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A B S T R A C T   

Nature has revealed to be a key source of innovative anticancer drugs. This study evaluated the antitumour 
potential of the marine bromoditerpene sphaerococcenol A on different cancer cellular models. Dose-response 
analyses (0.1–100 µM; 24 h) were accomplished in eight different tumour cell lines (A549, CACO-2, HCT-15, 
MCF-7, NCI-H226, PC-3, SH-SY5Y, SK-MEL-28). Deeper studies were conducted on MFC-7 cells, namely, 
determination of hydrogen peroxide (H2O2) levels and evaluation of apoptosis biomarkers (phosphatidylserine 
membrane translocation, mitochondrial dysfunction, Caspase-9 activity, and DNA changes). The ability of the 
compound to induce genotoxicity was verified in L929 fibroblasts. Sphaerococcenol A capacity to impact 
colorectal-cancer stem cells (CSCs) tumourspheres (HT29, HCT116, SW620) was evaluated by determining 
tumourspheres viability, number, and area, as well as the proteasome inhibitory activity. Sphaerococcenol A 
hepatoxicity was studied in AML12 hepatocytes. The compound exhibited cytotoxicity in all malignant cell lines 
(IC50 ranging from 4.5 to 16.6 µM). MCF-7 cells viability loss was accompanied by H2O2 generation, mito-
chondrial dysfunction, Caspase-9 activation and DNA nuclear morphology changes. Furthermore, the compound 
displayed the lowest IC50 on HT29-derived tumourspheres (0.70 µM), followed by HCT116 (1.77 µM) and SW620 
(2.74 µM), impacting the HT29 tumoursphere formation by reducing their number and area. Finally, the com-
pound displayed low cytotoxicity on AML12 hepatocytes without genotoxicity. Overall, sphaerococcenol A ex-
hibits broad cytotoxic effects on different tumour cells, increasing H2O2 production and apoptosis. It also affects 
colorectal CSCs-enriched tumoursphere development. These data highlight the relevance to include sphaer-
ococcenol A in further pharmacological studies aiming cancer treatments.   

1. Introduction 

Despite the advances on cancer’s biology, diagnosis and therapeu-
tics, this disease continues to be one of the most lethal [1]. Therapy 
failure due to inappropriate pharmacotherapy, and tumour relapsing 
due to drugs resistance development, represent major clinical chal-
lenges, being reflected in patients poor prognosis [2]. Tumour’s resis-
tance to therapies can be mediated by different multifactorial events, 

like blockage of intracellular signaling pathways linked to cell death, 
metabolic adaptations of cancer stem cells (CSCs), among others [3]. 
Several chemotherapeutic agents have been developed to fight cancer as 
apoptosis inducers, proteasome inhibitors and CSCs-targeting agents, 
aiming to act in key biological events of tumourigenesis [4–6]. The 
development of therapeutic agents to eradicate cancer cells by apoptosis 
have been the mainstay and goal of clinical oncology in the last decades 
[7]. Even though several cancer cells exhibit ability to evade apoptosis, a 
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wide variety of stimuli and conditions, like oxidative stress, DNA dam-
age and immune surveillance, can trigger regulated cell death [7,8]. The 
mechanism of action underlying several anticancer drugs (e.g. cisplatin 
and doxorubicin) is based on oxidative damage by boosting reactive 
oxygen species (ROS) production, disrupting redox homeostasis, causing 
severe cellular damage, leading to cancer cell death by necroptosis, 
ferroptosis, autophagy, and/ or apoptosis [9–11]. Furthermore, cell 
death mediated by those chemotherapeutic drugs seems to involve the 
apoptotic intrinsic pathway, since it is characterized by mitochondrial 
dysfunction, release of pro-apoptotic proteins, like cytochrome C, which 
binds to the apoptotic activating factor-1 (Apaf-1), activating “down-
stream” caspases, leading to chromatin condensation and DNA frag-
mentation [12,13]. 

Most of malignant cells exhibit quick cell division rates, demanding a 
higher protein turnover rate, to ensure protein homeostasis maintenance 
[14]. This cellular homeostasis is ensured by a large catalytic protease 
complex, named proteasome. This complex is responsible for higher 
percentage of protein degradation, including key regulators of biological 
events linked to tumourigenesis and tumour survival, like cell cycle 
progression, apoptosis, DNA damage and repair, cell proliferation and 
differentiation, among others [14,15]. The up-regulation of proteasome 
genes on different cancers, suggests that an efficient proteasome activity 
is more relevant in cancer cells than in normal cells, possibly due to their 
high metabolic activity, and the constant need to adapt to various 
stresses [16]. 

Tumour heterogeneity is also a key player in therapeutic resistance, 
since different cancer cells in tumour masses exhibit different levels of 
sensitivity to therapeutic drugs having a higher adaptability capacity 
[17,18]. Among them, CSCs, a small cellular population inside tumour 
masses, with self-renewal ability and multi-lineage differentiation, have 
been highlighted as key drivers in tumourigenesis, tumour maintenance, 
metastatic widespread and resistance to conventional therapeutics [19, 
20]. CSCs display high plasticity, being able to remain dormant in 
unfavourable conditions and active when the conditions are favourable, 
leading to tumour relapse and metastases development [21,22]. 
Therefore, the discovery and development of innovative anticancer 
medicines targeting these biological targets improving the efficiency of 
current therapeutic regimens, are desirable. 

Over the last decades, marine organisms have revealed to be a pro-
lific source of unusual and distinct chemical structures with great 
pharmacological potential [23–25]. Bioactive marine natural products 
(MNPs) belonging to different chemical classes, have been reported, e.g. 
alcohols, alkaloids, amino acid derivatives, aromatic compounds, pep-
tides, fatty acids, sterols, polyacetylenes, polyketides, polysaccharides, 
sphingolipids, lactones, and terpenes, among others [25]. Those sec-
ondary metabolites are biosynthetized as response to physical and 
ecological pressures being essential for organisms to survive [26–28]. 
Once secondary metabolites evolved over billions of years interacting 
with specific biological structures, their high specificity and binding 
affinity to biological targets make them excellent candidates for ther-
apeutical purposes [24,29,30]. Within marine organisms, seaweeds 
have shown to be a relevant source of bioactive compounds, many of 
them with promising cytotoxic activities and ability to act on different 
intracellular signaling pathways linked to carcinogenesis [24]. 

Sphaerococcus coronopifolius Stackhouse 1797 is a red seaweed 
widely distributed in East Atlantic (Ireland, Britain and Canary Island), 
Mediterranean and Black Sea [31]. Its chemical profile has been studied 
along the last decades revealing to be a prolific source of structurally 
interesting diterpenes, many of them brominated [32,33]. The bromo-
diterpene sphaerococcenol A, firstly described by Fenical in 1979, is one 
of the major compounds of this specimen and is characterized to possess 
a sphaerane carbon skeleton [34]. This metabolite has exhibited 
anti-malaria [35], antimicrobial [32] and cytotoxic activities [32,36]. 
However, the mechanisms of action underlying its effects remain poorly 
known. Thus, this work aimed to evaluate the antitumour activity of 
sphaerococcenol A on different cancer cellular models and to study the 

mechanisms of action underlying its cytotoxicity. The ability to affect 
cancer cells with stem-like phenotype and proteasome activity was also 
studied. Fig. 1. 

2. Materials and methods 

2.1. Extraction and isolation of sphaerococcenol A 

Red seaweed Sphaerococcus coronopifolius Stackhouse, 1797 was 
collected by scuba-diving in Flandres bay located in Berlenga Nature 
Reserve (39◦24’47.9"N 9◦30’28.2"W), Peniche (Portugal) with previ-
ously authorization of Instituto da Conservação da Natureza e das 
Florestas (ICNF). Samples were immediately transported to laboratory, 
cleaned, freeze-dried, and reduced to powder with a grinder. Sphaer-
ococcenol A was isolated as previously reported [32]. Structure eluci-
dation was determined by nuclear magnetic resonance spectroscopy and 
mass spectrometry techniques. Sphaerococcenol A was dissolved in 
dimethyl sulfoxide (DMSO) for experiments in concentrations that never 
exceeded 0.2%. Controls were performed with the highest concentration 
of DMSO as vehicle. 

2.2. Cytotoxicity in cancer 2D - cellular models 

2.2.1. Cell culture maintenance 
Cell lines were obtained from the American Type Culture Collection 

(ATCC) and from the DSMZ-German Collection of Microorganisms and 
Cell Cultures (DSMZ) biobanks, and cultivated according to supplier’s 
information. L929 cells (Fibroblasts; DSMZ: ACC 2) were cultured in 
RPMI medium. A549 (Lung carcinoma; ATCC: CCL-185) and SH-SY5Y 
(Neuroblastoma; ATCC: CRL-2266) cells were cultivated in DMEM/F- 
12 medium (Merck, Darmstadt, Germany) supplemented with Gluta-
MAX™ (Gibco, Gaithersburg, MD, USA). CACO-2 (Colorectal adeno-
carcinoma; DSMZ: ACC 169), HCT-15 (Colorectal adenocarcinoma; 
DSMZ: ACC 357), MCF-7 (Breast adenocarcinoma; DSMZ: ACC 115), 
NCI-H226 (Lung squamous cell carcinoma; ATCC: CRL-5826), and PC-3 
(Prostate adenocarcinoma; ATCC: CRL-1435) cells were cultured in 
RPMI medium supplemented with GlutaMAX™. SK-MEL-28 cells (Mel-
anoma; ATCC: HTB-72) were cultivated in MEM media (Sigma, St. Louis, 
MO, USA). Fetal bovine serum (10%) (Biowest, Riverside, MO, USA) and 
1% antibiotic/ antimycotic solution (Biowest, Nuaillé, France) were 
added to cell culture mediums. AML-12 (alpha mouse liver-12) hepa-
tocytes (ATCC-CRL-2254; LGC Standards, Middlesex, UK) were grown in 
DMEM/F12 medium (Thermo Fisher Scientific Inc., Waltham, MA, USA) 
supplemented with 10% fetal bovine serum, 10 µg/mL insulin, 5.5 µg/ 
mL transferrin, 5 ng/mL selenium (all from Gibco, Thermo Fisher Sci-
entific Inc., MA, USA) and 40 ng/mL dexamethasone (Sigma-Aldrich, 
Merck, Saint Louis, MO, USA). For subculture, cells were detached with 
trypsin solution (Sigma-Aldrich, St. Louis, MO, USA) whenever cultures 
reached 80% confluence, and fresh medium was used to neutralize its 

Fig. 1. Sphaerococcenol A chemical structure.  
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action. Supernatants were removed by centrifugation (290 g; 5 min) at 
room temperature. Cells were then resuspended in fresh medium (split 
1–10) and seeded in 25 cm2 T-Flasks. Finally, cells were cultured at 
37 ◦C, 5% CO2 and humidified atmosphere. 

2.2.2. Cytotoxicity assay 
Cells were seeded in 96-well plates (A549: 2.5 ×105 cells/ mL; 

CACO-2: 2.5 ×105 cells/ mL; HCT-15: 2.5 ×105 cells/ mL; MCF-7: 
2.5 ×105 cells/ mL; NCI-H226: 7.5 ×104 cells/ mL; PC-3: 1.25 ×105 

cells/ mL; SH-SY5Y: 2.5 ×105 cells/ mL; SK-MEL-28: 2.5 ×105 cells/ mL; 
AML-12: 5.0 ×104 cell/mL). After 24 h of seeding, cancer cell lines were 
exposed to sphaerococcenol A (0.1–100 µM) for 24 h and the effects 
assessed by the 3-(4,5-dimethylthiazol-2-yl)− 2,5-diphenyltetrazolium 
bromide (MTT) assay [37] with minor adjustments [38]. Cisplatin, 
tamoxifen, and 5-fluorouracil (all from Sigma, Shanghai, China) were 
used as anticancer standard controls (0.1–500 µM; 24 h). To determine 
compound cytotoxicity in non-cancer cells, AML-12 cells were treated 
with sphaerococcenol A or doxorubicin, a known hepatotoxic and 
cytotoxic drug, at concentrations ranging from 0.01 to 243.00 μM for 
72 h. Cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)−
5-(3-carboxymethoxyphenyl)− 2-(4-sulfophenyl)− 2 H-tetrazolium 
(MTS) metabolism assay. The results were expressed as the half maximal 
inhibitory concentration (IC50). 

2.3. Production of hydrogen peroxide (H2O2) 

Hydrogen peroxide (H2O2) levels were estimated by using Amplex™ 
Red hydrogen peroxide Assay kit (Molecular probes, Eugene, OR, USA) 
according to manufacturer’s instructions. MCF-7 cells (2.5 ×105 cells/ 
mL) were seeded in 96-well plates and treated with sphaerococcenol A at 
IC50 and H2O2 (200.0 µM) during 1, 3, and 6 h. H2O2 generation was 
calculated from the slope of fluorescence curve linear phase and results 
expressed in percentage of control. 

2.4. Mitochondrial membrane potential (MMP) 

Mitochondrial membrane potential (MMP) was estimated by the 
using the JC-1 (Molecular Probes, Eugene, OR, USA) fluorescent probe 
[39]. MCF-7 cells (2.5 ×105 cells/ mL) were seeded in 96-well plates and 
treated with sphaerococcenol A at IC50 during 15, 30, and 60 min. FCCP 
(2.5 µM) (Sigma, Rehovot, Israel) plus oligomycin A (1 µg/mL) (Sigma, 
St. Loius, MO, USA) conjugate solution was used as positive control. 
Formation of JC-1 aggregates (λ excitation: 490 nm; λ emission: 
590 nm), and monomers (λ excitation: 490 nm; λ emission: 530 nm) was 
measured during 30 min using a plate reader (Bio-Tek Synergy plate 
reader, Bedfordshire, UK). MMP changes were calculated from the ratio 
between JC-1 monomers and aggregates and presented in percentage of 
control. 

2.5. Apoptosis 

2.5.1. Annexin V-FITC/ Propidium Iodide (PI) staining 
Translocation of phosphatidylserine (Annexin V) and membrane 

integrity (PI) was determined using an Apoptosis Detection Kit (Immu-
nostep, Salamanca, Spain) following the manufacturer’s instructions. 
MCF-7 cells (1.0 ×106 cells/ mL) were seeded in 6-well plates and 
exposed to sphaerococcenol A at IC50 for 24 h. Staurosporine (1 µg/mL) 
(Sigma, Rehovot, Israel) was used as positive control. Cells were then 
incubated 1 h with probes and analysed by flow cytometry. Ten thou-
sand events were recorded with an AMNIS imaging flow cytometer using 
the AMNIS INSPIRE™ software. Data were analysed using the AMNIS 
IDEAS™ software (Amnis Corporation v6.0, Luminex Corp, Austin, TX, 
USA). Results were expressed as percentage of events (viable, apoptosis, 
late apoptosis, necrosis). 

2.5.2. Caspase-9 activity 
Enzyme activity was measured with the Caspase-9 Fluorimetric 

Assay Kit (Biovision, Milpitas, CA, USA) following the supplier’ in-
structions. MCF-7 cells (1.0 ×106 cells/ mL) were seeded in 6-well plates 
and treated with sphaerococcenol A at IC50 for 3 and 6 h. Staurosporine 
(1 µg/mL) was used as positive control. Results were expressed in per-
centage of control (Δfluorescence (u.a)/ mg of protein/ min). 

2.5.3. DAPI staining 
DAPI is a fluorescent stain that binds strongly to A-T-rich regions in 

DNA being used as a tool to visualize nuclear changes, such as frag-
mentation and/ or condensation, which are typical features of apoptosis 
[39]. MCF-7 cells (1.0 ×106 cells/ mL) were seeded in 6-well plates and 
treated with sphaerococcenol A at IC50 for 18, 24, and 36 h. Cells nuclei 
were analysed using a fluorescence inverted microscope (ZEISS Axio, 
VERT. A1, equipped with an AxioCam MRC-ZEISS camera, München, 
Germany) at 400x, and a representative image of each treatment was 
displayed. 

2.6. Genotoxicity 

DNA damage was evaluated according to the protocol established by 
Singh et al. [40] with minor changes [41]. L929 mouse fibroblasts 
(2.0 ×104 cells/ mL) were seeded in 12-well plates and cultivated 
overnight. Fibroblasts were then treated with sphaerococcenol A 
(50 µM) and ethyl methanesulfonate (200 µg/ mL), as positive control, 
for 3 h. DNA damage was quantified as the amount of DNA released from 
the nucleolus. One hundred cells were randomly chosen, analysed, 
visually scored, and classified into five levels, according to tail size 
resulting from DNA damage. Non-overlapping was performed. 

2.7. Proteasome activity 

2.7.1. Molecular docking studies 
The protein three-dimensional structure was retrieved from the 

Protein Data Bank (www.rcsb.org) through the PDB code 4R67 (Human 
constitutive 20 S proteasome in complex with carfilzomib, 2.89 Å) [42]. 
To prepare this structure for docking calculations, all atoms (i.e. ligand, 
salts, waters, other chains) other than the receptor β5 and β6 subunits 
(chains L and M, respectively – CT-L active site) were deleted from the 
X-ray structure using the MOE software package (v.2019.0102) (Mo-
lecular Operating Environment; Chemical Computing Group ULC, 1010 
Sherbooke St. West, Suite #910, Montreal, QC, Canada, H3A 2R7, 
2021). AMBER99 forcefield was used to assign atom types and charges 
to each atom in the receptor. Hydrogen atoms were added, and the 
appropriate protonation states assigned using the Protonate-3D tool 
within MOE software package (pH 7.4 and T = 310 K). The structure of 
sphaerococcenol A was built and energy minimised using MOE. Mo-
lecular docking simulations were performed using the GOLD 5.4 soft-
ware [43]. The binding site was defined to be centered in the Thr1Oγ (β5 
catalytic subunit) with a 15 Å search radius. Noncovalent docking cal-
culations were performed with the number of genetic algorithm (GA) 
runs set to 1000, 100% of search efficiency and selecting the ten 
top-ranked solutions. For the other settings the default parameters were 
used. First, an initial docking validation step was carried out, by per-
forming self-docking calculations using GOLD (GoldScore, Chemscore, 
ChemPLP and ASP) and a exhaustiveness search of 1000 runs. All pro-
tein amino acid residues were kept rigid, whereas all single bonds of the 
ligands were treated as fully flexible. The docking parameters (scoring 
function and protein 3D structure) selected were able to successfully 
reproduce the experimental pose (RMSD < 2 Å between experimental 
and predicted pose). The docking procedure was subsequently used for 
the docking calculations. 

To assess protein-ligand interactions, the top docking poses were 
submitted to detection of residue contacts using the docker imple-
mentation of PLIP [44]. Images of the compound and the PDB structures 
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were produced using PyMOL v.1.8.4.0. 

2.7.2. Proteasome activity on cell lysates 
Pellets (2.0 ×106 cells) obtained from Jurkat and K562 cells were 

prepared, washed with PBS (1x, pH 7.4), and lysed [45]. Cell lysates 
containing proteasomes were then resuspended in homogenization 
buffer (50 mM TRIS-HCl (pH 7.5), 100 mM KCl, 15% glycerol). Protein 
concentration was determined using the Pierce™ BCA protocol (Ther-
mofisher Scientific, USA). In a 96-well plate, 25 µL lysate were seeded 
with 25 µL sphaerococcenol A (100 µM). In the control, 25 µL buffer 
were added to 25 µL of lysate. Cell lysates pre-treated with the com-
pound were incubated over 30 min at 37 ◦C. Suc-Leu-Leu-Val-Tyr-AMC 
(97% purity, Enzo Life Sciences Inc., Farmingdale, NY USA) was used as 
substrate to measure thymotrypsin-like (CT-L) proteasome activity. 
Bortezomib (98% purity, Enovation Chemicals) was used as positive 
control. Fluorescence was measured (λ excitation: 360 nm; λ emission: 
465 nm) using a microplate reader (Spectrafluor plus, Tecan, Salzburg, 
Austria), and activity was estimated in fluorescence units, being con-
verted to percentage of proteasome inhibition. 

2.8. Cytotoxicity in 3D spheroids enriched in cancer stem cells (CSCs) 

2.8.1. Effects on CSCs-enriched tumourspheres viability 
Human colorectal carcinoma cell lines (HCT116, SW620, HT29) 

were acquired from European Collection of Authenticated Cell Cultures 
(ECACC) (Porton Down, UK) and cultivated under adherent conditions 
[46]. SW620, HT29 and HCT116 cells were cultured in DMEM, RPMI, 
and McCoy’s 5 A mediums, respectively. For the generation of 3D 
spheroids, cells were grown in non-adherent conditions in serum-free 
DMEM/F12 medium containing 2% B27 supplement, 1% N2 supple-
ment, 1% non-essential amino acids, 1% sodium pyruvate, 1% 
penicillin-streptavidin, 4 μg/mL heparin, 40 ng/mL recombinant 
human epidermal growth factor (all from Gibco, Thermo Fisher Scien-
tific Inc., Waltham, MA, EUA) and 20 ng/mL recombinant human basic 
fibroblast growth factor (Peprotech, London, UK) [46]. After plating in 
96-well plates (500 cells/ mL), cells were treated with sphaerococcenol 
A (0.031 – 16.0 µM) for 7 days to test its tumourspheres’ formation 
inhibitory capacity. Following seven days of incubation, cellular 
viability was evaluated based on ATP metabolism (CellTiter-Glo™ 
luminescent cell viability assay). Luminescence signal was recorded 
using a GloMax®-MultiDetection. Cells were cultured at 37 ◦C under a 
humidified atmosphere of 5% CO2. 

2.8.2. Tumoursphere formation 
HT29 cells were seeded in 24-well plates (1.0 ×103 cells/ mL) and 

treated with the compound at the IC50 for 7 days. Tumoursphere images 
were then acquired using a brightfield microscopy with EVOSTM FL 
Auto2 imaging system (Invitrogen, Thermo Fisher Scientific Inc., Wal-
tham, MA, USA). Tumoursphere number and area were determined 
using ImageJ analysis software. 

2.9. Data and statistical analysis 

Results are presented as mean ± standard error of the mean (SEM) 
and IC50 determined by the analysis of non-linear regression by means of 
the equation: y = 100/(1 + 10(X - LogIC50)). At least three independent 
experiments were carried out in triplicate. ANOVA with Dunnett’s 
multiple comparison of group means analysis was performed to verify 
significant differences when compared with the vehicle treatment. The 
Tukey’s test was applied for multiple comparisons. When applicable, the 
Student’s t test was applied to verify the differences between the means 
of vehicle and metabolite treatment. Differences were considered sig-
nificant at level of 0.05 (p < 0.05). The analyses were performed using 
IBM SPSS Statistics 24 (IBM Corporation, Armonk, NY, USA) and 
GraphPad v5.1 (GraphPad Software, La Jolla, CA, USA) software. 

3. Results 

3.1. Cytotoxicity in malignant cell lines and hepatocytes 

Cytotoxicity of sphaerococcenol A was tested in malignant cell lines 
derived from different tissues (Table 1) and in immortalized hepatocytes 
(Fig. 2). 

Sphaerococcenol A displayed an IC50 range between 4.47 and 
16.59 µM in cancer cell lines, being the highest potency observed in SK- 
MEL-28 melanoma cells and the lowest in CACO-2 colorectal adeno-
carcinoma cells, respectively (Table 1). Comparatively to the potency 
demonstrated in tumour cells, sphaerococcenol A exhibited low hepa-
totoxicity in AML12 cells, displaying an IC50 value of 81.17 µM, being 
also significantly less cytotoxic than the anticancer drug doxorubicin 
(IC50: 0.026 µM) (Fig. 2). Since sphaerococcenol A displayed a broad 
anti-cancer activity in different cellular lines, deeper studies were con-
ducted in MCF-7 cells, to evaluate possible mechanisms involved in the 
antitumour activity. 

3.2. Hydrogen peroxide levels 

A few drugs cause severe cellular damage in cancer cells by boosting 
ROS generation to promote oxidative stress, leading to cellular death 
[47]. Thus, the H2O2 generated by MCF-7 cells after exposure to 
sphaerococcenol A (IC50) for 1, 3, and 6 h was determined (Fig. 3). 

The exposure of MCF-7 cells to sphaerococcenol A significantly 
increased the production of H2O2 after 1 and 3 h treatment, followed by 
a decrease at 6 h treatment. On the other hand, the treatment with H2O2 
followed a different pattern with H2O2 levels raising after 6 h, 
comparing with vehicle situation (Fig. 3). 

3.3. Depolarization of mitochondrial membrane potential (MMP) 

Mitochondria plays a key role in several events linked to pro-
grammed cell death. Amongst them, the inner mitochondrial membrane 
permeability leads to the activation of different signals triggering 
downstream events including MMP depolarization [48]. The effects of 
sphaerococcenol A (IC50) treatment on MCF-7 cells mitochondrial 
membrane potential was evaluated over 15, 30, and 60 min (Fig. 4). 

The exposition of MCF-7 cells to sphaerococcenol A for 15, 30 and 
60 min promoted mitochondrial depolarization being the highest effect 
observed after 15 min of incubation when compared with vehicle situ-
ation. This bromoditerpene exhibited similar profile to the conjugate 
solution used as positive control (Fig. 4). 

3.4. Apoptosis 

During regulated cell death distinct biological features are observed, 
including translocation of phosphatidylserine membrane, caspase acti-
vation, chromatin condensation, and DNA fragmentation [8]. The 
occurrence of those events on MCF-7 cells treated with sphaerococcenol 
A (IC50) was assessed (Fig. 5). 

Sphaerococcenol A decreased MFC-7 cells viability (24 h), increasing 
the percentage of late-stage apoptotic cells (Fig. 5A). Additionally, the 
compound stimulated the Caspase-9 activity after 3 and 6 h treatment 
(Fig. 5B) and induced DNA condensation after 18, 24 and 36 h treat-
ment, followed by a DNA fragmentation pattern (Fig. 5C). 

3.5. Induction of DNA damage on L929 fibroblasts 

The evaluation of genotoxic effects of a new potential therapeutic 
agent is an essential step to determine its safety [49]. The effects of 
sphaerococcenol A on L929 fibroblast DNA integrity were evaluated 
after 3 h treatment (Fig. 6). 

L929 fibroblasts DNA damage was classified in five levels, according 
to DNA morphological alterations. Level 0 – intact, no tail; Level 1 – 
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short tail, smaller than the diameter of the head (nucleus); Level 2 – 
medium tail, 1–2 times the diameter of the head (nucleus); Level 3 – long 
tail, more than twice the diameter of the head (nucleus); Level 4 – very 
hide tail, comets without head, maximum DNA damage (Fig. 6A). 
Sphaerococcenol A treatment caused a slight decrease on the number of 
fibroblasts without DNA damage (level 0). However, when comparing 

with the vehicle situation, no significant differences were observed at 1, 
2, 3, and 4 levels. On the other hand, the compound displayed significant 
differences at all levels when compared with the positive control (EMS) 
for DNA damage induction (Fig. 6B). 

3.6. Proteasome inhibition: molecular docking predictions 

Modulation of 20 S proteasome activity is a very active area of 
research in cancer biology. Indeed, it has been shown that proteasome 
inhibitors potently induce apoptosis in several types of cancer cells, 
while displaying a low cytotoxicity in normal cells [50]. To assess the 
ability of sphaerococcenol A to inhibit 20 S proteasome activity a mo-
lecular docking study was performed. The co-complex structure of 
human 20 S proteasome with carfilzomib (PDB code: 4R67) was used to 
dock sphaerococcenol A at the proteasome binding site (β5 catalytic 
subunit). The best docking pose of sphaerococcenol A is shown in Fig. 7. 

The interaction profile of sphaerococcenol A in proteasome β5 
binding site shows that although this compound is reasonably well 
positioned at the binding site interacting with ALA20, TYR25, TYR107, 
ILE109, SER129, and LYS136, it does not establish interactions with 

Table 1 
IC50 (µM) determination for sphaerococcenol A (0.1–100 µM; 24 h) in cancer cell lines.    

IC50 (µM)a 

Tissue Cells Sphaerococcenol A Cisplatin Tamoxifen 5-Fluorouracil 

Breast MCF-7 9.40 
(5.24–16.87) 

– 27.19 
(22.62–32.68) 

– 

Colorectal CACO-2 16.59 
(10.06–27.34) 

– – 382.7 
(247.2–592.3) 
155.5 
(103.1–234.5) 

HCT-15 7.11 
(4.67–10.84) 

Lung A549 11.29 
(9.86–12.92) 

271.1 
(155.2–473.6) 

– – 

NCl-H226 10.45 
(8.60–12.69) 

172.9 
(117.4–254.5) 

Melanoma SK-MEL-28 4.47 
(2.17–9.19) 

51.52 
(43.82–60.56) 

– – 

Prostate PC-3 9.74 
(8.50–11.14) 

267.2 
(176.8–403.9) 

– – 

Neuroblastoma SH-SY5Y 4.63 
(1.08–19.77) 

13.92 
(10.91–17.76) 

– –  

a The values in parentheses represent the confidence intervals for 95%. 

Fig. 2. Dose-response curves of sphaerococcenol A and doxorubicin (0.01 – 
243.00 μM; 72 h) on AML12 cells. 

Fig. 3. Hydrogen peroxide (H2O2) levels produced by MCF-7 cells exposed to 
sphaerococcenol A (9.40 µM) for 1, 3, and 6 h. Hydrogen peroxide (200 µM) 
was used as positive control. Symbols represent significant differences (ANOVA, 
Dunnett’s test, p < 0.05) when compared to vehicle. 

Fig. 4. Mitochondrial membrane potential (MMP) of MCF-7 cells exposed to 
sphaerococcenol A (9.4 µM) over 15, 30, and 60 min. A conjugate solution of 
FCCP (2.5 µM) plus oligomycin A (1 µg/mL) was used as positive control. 
Symbols represent significant differences (ANOVA, Dunnett’s test, p < 0.05) 
when compared to vehicle. 
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THR1, THR2, ARG19, THR21, LYS33, MET45, ALA49, and TYR169 
amino acids, that are key for recognition and proteasome inhibition. The 
low activity of the metabolite has been confirmed with chymotrypsin- 
like (CT-L) proteasomes attained from Jurkat and K562 cells lysates, 
inhibiting only 8% and 16%, respectively. 

3.7. Effects on 3D colorectal spheroids enriched in CSCs 

Colorectal cancer is one of the most compelling examples of a hier-
archically organized solid cancer in which CSCs play a pivotal role in the 
metastasis and relapse [51]. Sphaerococcenol A cytotoxicity was eval-
uated in colorectal CSCs-enriched tumourspheres, previously estab-
lished from original 2D adherent cell cultures of HT29, SW620 and 
HCT116 colorectal malignant cells (Fig. 8). 

Sphaerococcenol A reduced HT29, SW620, and HCT116-derived 
tumoursphere viability in a concentration-dependent manner. The 
compound was more effective on HT29-enriched tumoursphere exhib-
iting the highest potency with a value of 0.70 µM, followed by HCT116 
(1.77 µM) and SW620 (2.74 µM) derived tumourspheres (Fig. 8A). 
Regarding HT29 tumourspheres, sphaerococcenol A affected tumour-
spheres’ formation, reducing significantly their number and area 
(Fig. 8B-D). 

4. Discussion 

Nature continues to play a key role in human health by inspiring the 
synthesis of innovative chemical entities with multitarget therapeutic 
properties and distinct mechanisms of action, contributing to the 
development of new medicines [52–54]. Despite this success, and the 
scientific community efforts, the potential of many natural anticancer 
agents remains poorly explored [55]. Sphaerococcenol A has been 
identified about four decades ago, however few studies have been car-
ried out to assess its cytotoxic potential [32,36,56]. The data here pre-
sented suggest that the compound is not selective for a specific tumour 
cell line exhibiting an IC50 range between 4.5 and 16.6 µM, which is in 
agreement with previous studies conducted with U373, A549, NSCLC, 
SK-MEL-28, PC-3, and LoVo cells (2.8–5.2 µM) [36]. Due to cancer 
diseases complexity, compounds acting on two or multiple cancer tar-
gets have been considered more efficient in overcoming malignant cells 
resistance mechanisms [57]. Thus, sphaerococcenol A capability to act 
on distinct biological therapeutic targets linked with oxidative stress, 
apoptosis and, proteasome activity in cancer cells and its influence in 
CSCs-enriched tumourspheres was studied. Only a grossly approach 
using computer-assisted phase-contrast microscopy was performed in 
U373 glioblastoma cells and showed a marked decrease in mitosis entry 

Fig. 5. Impact of sphaerococcenol A (9.4 µM) treatment on MCF-7 cells biological targets related with apoptosis: A) externalization of phosphatidylserine; B) 
Caspase-9 activity; C) DNA morphological changes. Symbols represent significant differences (Student’s t test (5 A); ANOVA, Tukey’s test (5B), p < 0.05) when 
compared to vehicle. Images are representative of each treatment condition. 
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suggesting a cytostatic effect [36]. In addition, our data suggest that the 
decrease in MCF-7 cells viability induced by the compound was 
accompanied by an increase of H2O2 levels, depolarization of mito-
chondrial membrane potential, and occurrence of patterns linked with 
apoptosis, including Caspase-9 activation and DNA damage and frag-
mentation. Although cell proliferation and apoptosis are distinct bio-
logical processes, they are strictly interconnected by many players, such 
as cell-cycle regulators and apoptotic stimulators, mediating multiple 
functions and influencing both processes [58–60]. Certain antineo-
plastic drugs induce cell cycle arrest during mitosis resulting in cyto-
stasis, a condition poorly tolerated by any cell, and, consequently, 
triggering cell death by apoptosis [61]. These evidences suggest a 
possible relationship between the data herein obtained and the results 
observed by Smyrniotopoulos and co-workers [40], indicating that 
sphaerococcenol A may arrest the cell cycle and induce apoptosis. 
However, further studies need to be performed to understand the in-
fluence of this metabolite in cell cycle regulation. In MCF-7 cells, 
sphaerococcenol A induced H2O2 generation, a ROS known to promote 
cell death by apoptosis [62]. By triggering ROS levels, H2O2 can induce 
apoptosis through the intrinsic pathway leading to mitochondrial 
membrane permeability, cytochrome C release and, thereby, activating 
the caspase cascade [63,64]. In accordance, our previous studies have 
also shown that MCF-7 cells treated with H2O2 undergo depolarization 
of mitochondrial membrane potential and increased Caspase-9 activity 
[64]. Hence the data obtained suggest that the reduction of MCF-7 cells 
viability may be related with ROS generation and apoptosis. Other 
terpenoid compounds like the cembrane-type terenoid sandensolide 
[65], heteronemin terpenoid [66], and also spatane diterpene [67], 
isolated from the brown alga Stoechospermum marginatum, were able to 
increase ROS levels triggering the intrinsic apoptotic pathway. Howev-
er, additional assays will be needed to attest the critical involvement of 
ROS in cell death induced by sphaerococcenol A, such as the study of 
cells’ viability in the presence or absence of antioxidant molecules, such 

as NAC (N-acetyl-cysteine), which has the ability to neutralize these 
species. For instance, cladosporol A induces cell death by apoptosis 
triggered by increased ROS levels, as confirmed by a reduced effect of 
the compound in the presence of an antioxidant [68]. Moreover, to 
deeply characterize the activation of apoptosis by sphaerococenol A, 
further studies should be conducted targeting other biomarkers (e.g. 
Caspase-8, cytochrome C release, Caspase-7, Bcl-2 family proteins 
expression), applying different techniques such as ELISA and/or West-
ern blot, to support the data here attained. 

Other relevant therapeutic target on malignant cells is the protea-
some, which seems to play a relevant role in the maintenance of ma-
lignant cells due to their high metabolic activity and requirements to 
adapt to distinct stresses [16]. Previous studies reported the ability of 
marine terpenes to act as proteosome inhibitors, inhibiting ChT-L and 
T-L sites, increasing the accumulation of ubiquitinated proteins [69,70]. 
However, although sphaerococcenol A was reasonably well positioned 
at the binding site, the metabolite did not establish interactions with the 
essential amino acids for recognition and proteasome inhibition. 
Moreover, the molecular docking data were reinforced by experimental 
assays carried out with cell lysates suggesting that the proteasome is 
unlikely to be the preferred target of this compound. 

As previously reported, tumour heterogeneity plays a critical role in 
therapeutic resistance due to the presence of cancer cells with distinct 
features, such as CSCs. Previous studies have reported the ability of 
marine natural products to impact the development of these type of 
malignant cells, such as polysaccharides [71], carotenoids [72], and 
terpenes [38,73–75]. Those compounds decreased viability, number, 
and area of CSCs-enriched tumourspheres derived from distinct tissues, 
and modulated the expression levels of several genes/ proteins linked 
with stemness properties such as SOX2, Oct4 and Nanog. Our data ob-
tained with sphaerococcenol A is in agreement with these observations, 
since it decreased the viability of different colorectal CSCs-enriched 
tumourspheres, particularly HT29 spheroids. Furthermore, this 

Fig. 6. Morphological alterations on L929 fibroblasts DNA: A) Damage index: Σ (comet class: 1, 2, 3, 4), 0 nucleus without DNA damage; B) Average frequency of 
L929 cells in relation to DNA damage following treatment with sphaerococcenol A (50 µM) and ethyl methanesulfonate (EMS) for 3 h. Symbols represent significant 
differences (ANOVA, Tukey’s test, p < 0.05) when compared to * vehicle or #EMS. 
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metabolite also significantly impacted the number and area of those 
cells at sub-cytotoxic concentrations. The attained results will be rele-
vant to further understand sphaerococcenol A effects on different 
intracellular signaling pathways as well as in the expression of markers 
related with CSCs development. Previous studies have reported the 
ability of compounds to increase ROS levels leading to CSCs death by 
ferroptosis [76,77]. Since sphaerococcenol A was able to stimulate H2O2 
production, inducing a marked cytotoxic effect in 3D spheroids, the 
cellular death mechanism may be related with ferroptosis. The inability 
of sphaerococcenol A to induce DNA damage on L929 cells and cyto-
toxicity towards AML2 cells suggest that the compound is relatively safe 
for non-malignant cell, even though additional studies are required. 
However, despite the promising effects displayed by sphaerococcenol A 
on in vitro cellular models, it is critical to evaluate its effects in more 
complex models, such as human tumours xenograft models, to validate 
its pharmacological potential for cancer treatments. To the best of our 
knowledge, this is the first study characterizing the mechanisms 
involved in the cytotoxic activity of sphaerococcenol A. The data here 
attained suggest that its cytotoxicity may be related with increased H2O2 
levels and induction of cancer cell death by apoptosis. Furthermore, this 
metabolite also influenced the number, area, and viability of colorectal 
CSCs-enriched tumourspheres. These results open new research hy-
pothesis to fully explore the potential of this metabolite for cancer 
treatment. 
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