

parameters were not found, data was transformed using √x+1 or logx+1. When 

transformations did not solve the problem α was adjusted to 0.01, considering that ANOVA 

is sturdy enough specially when the design is well balanced and contains several samples 

(Underwood, 1997). When significant differences among treatments were found, Dunnett 

test (Dunnett et al., 1991) and Tukey’s (HSD) were employed (Sokal and Rohlf, 1995).  

Likewise, principal component analysis was employed to obtain a general overview of the 
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different concentrations and cellular assays accomplished (Hotelling et al.,1933). All 

statistical analyses were performed using R (Team, 2016) and GraphPad 8 (Graphpad 

Software, Inc. La Jolla, CA, USA) software. When applicable, results are presented as mean 

standard error of the mean (SEM). At least three independent experiments were carried out 

in triplicate. 
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4. Results 

4.1. Isolation and purification of Sphaerococcus coronopifolius 
compounds 
 

The isolation and purification of Sphaerococcus coronopifolius compounds was 

performed from fractions previously obtained. The fractions were subjected to 

chromatography column (CC) and thin layer chromatography techniques using different 

conditions (Figure 5), allowing to isolate four compounds. The structural identification of 

those compounds was accomplished NMR spectroscopy and comparison with literature 

data. Regarding our results, when compared with literature data, it was possible to identify, 

unambiguously, the following compounds:  

NMR data of compound 1 (Table 2) confirmed the presence of a sesquiterpene derivative 

with 15 carbons, registering two methyl signals forming an isopropyl unit at δH 1.00 (s, H-

14, 3H) and 0.96 (s, H-15, 3H) and one methyl group bonded to a tertiary carbon from the 

five membered carbon ring δH 0.94 (d, 7.2 Hz, H-12, 3H). In addition, a methylene group of 

an exocyclic double bond was indicated through the highest chemical shift signals at 

δH 4.70 m and 4.73 m (m, H-13, 2H).  NMR data allowed to identify the gross structure of 

an aromadendrene skeleton, identifying compound 1 as alloaromadendrene, in agreement 

with results previously reported (Faure et al., 1991, De Rosa et al.,1988).    
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Table 2 – Comparison of NMR data (CDCl3, 400 MHz) of compound 1 isolated from Sphaerococcus 
coronopifolius and alloaromadenddrene from literature1,2.  

  
                                    

 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 Compound 1 Alloaromadendrene1 Alloaromadendrene 2  
n°   1H   13C   1H    13C   1H    13C type 

1 1.86 m 42.1 1.80-1.90 m 42.3 1.86 m 42.24 CH 
2 0.24 dd  

(10.0, 9.7) 
23.5 0.25 dd 

(11.0, 9.6) 
23.7 0.24 dd 

(10.9; 9.9) 
23.59 CH 

3 - 17.21 - 17.3 - 17.23 C 
4 0.54 m 24.7 0.56 m 25.0 0.55 m 24.87 CH 
5 1.85 m 

1.24 m 
22.1 1.80-1.90 m 

1.26 m 
22.2 1.84 m(α) 

1.24 m(β) 
22.20 CH2 

6 2.31 m 
 

35.6 2.32 m 
 

35.8 2.34 m(α) 
2.28 m(β) 

35.76 CH2 

7 - 152.58 - 152.2 - 152.32 C 
8 2.67 m 50.8 2.67 m 51.0 2.65 m 50.84 CH 
9 1.89 m 

1.72 m 
28.2 1.73 m 28.3 1.88 m 

1.73 m 
28.27 CH2 

10 1.74 m 
1.33 m 

31.17 1.80-1.90 m 
 

31.3 1.73 m(β) 
1.32 m(α) 

31.26 CH2 

11 2.07 m 
 

37.8 2.07 m 
 

37.8 2.07 m 37.86 CH 

12 0.94 d (7.2) 16.3 0.94 d (7.2) 16.4 0.94 d (8.0) 16.44 CH3 
13 4.73 m 

4.70 m 
109.6 4.73 m 

4.71 m 
109.6 4.74 m 

4.71 m 
109.78 CH2 

14 1.00 s 28.6 1.00 s 28.7 1.01 m 28.65 CH3 

15 0.95 s 15.9 0.96 s 15.8 0.96 m 15.89 CH3 
1 NMR data (500MHz, CDCl3) from De Rosa et al. 1988. 2 NMR data (400MHz, CDCl3) from Faure 
et al. 1991.    1H (proton chemical shift in ppm, multiplicity, coupling constant in Hz);   13C (carbon 
chemical shift in ppm); 

 

 NMR data of compound 2 (Table 3) confirmed the structure of sphaerococcenol A, in 

agreement with previous results reported in literature (Smyrniotopoulos et al., 2008; Etahiri 

et al., 2001; De Rosa et al., 1988).  NMR spectra showed a presence of a diterpene (C-20) 

with two methyl doublets at δH 0.92 (d, 5.1 Hz, H-19, 3H) and 0.94 (d, 5.1 Hz, H-20, 3H), 

and two methyl singlets at δH 1.09 (s, H-15, 3H) and 1.33 (s, H-16, 3H), being the two methyl 

doublets part of an isopropyl group. Likewise, results showed a heteroatom-substituted 

secondary carbon at δC 39.81 (CH2, C-17) with two diastererotopic protons (δH 3.72br and 

3.89 d, Jgeminal= 10.6 Hz) characteristic of a brominated methylene group. In addition, it also 

presented two pairs of cis vinyl protons indicated by the signals at δH 6.04 (brd, 10.0 Hz, 
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H-1, 1H)/ 5.74 (m, H-2, 1H) and 6.07 (d, 9.7 Hz, H-13, 1H)/6.83 (d, 9.7 Hz, H-14, 1H). It is 

also possible to identify at δc 203.27 a signal characteristic of ketone carbon (>C=O) and at 

δc 75.13 of a quaternary carbon link to a hydroxyl group. 

 

Table 3 – Comparison of NMR data (CDCl3, 400 MHz) of compound 2 isolated from Sphaerococcus 
coronopifolius and sphaerococcenol A from literature1. 

  

 
 

 Compound 2 Sphaerococcenol A1  
n°   1H   13C    1H    13C Type 

1 6.04  br d  (10.0) 128.18 6.05  br d  (10.3) 128.31 CH 
2 5.74 m  127.45 5.74  dm  (10.3) 127.67 CH 
3 2.16  m 

1.98  m 
22.18 2.16  m 

1.90 – 2.00  m 
22.38 CH2 

4 1.77 brd (5.6) 41.88 1.78  m 42.16 CH 
5 - 40.06 - 40.31 C 
6 1.59  m 

1.85  m 
24.37 1.46  m 

1.68  m 
33.21 CH2 

7 1.46 dm (13.4) 
1.85 brt (13.4) 

32.87 1.59  m 
1.76  m 

24.61 CH2 

8 - 36.67 - 36.90 C 
9 1.93 d  (11.7) 45.33 1.46-1.54  m 45.75 CH 
10 2.90  br d (11.7) 35.33 2.90  br d (13.0) 35.61 CH 
11 - 75.13 - 75.36 C 
12 - 203.27 - 203.34 C 
13 6.07  d  (9.7) 124.33 6.07  d  (9.8) 124.51 CH 
14 6.83  d  (9.7) 161.92 6.83  d  (9.8) 161.94 CH 
15 1.09  s 21.29 1.09  s 21.07 CH3 
16 1.33  s 31.16 1.33  s 31.38 CH3 
17 3.72  brd  (10.6) 

3.89  d  (10.6) 
39.81 3.72  d  (10.7) 

3.89  d  (10.7) 
39.82 CH2 

18 1.92-2.00  m 25.69 1.90 – 2.00  m 25.95 CH 
19 0.92  d  (5.1) 19.39 0.92  d  (6.8) 19.45 CH3 
20 0.97  d  (5.1) 25.87 0.97  d  (6.8) 26.00 CH3 
 2.95 s - - - OH 

1 RMN data (500MHz, CDCl3) from de Rosa et al. 1988.   1H (proton chemical shift in ppm, 
multiplicity, coupling constant in Hz).   13C (carbon chemical shift in ppm).  

 
 

NMR data of compound 3 (Table 4) confirmed another molecule with a diterpene structure 

that was identified as 12S-hydroxy-bromosphaerol (Smyrniotopoulos et al.,2008). Results 

showed the presence of two methyl singlets at δH 1.28 (s, H-15, 3H), 1.46 (s, H-16, 3H). On 

the other hand, it was also found  the signals at δH/δC (3.61 d, 3.95 d, Jgeminal = 10.5 Hz, 
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2H/40.55, CH2) and δH/δC (4.48 dm, 13 Hz, 1H/63.36, CH) that are consistent with the 

presence of brominated methylene (-CH2Br) and methine (-CHBr) groups at position C-17 

and C-14, respectively.  Additionally, it is also possible to identify at δH/δC (3.43 m, 1H/79.40, 

CH) a presence of methine group link to a hydroxyl group. 

 

Table 4 – Comparison of NMR data (CDCl3, 400 MHz) of compound 3 isolated from Sphaerococcus 

coronopifolius and 12S-hydroxy-bromosphaerol from literature1. 

 

 
 

 Compound 3 12S-hydroxy-bromosphaerol 1  
n°   1H   13C    1H    13C Type 

1 5.98 brd (10.6) 128.46 5.97  br d  (10.4) 128.5 CH 
2 5.72 m 127.51 5.69  ddt   

(10.4, 5.0, 2.5) 
127.5 CH 

3 1.95 m 
2.14 m 

21.92  1.93  m 
 2.10  m 

21.9 CH2 

4 1.75 m 42.60 1.72  br s 42.6 CH 
5 - 41.05 - 41.1 C 
6 1.80 m 

1.54 m 
24.86  1.75  m 

 1.51  m 

24.9 CH2 

7 1.84 m 
1.32 m 

36.40  1.81  m 
 1.29  m 

36.4 CH2 

8 - 41.77 - 41.8 C 
9 1.81 m 45.93 1.78  m 45.9 CH 
10 2.99 dm (10.4) 36.80 2.97  dm  (11.2) 36.8 CH 
11 - 74.83 - 74.8 C 
12 3.47 m 79.40 3.45  br s 79.4 CH 
13 2.16 dm (14) 

2.72 brt (13) 
37.36  2.14  dt  (13.7, 3.7) 

2.70  ddd  
(13.7, 12.8, 2.9) 

37.4 CH2 

14 4.48 dm (13)  63.40 4.46  dd  (12.8, 3.7) 63.4 CH 
15 1.28 s 14.85 1.27  s 14.9 CH3 
16 1.46 s 31.84 1.44  s 31.8 CH3 
17 3.61 d (10.5) 

3.95 d (10.5) 
40.55 3.60  dd  (10.8, 2.1) 

3.93  d  (10.8) 
40.5 CH2 

18 1.96 m 25.89 1.93  m 25.9 CH 
19 0.91 d (5.4) 19.71 0.89  d  (7.0) 19.7 CH3 
20 0.97 d (5.4) 25.93 0.95  d  (7.0) 25.9 CH3 
     OH 

1 NMR data (500MHz, CDCl3) from Smyrniotopoulos et al 2008.   1H (proton chemical shift in ppm, 
multiplicity, coupling constant in Hz).   13C (carbon chemical shift in ppm).  
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NMR data of compound 4 (Table 5) allowed to identify 12R-hydroxy-bromosphaerol, the 

12-epimer of compound 3. Both compounds have similar NMR data, being the most 

significant difference the chemical shifts and coupling constants of the methine proton 

geminal to the hydroxyl group at C-12 (δH 3.37 dd, 11.7 and 5.2 Hz, 1H/ δC 76.95, -CHOH) 

and the methylene group at C-13 (δH 2.23 ddd, 12.4, 5.2 and 3.2 Hz and 2.35 q, 12.4 Hz, 

CH2).  These data are in accordance with previous reports (Smyrniotopoulos et al., 2008; 

Cafieri et al,1987) that also isolated 12R-hydroxy-bromosphaerol from the red alga S. 

coronopifolius.  

Table 5  – Comparison of NMR data (CDCl3, 400 MHz) of compound 4 isolated from Sphaerococcus 
coronopifolius and 12R-hydroxy-bromosphaerol from literature1. 

  

 
 
 

 Compound 4 12R-hydroxy-bromosphaerol1  
n°  1H  13C  1H   13C Type 

1 6.01  br d  (10.6) 128.79 5.99  br d  (10.4) 128.8 CH 
2 5.69  m 126.41 5.67  ddt  (10.4, 5.8, 2.9) 126.4 CH 
3 2.14 m 

1.93  m 
21.80 :  2.12  m 

 :  1.91  m 

21.8 CH2 

4 1.77 m 42.63 1.73  m 42.5 CH 
5 - 40.47 - 40.5 C 
6 1.81 m 

1.52  m 
24.94  :  1.77  m 

:  1.50  m 

24.9 CH2 

7 1.82  m 
1.22  m 

35.97 :  1.78  m 
 :  1.18  m 

36.0 CH2 

8 - 41.97 - 42.0 C 
9 1.40  d  (10.7) 48.71 1.38  d  (10.8) 48.7 CH 
10 3.03  dm  (10.7) 37.49 3.02  dm  (10.8) 37.5 CH 
11 - 73.46 - 73.5 C 
12 3.37  dd (11.7, 5.2) 76.94 3. 34  dt  (11.6, 5.4) 76.9 CH 
13 2.23  ddd  (12.4, 5.2, 3.2) 

2.35 q  (12.4) 
38.03  : 2.21  ddd  (12.4, 5.4, 3.3)  

 : 2.33  ddd  (12.8, 12.4, 
11.6) 

37.9 CH2 

14 3.90  dd  (12.8, 3.2) 62.96 3.88  dd  (12.8, 3.3) 63.0 CH 
15 1.26  s 13.64 1.25  s 13.6 CH3 
16 1.43  s 30.86 1.41  s 30.9 CH3 
17 3.91  d  (10.3)  

3.60  brd (10.3) 
40.28 3.89  d  (10.4) 

3.59  dd (10.4, 1.7) 
40.3 CH2 

18 1.94 m 25.83 1.93 m 25.8 CH 
19* 0.91  d  (6.8) 19.94 0.89  d  (7.1) 19.9 CH3 
20* 0.98  d  (6.8) 26.13 0.95  d  (7.1) 26.1 CH3 

1 NMR data (500MHz, CDCl3) from Smyrniotopoulos et al 2008. 1H (proton chemical shift in ppm, 
multiplicity, coupling constant in Hz).  13C (carbon chemical shift in ppm).  
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Summarizing, the CC and the previous HPLC techniques applied led to the isolation of 

four compounds identified as alloaromadendrene (1), sphaerococcenol A (2), 12S-hydroxy-

bromosphaerol (3) and 12R-hydroxy-bromosphaerol (4). Their chemical structures are 

depicted in Figure 6.         

 

Figure 6. Chemical structures of the terpenes isolated from Sphaerococcus coronopifolius, collected 
in the Berlenga Nature Reserve, Peniche, Portugal.   

However, due to the low purity of compound 3, which correspond to 12S-hydroxy-

bromosphaerol, it was not integrated in the biological assays. 

 

4.2. Antioxidant activity of Sphaerococcus coronopifolius 
compounds 
 

Antioxidant activities of alloaromadendrene, sphaerococcenol A and 12R-hydroxy-

bromosphaerol isolated from the red algae S. coronopifolius was evaluated through the 

following complementary methods: DPPH radical scavenging assay (DPPH), Oxygen 

Radical Absorbance Capacity (ORAC), and Ferric Reducing Antioxidant Power (FRAP). 

The results are present in the following sections 4.2.1 - 4.2.3.  
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4.2.1. DPPH radical scavenging activity 
 

DPPH radical scavenging assay have been widely used to evaluate the antioxidant 

potential of distinct samples, including marine natural products. Following this, the ability of 

S. coronopifolius terpenes (5-150 µM) to neutralize DPPH radicals was evaluated and the 

results were presented as percentage (%) of reduced DPPH (Figure 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 7. DPPH radical scavenging activity of alloaromadendrene (A), sphaerococcenol A (B), and 

12R-hydroxy-bromosphaerol (C)  isolated from Sphaerococcus coronopifolius and  ascorbic acid 

antioxidant standard tested at different concentrations (5 - 150 µM) expressed as percentage of 

reduced DPPH. Values correspond to mean ± SEM of at least three independent experiments carried 

out in triplicate. 
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As seen in figure 7, it is possible to observe that the terpenes alloaromadendrene, 

sphaerococcenol A and 12R-hydroxy-bromosphaerol exhibited a weak capacity to reduce 

DPPH radicals when compared with the ascorbic acid antioxidant standard. The highest 

capacity of alloaromadendrene, sphaerococcenol A and 12R-hydroxy-bromosphaerol was 

observed at the concentrations of 60 µM, 100 µM and 150 µM, inducing a DPPH reduction 

of 4.71%, 5.49%, and 1.91% respectively. The highest antioxidant activity was exhibited by 

the ascorbic acid that neutralize DPPH radicals in 82.70%, 95.51%, 96.38% DPPH when 

tested at the concentrations of 50 µM, 100 µM, and 150 µM, respectively. Furthermore, 

significant differences were found for the three terpenes at every concentration when 

compared with ascorbic acid (ANOVA, Tukey's Test, p<0.05). 

4.2.2. Oxygen Radical Absorbance Capacity (ORAC) 
 

The ability of S. coronopifolius terpenes alloaromadendrene, sphaerococcenol A and 

12R-hydroxy-bromosphaerol to reduce peroxyl radicals was evaluated by  means of the 

ORAC method. Results are presented as µmol of trolox equivalents per mg of compound 

(µmol Trolox EQ/ mg compound) and depicted in Figure 8.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Oxygen Radical Absorbance Capacity of Sphaerococcus coronopifolius compounds and 
ascorbic acid.   Values correspond to mean ± SEM of at least three independent experiments carried 
out in triplicate. Symbols represent significant differences (ANOVA, Tukey's Test, p<0.05) when 
compared to: * alloaromadendrene and sphaerococcenol A;  # when compared with the remaining 
compounds. 
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The highest oxygen radical absorbance capacity was exhibited by the ascorbic acid 

standard antioxidant with a value of 53,887.10 ± 651.86 µmol Trolox EQ/ mg compound 

(Figure 8). Regarding S. coronopifolius terpenes, 12R-hydroxy-bromosphaerol (16,208.77 

± 3,048 µmol Trolox EQ/ mg compound) displayed the highest capacity to reduce peroxyl 

radicals following by alloaromadendrene (9,120.10 ± 816.33 µmol Trolox EQ/ mg 

compound) and sphaerococcenol A (5,998.35 ± 663.62 µmol Trolox EQ/ mg compound). 

Moreover, it is possible to observe that 12R-hydroxy-bromosphaerol presents significant 

differences when compared with alloaromadendrene and sphaerococcenol A, standing out 

as the compound with best capability to reduce peroxyl radicals  among the tested terpenes. 

4.2.3. Ferric Reducing Antioxidant Power (FRAP) 
 

FRAP method is based in the reduction of ferric iron (Fe3+) to ferrous iron (Fe2+) which 

may be triggered by antioxidants. Thus, the capacity of S. coronopifolius terpenes to reduce 

ferric ions by electron donation was evaluated. Results were expressed in µM of FeSO4 

equivalents per mg of compound (µM FeSO4 EQ/ mg compound) and shown in Figure 9. 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Ferric reducing antioxidant power (FRAP) of Sphaerococcus coronopifolius terpenes and 
ascorbic acid. Values correspond to mean ± SEM of at least three independent experiments carried 
out in triplicate. Symbol (*) represents significant differences (ANOVA, Tukey's Test, p<0.05) when 
compared to other all compounds. 
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Results presented in Figure 9 showed that the greater capability to reduce ferric iron 

(Fe3+) to ferrous iron (Fe2+) among S. coronopifolius compounds was mediated by 

alloaromadendrene (80.45 ± 4.91 µM FeSO4 EQ/mg compound). However, no significant 

differences were found when it was compared with 12R-hydroxy-bromosphaerol (67.70 ± 

6.77 µM FeSO4 EQ/ mg compound) or sphaerococcenol A (20.35 ± 2.38 µM FeSO4 EQ./ 

mg compound). On the other hand, the highest antioxidant activity was mediated by 

ascorbic acid (8,832.52 ± 714.52 µM FeSO4 EQ/ mg compound), which displayed the 

highest capacity to reduce ferric iron (Fe3+), presenting significant differences when 

compared with the remaining compounds.  

4.3. Biological activities of compounds isolated from 
Sphaerococcus coronopifolius on in vitro cellular models 
 

4.3.1. Cytotoxicity of compounds isolated from Sphaerococcus 
coronopifolius 
 

Different concentrations (0.3 – 10 µM) of the terpenes (alloaromadendrene, 

sphaerococcenol A and 12R-hydroxy-bromosphaerol) isolated from S. coronopifolius were 

tested on fibroblasts (3T3 cells) and neuronal cells (SH-SY5Y cells) in order to define the 

non-toxic concentrations to be used in the assessment of their neuroprotective activities. 

Results were expressed as percentage of control and depicted in Figure 10 and 11.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Cytotoxicity of Sphaerococcus coronopifolius compounds (0.3 – 10 µM; 24 h) on 3T3 
cells’ viability. The effects were estimated by the MTT assay. Values correspond to mean ± SEM of 
at least three independent experiments carried out in  triplicate.   
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The treatment accomplished on fibroblasts with the compounds extracted from S. 

coronopifolius did not induced cytotoxicity in all the concentrations tested (Figure 10). 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Neurotoxicity of Sphaerococcus coronopifolius compounds (0.3 – 10 µM; 24 h) on SH-
SY5Y cells’ viability. The effects were estimated by the MTT assay. Values correspond to mean ± 
SEM of at least three independent experiments carried out in triplicate. Symbol represents significant 
differences (ANOVA, Dunnett´s test, p<0.05) when compared to: * vehicle. 

 

On the other hand, the exposition of SH-SY5Y cells to alloaromadendrene, 12R-hydroxy-

bromosphaerol and sphaerococcenol A did not decrease SH-SY5Y cells’ viability, except in 

the case of 10 µM sphaerococcenol A, which decreased cells’ viability in 33% when 

compared with the vehicle. Therefore, the mentioned concentration was not used in the 

following neuroprotective biological assays.   

 

 

4.3.2. Neuroprotective activity of compounds isolated from 
Sphaerococcus coronopifolius 
 

The neuroprotective activity of S. coronopifolius compounds at non-toxic concentrations 

was evaluated on SH-SY5Y cells exposed to 6-OHDA neurotoxin. Results were expressed 

as percentage (%) of control and presented in Figure 12. 
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Figure 12. (A) Neuroprotective effects of Sphaerococcus coronopifolius compounds (0.3 – 10 µM) 
against 6-OHDA (100 µM) - induced neurotoxicity on SH-SY5Y cells after 24 h of treatment.  (B) 
Neuroprotective effects of the Sphaerococcus coronopifolius compounds pre-incubated for 1 h 
before 6-OHDA (100 µM) exposition on SH-SY5Y cells. The effects were estimated by the MTT 
assay. Values correspond to mean ± SEM of at least three independent experiments carried out in 
triplicate. Symbols represent significant differences (ANOVA, Dunnett´s test, p<0.05) when 
compared to: # vehicle or *-OHDA.  
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Treatment with 6-OHDA resulted in a 42% decrease of SH-SY5Y cell viability (Figure 

12A). On the other hand, the treatment performed in the presence of 12R-hydroxy-

bromosphaerol at 3 µM, 1 µM and 0.3 µM exhibited a significant capacity to decrease the 

neurotoxicity induced by 6-OHDA, increasing SH-SY5Y cell viability in 18.66 ± 4.81%, 23.66 

± 6.58%, and 24.19 ± 7.74%, respectively. Finally, the treatments performed in the presence 

of alloaromadendrene and sphaerococcenol A did not showed significant differences when 

compared to 6-0HDA.  

On the other hand, pre-incubation with compounds on SH-SY5Y cells for 1 h did not 

exhibited capacity to neutralize the 6-OHDA - induced neurotoxicity (Figure 12B).   

 

4.3.3. Neuroprotective effects of compounds on Parkinson's 
disease biomarkers 
  

According to the results described above, 12R-hydroxy-bromosphaerol revealed the 

highest neuroprotective potential. Therefore, the mechanism of action underlying its 

activities and related to Parkinson's disease development, namely oxidative stress, 

mitochondrial disfunction and Caspase-3 activity were evaluated. The results are presented 

in the following sections 4.3.3.1 to 4.3.3.3.   

 

4.3.3.1. Production of reactive oxygen species (ROS) 
  

The levels of reactive oxygen species produced by SH-SY5Y cells after exposition to 6-

OHDA in presence/ absence of 12R-hydroxy-bromosphaerol were measured. Results were 

presented as percentage (%) of control (Figures 13). 
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Figure 13. Production of reactive oxygen species on SH-SY5Y cells treated with 6-OHDA (100 µM) 
in the presence/ absence of 12R-hydroxy-bromosphaerol (0.3 – 3 µM) after 6 h of incubation. Values 
correspond to mean ± SEM of at least three independent experiments carried out in triplicate. 
Symbols represent significant differences (ANOVA, Dunnett´s test, p<0.05) when compared to: # 
vehicle or *6-OHDA.  

 

The exposition of SH-SY5Y cells to 6-OHDA significantly increased the production of 

ROS in 11% (111.9±2.6 %) when compared to vehicle situation (Figure 13). On the other 

hand, the treatment performed in the presence of 12R-hydroxy-bromosphaerol, when tested 

at 1 µM, promoted a significant decrease of ROS levels produced by SH-SY5Y cells when 

compared with 6-OHDA treatment (103.1 ± 3.26%).    

Furthermore, no significant differences were observed when cells were treated with 12R-

hydroxy-bromosphaerol at 3 µM and 0.3 µM, although results showed a decrease of 6.89% 

and 4.53%, respectively in ROS levels.     

4.3.3.2. Mitochondrial membrane potential 
 

Changes in the mitochondrial membrane potential of SH-SY5Y cells exposed to 6-OHDA 

in presence/ absence of 12R-hydroxy-bromosphaerol were evaluated after 6 h of treatment. 

Results were expressed as percentage of control (ratio of monomers/ aggregates JC-1) and 

presented in Figure 14.  
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Figure 14. Mitochondrial membrane potential of SH-SY5Y cells treated with 6-OHDA (100 µM) in 
the presence/ absence of 12R-hydroxy-bromosphaerol (0.3 – 3 µM) after 6 h of incubation. Values 
correspond to mean ± SEM of at least three independent experiments carried out in triplicate. 
Symbols represent significant differences (ANOVA, Dunnett´s test, p<0.05) when compared to: # 
vehicle or *6-OHDA. 

 

The treatment of SH-SY5Y cells in the presence of 6-OHDA neurotoxin (147.25 ± 4.09%) 

induced a significant depolarization of the mitochondrial membrane potential when 

compared with the vehicle situation (100.00 ± 1.85%). However, when SH-SH5Y cells were 

incubated in the presence of 12R-hydroxy-bromosphaerol, it was possible to observe a 

significant protective effect on MMP mediated by the compound when tested at 3, 1, and 

0.3 µM, reducing the depolarization promoted by 6-OHDA in 13.47%, 19.85%, and 35.67%, 

respectively when compared to vehicle situation 

4.3.3.3.  Caspase-3 activity  
 

Caspase-3 activity of SH-SY5Y cells when exposed to 6-OHDA in presence/ absence of 

12R-hydroxy-bromosphaerol was evaluated after 6 h of treatment. Results were expressed 

as percentage of control and displayed in Figure 15. 
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Figure 15. Caspase-3 activity of SH-SY5Y cells when exposed to 6-OHDA in the presence/absence 
of 12R-hydroxy-bromosphaerol (0.3 – 3 µM) for 6 h. Values correspond to mean ± SEM of at least 
three independent experiments carried out in triplicate. Symbols represent significant differences 
(ANOVA, Dunnett´s test, p<0.05) when compared to: # vehicle or *6-OHDA. 

 

SH-SY5Y cell exposure to 6-OHDA induced a marked increase of Caspase 3 activity 

around 157% (257.31 ± 30.92%) when compared with the vehicle situation. On the other 

hand, when SH-SY5Y cells were treated in the presence of 12R-hydroxy-bromosphaerol at 

0.3 µM a significant decrease of Caspase-3 activity was observed when compared with the 

6-OHDA treatment.  

 

4.4. Principal Component Analysis (PCA) 
 

The PCA was carried out in order to have an overview of the similarities and differences 

among de three different concentrations tested of 12R-hydroxy-bromosphaerol and to 

determine their relationship with the distinct assays developed to evaluate the 

neuroprotective potential, namely, ROS production, MMP, and Caspase-3 activity (Figure 

16).  
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Figure 16. Principal component analysis (PCA) of the neuroprotective activities (NP)and the 
Parkinson’s Disease biomarkers, namely oxidative stress (ROS), mitochondrial dysfunction (MMP) 
and apoptosis (CASP3). Vectors represent the variances between the different assays 
(Neuroprotection, ROS, MMP, CASP3). 

 

PC1, first principal component, and PC2, second principal component, represent 82.9% 

and 15,6% of the data total variance, respectively. Results showed that there is a negative 

correlation for the neuroprotective assay (right) when compared with the biomarkers studied 

(left) which is clearly verified by the PC1 axes. Likewise, there is a strong negative 

correlation between 6-OHDA (left) and control (right). Moreover, in agreement with the 

previous results, 0.3 µM 12R-hydroxy-bromosphaerol concentration was the closest one to 

the neuroprotection and CT values (left), pointing out the protection of mitochondrial 

membrane potential, decrease of ROS production and inhibition of Caspase-3 activity.  
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5. Discussion and Conclusions 

Parkinson´s disease is the second most common neurodegenerative disease after 

Alzheimer´s disease, affecting a significant percentage of the old-age population in the 

world, with symptoms that manifest in tremor, posture rigidity and lack of autonomy. In this 

context, the search for new bioactive compounds with neuroprotective activities, currently 

represents an increasing area of study. Nonetheless, considering that the terrestrial 

environment is widely studied, the discovery of novel natural compounds becomes more 

difficult. On the contrary, the marine ecosystem represents an almost unexplored 

environment and thus, is currently focusing new attention as a source of new compounds 

with distinct chemical features and mechanisms of action when compared to the terrestrial 

compounds. In fact, as marine environment has been explored, more marine drugs have 

been reported, representing nonetheless a small indication of a larger possibility, especially 

since marine environment constitutes a unique medium to produce a great amount of 

secondary metabolites with great biological activities.   

Accordingly, the red alga S. coronopifolius has been proved to be  an interesting source 

of new compounds with different biological activities, like anti-fouling (Piazza et al.,2011), 

anti-microbial (Smyrniotopoulus et al., 2008;Ethari et al.,2001;) and anti-tumor potentials 

(Alves et al., 2016; Rodrigues et al., 2015; Smyrniotopoulos et al., 2008), and thus, the aim 

of this study was to isolate compounds from the mentioned alga and characterize their 

biological activities, namely antioxidant and neuroprotective.  

In this report, by means of chromatography techniques it was possible to isolate four 

compounds belonging to chemical class of terpenes. The compounds were identified as 

alloaromadendrene (1), sphaerococcenol A (2) 12S-hydroxy-bromosphaerol (3) and 12R-

hydroxy-bromosphaerol (4), as evidenced by the NMR spectral data. These compounds are 

commonly found in S. coronopifolius and they have been previously isolated from this 

species as early reported; (Smyrniotopoulos et al.,2008; Etahiri et al., 2001; Faure et al., 

1991; De Rosa et al., 1988; Cafieri et al,1987). The biological activities of compounds 1-4 

have been evaluated for their antitumour properties against several human cell lines, 

displaying as well antimicrobial, cytotoxic, and anti-tumour activities (Alves et al., 2016; 

Rodrigues et al., 2015; Smyrniotopoulos et al., 2015; Smyrniotopoulos et al., 2008; Sawan 

et al.,2007; Smyrniotopoulos et al., 2010). However, to our best knowledge, this is the first 

report regarding their neuroprotective activities. 

As previously mentioned, PD is a neurodegenerative illness associated with the loss of 

neuronal dopaminergic cells. Due to that, compounds able to reverse, or minimize neuronal 
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death represent interesting pharmacological assets to be used as neuroprotective agents. 

Moreover, different mechanisms may be associated with neuroprotective effects and thus, 

it is vital to employ different approaches aiming to achieve a general overview of the different 

processes occurring inside the cell.  

As reported in literature, oxidative stress plays a significative role in PD (Sarrafchi et al., 

2016¸Valko et al., 2007). In fact, the inability caused by cellular machine disfunction leads 

to an increase of ROS production, which are highly unstable and tend to react with nearby 

molecules causing damage and triggering cell death (Pavlin et al.,2016). Due to that, the 

search for new sources of antioxidant compounds represents an increasing area of study. 

Considering this and aiming to determine its antioxidant potential, the antioxidant capability 

of the isolated compounds was assessed by three complementary methods: DPPH, FRAP, 

and ORAC. 

DPPH is a stable nitrogen centred free radical which can be effectively scavenged by 

antioxidants (Villaño et al., 2007) and is also considered as a good kinetic model for peroxyl 

radicals (Rackova et al., 2007). In the present study, when the compounds were tested in 

the DPPH assay, they showed a weak antioxidant potential (Figure 7). Nonetheless, 

antioxidant activity of S. coronopifolius non-purified extracts has been previously reported 

(Pinteus et al.,2017). Effectively, these authors observed that the highest scavenging 

capacity was displayed by S. coronopifolius methanol extract when it was compared with 

other five methanolic extracts derived from other seaweeds. Moreover, similar antioxidant 

capacity of S. coronopifolius methanol extracts has been reported by Rhimou et al. (2013), 

where aqueous fractions obtained from this alga also showed capacity to reduce DPPH 

radicals, being associated to the presence of polysaccharides.  

The above-mentioned results suggest that the antioxidant-scavenging potential of this 

algae may not be related with the three terpenes studied in the present work, since those 

were isolated from a dichloromethane crude extract. Moreover, the antioxidant capacity of 

the methanolic extracts from S. coronopifolius could actually be associated to the presence 

of phenolic compounds. In fact, high levels of phenolic compounds have been reported from 

S.coronopifolius before, where this macroalgae demonstrated the highest total phenolic 

content (TPC), both in summer and in winter, when it was compared with two brown 

seaweeds, Halopteris scoparia and Zonaria tournefortii  (Fellah et al.,2017).Additionally, 

there is a great correlation between TPC and antioxidant activity that has been reported by 

many researchers (Rajauría et al., 2010; Wang et  al., 2009; Chew et al., 2008), since algae 

derived polyphenols  have been proved to scavenge peroxyl radicals (Wang et al., 2009) 

and chelate ferrous ions (Chew et al., 2008). On the other hand, previous reports suggest 
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that in the case of the aqueous extracts from S. coronopifolius in which no phenolic 

compounds were found, the radical scavenging ability was associated with the presence of 

polysaccharides (Rhimou et al., 2013).                                                                                                                    

The FRAP assay determines the capability of antioxidant compounds to reduce ferric 

iron (Fe3+) to ferrous iron (Fe2+) in a colorimetric oxidation-reduction reaction based on 

electron transfer (Murugan et al., 2012). In the present work, even if the compounds isolated 

displayed a slight capability to reduce ferric iron (III), the effects were not significant when 

compared with  ascorbic acid (Figure 8). A weak, reducing power has also been reported 

before from red algae extracts (Mellouk et al., 2017; Allencar et al.,2014) being associated 

with the presence of polyphenols too, although in this reports it was concluded that phenolic 

compounds only serve a minimum role in the scavenging of metallic ions and cannot 

represent the principal reducing agent of ferric ions (Meenakshi et al., 2011) suggesting that 

if anything  its  reducing power was associated with  hydroxyl groups present in polyphenols, 

which may act as electron donors (Mellouk et al., 2017; Kumaran et al.,2007).  

Regarding ORAC assay, it was used to evaluate the capability of compounds to 

scavenge peroxyl radicals that induce the oxidation of fluorescein (Mounir et al., 

2014;Kindleysides et al., 2012; ).  Our results (Figure 9) demonstrated their capability to 

scavenge peroxyl radicals but no significant antioxidant capacity was found when compared 

with ascorbic acid for any of the three compounds assessed in this study.  

Concerning assessment of neuroprotective activity, it was evaluated the capacity of 

compounds to protect SH-SY5Y cells from the neurotoxicity induced by 6-OHDA treatment, 

which mimics the neurodegeneration process observed in PD. In order to do that, first, a 

cytotoxicity assessment was carried out to determine the non-cytotoxic concentrations that 

were to be employed. In this case, the cytotoxicity assays (Figure 10) revealed that only 10 

µM sphaerococcenol A  induced a significant reduction of SH-SY5Y cell viability. Likewise, 

cytotoxicity assessment for treatments with both, 12R-hydroxy-bromosphaerol and 

alloaromadendrene, did not exhibited significant toxicity in all tested concentrations. On the 

other hand, the treatment with the compounds accomplished in 3T3 fibroblasts did not 

induced any cytotoxic effect (Figure 11).  

As for the cytotoxic effects obtained in this study for sphaerococcenol A, which resulted 

in a 33% decrease of cell viability, our results are in agreement with previous results 

obtained with sphaerococcenol A 10 µM, which induced a significant reduction (55%) in 

non-malignant human lung fibroblasts cells (HBF) (Alves et al.,2020). 
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Regarding neuroprotection, the protective effects were evaluated in SH-SY5Y 

dopaminergic cell line exposed to 6-OHDA. As previously mentioned, this neurotoxin has 

been reported to induce neurodegeneration through the processing of hydrogen peroxide 

and hydroxyl radicals in the presence of iron, since once inside the neurons, the toxin 

accumulates and undergoes non-enzymatic auto-oxidation, leading to the formation of ROS 

(Bladini et al., 2008). In this study, the exposition of SH-SY5Y cells to 6-OHDA neurotoxin 

led to a reduction of cell viability around 50%. It also resulted in a significant increase of 

ROS levels (11%), mitochondrial membrane potential depolarization (47%) and Caspase 3 

activity (157%).  On the other hand, through the incubation of SH-SY5Y cells with 6-OHDA 

in the presence of non-toxic concentrations of compounds, it was possible to observe a 

protective effect against the adverse effects of 6-OHDA mediated by 12R-hydroxy-

bromosphaerol at 3, 1, and 0.3 µM concentrations (Figures 12).  

The treatment accomplished with alloaromadendrene and sphaerococcenol A did not 

showed any recover in the neurotoxicity induced by 6-OHDA. Similar results were obtained 

for all compounds when they were pre-incubated for 1 h before exposition to 6-OHDA. No 

significant differences were observed when they were compared with 6-OHDA treatment.  

Regarding the results attained for 12R-hydroxy-bromosphaerol concentrations, they are 

in agreement with previous results reported to tanshionone, an abietane diterpenoid, 

obtained from Salvia miltiorrhiza, which demonstrated a significant neuroprotection of SH-

SY5Y cells against 6-OHDA - induced neurotoxicity (Wang et al., ,2015). Likewise, 

eleganolone, a diterpene isolated from the brown seaweed Bifurcaria bifurcata has been 

reported to exhibit neuroprotective effects, when incubated in presence of 6-OHDA in SH-

SY5Y cells, resulting in an increase of cell viability of 18.28% and 25.53%, when tested at 

0.5 and 1 µM, respectively (Silva et al.,2019).   

Concerning the results obtained for the pre-incubation approach with the S. 

coronopifolius compounds prior to 6-OHDA exposition, no significant neuroprotection was 

observed. Nonetheless, these results should be interpretated carefully. In this aspect further 

assays with longer periods of pre-incubation should be considered, aiming to determine if 

pre-incubation time plays a significant role in the neuroprotective effects. Moreover, 

upregulation of intrinsic antioxidant pathways may be induced only in an oxidative stress 

conditions.  As a matter of fact, it has been reported that the expression of representative 

phase II detoxifying enzymes such as GPx or SOD, results mainly from the activation 

mediated by Nrf2 transcription factor and its interaction with the antioxidant response 

element (ARE) (Na et al.,2008;Kong et al.,2001). Furthermore, Nrf2 transcription factor is 

also related with the expression of antioxidant enzymes caused by oxidative stress (Ishii et 
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al., 2000). Thus, an interesting question that should be assessed in further studies is to 

understand the mechanisms involved in pre-incubation with our compounds before 6-OHDA 

exposition, for an external regulation of antioxidant mechanism may occur only after stress 

conditions.   

Nonetheless, as 12R-hydroxy-bromosphaerol was the only compound that 

demonstrated neuroprotective potential, its effects on the different mechanisms related with 

PD development were studied. As earlier discussed, oxidative stress is believed to play an 

important role in neurodegenerative diseases like PD, since mitochondrial disfunctions like 

complex I deficiencies, leads to ROS production and thus stimulates several processes 

leading to cell death. Furthermore, auto-oxidation of 6-OHDA produce p-quinone, leading 

to oxidative stress condition, triggering apoptotic mediated cell death (Izumi et al.,2005). 

Thus, considering these facts and aiming to understand if the effects mediated by 12R-

hydroxy-bromosphaerol are related with those intracellular signalling pathways, the ROS 

levels were measured. As previously shown in Figure 15, when ROS production was 

assessed on SH-SY5Y cells exposed to 6-OHDA in the presence of 1 µM 12R-hydroxy-

bromosphaerol, it was possible to observe a significative reduction (8.8%) of ROS levels 

when compared to 6-OHDA. Since the compounds exhibited weak antioxidant capacity by 

the chemical methods directly related with the neutralization of radicals, the results 

observed suggest that 12R-hydroxy-bromosphaerol neuroprotective activities may be 

related with the upregulation of inner antioxidant pathways like Nrf2/ARE, SOD, CAT and 

GPx, preventing the increase of ROS levels. In literature, similar results were reported for 

the diterpene tanshinone (Wang et al.,2015), where its antioxidant activity was associated 

with the regulation of the Nrf2/ARE pathway, which plays an important role in the resistance 

to oxidative stress condition (Ma, 2013). In fact, quite recently isolated terpenoids from Zea 

mays, have been reported to decrease induced-oxidative stress by the upregulation of the 

Nrf2 pathway, a neuroprotective effect that was reversed when Nfr2 was silenced (Song et 

al.,2020). Furthermore, although using gallic acid instead of terpenes, similar results and 

conclusions have been reported with SH-SY5Y cells treated with 6-OHDA, where gallic acid 

was able to reduce the levels of ROS production and upregulated Nrf2 levels 

(Chandrasekhar et al.,2018). 

As for the mitochondrial membrane potential assay, which aimed to determine 

mitochondrial membrane depolarisation of SH-SY5Y cells after 6-OHDA exposition, results 

showed that 0.3, 1, and 3 µM 12R-hydroxy-bromosphaerol induced a significant reduction 

of the mitochondrial membrane potential of 24.23%, 13.53% and 5.56% respectively when 

compared with 6-OHDA treatment. These results are particularly interesting in the case of 



                                                                                                 DISCUSSION AND CONCLUSIONS             
 

Page 60 
 

1 µM 12R-hydroxy-bromosphaerol, which also presented capacity to reduce the production 

of ROS, thus manifesting a likely mitochondrial membrane potential protection from 6-

OHDA neurotoxicity. Evidence of a relation between ROS production and membrane 

depolarisation has been reported before, since mitochondrial ROS production is particularly 

sensitive to changes in mitochondrial membrane potential (Starkov et al.,2003; Korshubov 

et al.,1997). Furthermore, mitochondrial depolarisation also compromises oxidative 

phosphorylation and consequently the production of ATP. All those events prolonged in the 

time can lead to cellular death (Zorova et al 2018), thus justifying the relevance of this 

biomarker as one the first key points leading to cell death by intrinsic apoptosis pathway. 

Moreover, similar results were also reported for the fractions extracted from B. bifurcata 

seaweed (Silva et al.,2019), and extracts from C. tomentosum and U. compressa, that 

displayed a preventive effect in the mitochondrial depolarisation induced by 6-OHDA on 

SH-SY5Y cells (Silva et al.,2018).   

Following this, several reports have demonstrated that neuronal cell death in PD is 

associated with the release of cytrochome C and consequently, with the activation of 

Caspase 3, which plays an essential role in the process of cell death by apoptosis (Kristian 

et al.,2011; Latchoumycandane et al., 2011). Concerning Caspase-3 activity, 0.3 µM 12R-

hydroxy-bromosphaerol was the concentration that exhibited the highest capability to 

reduce in 44.35% the stimulating effects of 6-OHDA on Caspase-3 activity. Moreover, even 

if no significant, concentrations 3 and 1 µM also showed a relevant decrease of Caspase-3 

activity of 23.56 and 7.52%, respectively. Moreover, as previously discussed, 6-OHDA 

treatment has been widely used for studies on PD due to its effects, which include, 

upregulating the intrinsic apoptotic pathways (Li et al.,2011), and thus, assessing the activity 

of Caspase-3 combined with MMP and ROS production allows to obtain relevant data to 

understand the ability of compounds to act in those mechanisms that seems to play a critical 

role in the PD disease development. These results are in agreement with previous reports 

of marine extracts from C. tomentosum, S. polyschides, P. pavonica and U. compressa 

seaweeds which were able to inhibit the activity of Caspase-3 activity stimulated by 6-OHDA 

treatment (Silva et al.,2018), pointing out the interesting potential of seaweeds components 

as antiapoptotic agents. Furthermore, our results are also in agreement with results 

reported for the eleganolone diterpene isolated from B. bifurcaria brown seaweed, which 

also exhibited ability to decrease Caspase-3 activity in 76% and 75% when tested at 0.5 

µM and 1 µM, respectively. According with results attained the hypothesized mechanism of 

action of 12R-hydroxy-bromosphaerol was illustrated in the Figure 17. 
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 Figure 17. Possible mechanism of action underlying the neuroprotective effect of the 12R-
hydroxy-bromosphaerol isolated from the red alga Sphaerococcus coronopifolius against the 6-
OHDA - induced neurotoxicity on SH-SY5Y cells. 

 

In conclusion, the work developed in the present thesis allowed to isolate four 

compounds already described in the literature from Sphaerococcus coronopifolius red 

seaweed, namely alloaromadendrene, sphaerococcenol A, 12S-hydroxy-bromosphaerol 

and 12R-hydroxy-bromosphaerol.  

Regarding biological activities, 12R-hydroxy-bromosphaerol, alloaromadendrene, and 

sphaerococcenol A exhibited a weak antioxidant activity determined by DPPH, ORAC and 

FRAP chemical methods. Concerning neuroprotection, among the three terpenes studied, 

only 12R-hydroxy-bromosphaerol displayed ability to protect SH-SY5Y cells viability against 

neurotoxicity induced by the 6-OHDA neurotoxin. 

In view of the already known adverse effects of 6-OHDA treatment in neuronal 

dopaminergic cells, the neuroprotective effects of 12R-hydroxy-bromosphaerol seem to be 

related with the prevention of ROS production, the prevention of mitochondrial membrane 

depolarization and the inhibition of Caspase-3 activity. Accordingly, further experimental 
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assays should be considered to understand the actual therapeutic potential of 12R-hydroxy-

bromosphaerol as neuroprotective agent to Parkinson’s Disease treatment. 
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6. Future Perspectives 

 

Nowadays, marine derived secondary metabolites proceeding from seaweeds have 

aroused the interest of the scientific community due to their therapeutic potential, which may 

represent new opportunities to inspire the development of new drugs to treat human 

diseases. Accordingly, the present study was based on the assessment of the antioxidant 

and neuroprotective capabilities of three terpenes isolated from the red alga S. 

coronopifolius. Nonetheless this study represents one the first steps in a longer way aimed 

to understand the actual potential of these compounds as effective therapeutic agents in 

the treatment of neurodegenerative diseases like PD.  

Likewise, as due to timing and low purity the neuroprotective and antioxidant activities of 

the compound 12S-hydroxy-bromosphaerol were not assessed in this report, another 

interesting study should be considered to determine its biological activities. Furthermore, 

regarding the great potential displayed by S. coronopifolius as a source of bioactive 

compounds and considering that most of them have never been tested for their 

neuroprotective capabilities the isolation of more molecules from this red seaweed remains 

as an interesting area of study that should be assessed in the near future.  

On the other hand, it should also be relevant to assess other mechanisms related with 

PD that have not been evaluated in this report, for instance, downregulation and 

upregulation of other apoptotic biomarkers like the Bax/BcL-2 ratio. Likewise, considering 

the antioxidant assay results, one proposition could be the use of different antioxidants 

assays with more relevancy inside the cells. In this aspect, biological assays more able to 

represent the intracellular mechanisms involved in the inner antioxidant machinery should 

be performed. For instance, the upregulation and downregulation of antioxidant pathways 

like SOD, CAT, GPx and Nfr2 transcriptional factor should be interesting to evaluate both 

at mRNA and protein expression. In fact, the response of the mentioned pathways 

represents an important asset against ROS production and thus, external molecules able 

to modulate their activity may be  interesting assets to fight neurodegeneration triggered by 

oxidative stress.   

On the other hand, regarding PD models, a first step to determine its effectiveness on 

more alike in vitro assays would be to differentiate the SH-SYSY cells with retinoic acid, 

mimicking the neuronal cells phenotype that occurs in vivo. Likewise, another interesting 

approach would be to move forward from monoculture cell systems to 3D cellular models.  

In vitro assays in 3D cellular models represent a more alike condition to that happening in 
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the human brain, where cells are not necessarily flattened and are able to grow in 3D shape, 

establishing connections with other cells and been completely surrounded by the culture 

medium, resulting in a physiologically model more relevant to validate the therapeutic 

potential of the compounds. A third step would be to use organoids cultures, a more 

complex system able to accurately represent the complex interdomains between the 

intraneuronal system and its connections with other elements and tissues of the body.  

Likewise, it is important to assess if our compounds are able to pass through the blood 

brain barrier, which prevents molecules circulating in the blood to enter the central nervous 

system where dopaminergic cells are located. For instance, In vitro studies with brain 

endothelial cell lines co-cultured with astrocytes have reported the successful diffusion of 

many flavonoids (Solanki et al.,2015). On the other hand, if the compound were not able to 

pass through the blood brain barrier, the development of nanoparticles carriers, like 

polymeric nanoparticles, which enables to encapsulate a wide variety of therapeutics 

including chemotherapeutic drugs represents an interesting focus of drug delivery research, 

particularly to the brain (Hersh et al.,2016; Alan et al.,2010).      

Finally, as a “proof-of-concept”, rat models treated with the 6-OHDA toxin, should be con-

sidered to obtain direct knowledge of the different cognitive enhancements that can be re-

lated with the potential neuroprotective activity of the compounds evaluated. For instance, 

behavioural in vivo assays like the open-field test and the rotarod-test could be performed. 
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8. Annexes 

Annex I: Column chromatography data. 
 

Table 6 
 
Elution programme and recovered fractions from 
sample F CC-F8-34   

  

Solvent  Recover Fractions Mass recovered (mg) 

Hexane (100%) F1-2 
F3-4 
F5-7 

   - 
34,1 
17,6  

Hexane/ Ethil Acetate F8-9      (9/2) 
F10-12  (9/4) 
F13-16   (9/6) 

  - 
  - 
  - 

Dichloromethane (100%) F17-18    - 
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Table 7 
 
Elution programme and recovered fractions from sample SC-P1 

Solvent       Recover Fractions Mass recovered (mg) 

Hexane (100%) F1-4     - 
    - 
    -  

Hexane/ Ethil Acetate 
 
 
 
 
 
Ethil Acetate (100%) 

F5-8      (9/1) 
F9-13  (8/2) 

F14-18   (7/3) 
F19-23 (6/4) 
F24-28(5/5) 

 
F29-36 

  28,4 
   - 

  3,9 
   - 
   - 
   - 
   - 

 
Dichloromethane (100%) 

F37-39 (9/2) 
F40-43 (8/3) 
F44-45(7/4) 

    -   
    - 
    - 

 

 

  

 

 

 

 

 

 

 

 

 


