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A B S T R A C T   

The marine sponge Neopetrosia exigua is known as a goldmine of novel compounds, yet its 
pharmacological activities remain poorly characterised. Herein, this study investigates the bio-
activities of N. exigua collected from Mauritius waters. The crude extract (dichloromethane: 
methanol), hexane, ethyl acetate and aqueous fractions obtained from N. exigua were subjected to 
in vitro antioxidant assays. Their antibacterial activities were evaluated using the broth micro-
dilution method to determine the minimum inhibitory concentration (MIC). The cytotoxic and 
epigenetic activities were further screened using the MTT assay and a cell-based image system 
that measures de-repression of a silenced Green Fluorescent Protein (GFP) reporter gene, 
respectively. Higher antioxidant activity was recorded for the ethyl acetate fraction as demon-
strated by its significant ferric reducing antioxidant power, radical scavenging, and metal 
chelating activities relative to control (p < 0.05). The best antibacterial profile was presented by 
the ethyl acetate fraction against Cutibacterium acnes (MIC: 0.039 mg/ml), Streptococcus mutans 
(MIC: 0.078 mg/ml) and Mycobacterium smegmatis (MIC: 0.313 mg/ml). Similarly, the fraction 
displayed significant cytotoxicity against the human liposarcoma SW872 cells with IC50 value of 
44.34 ± 2.64 µg/ml and GFP re-activation capacity of 43.79 ± 3.19% (p < 0.05). This work 
conveys interesting data on the antioxidant, antimicrobial, and anticancer properties of N. exigua. 
In particular, this study indicates the promising potential of N. exigua as a reservoir of epige-
netically active agents that can modulate transcription of silenced genes involved in carcino-
genesis. Hence, further investigations to isolate the active constituents is actively warranted.  
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Introduction 

The ocean, the largest biome on earth, hosts an immense biodiversity surpassing that of its terrestrial counterpart [1]. Living in an 
environment characterised by high competition, marine organisms have evolved to produce toxic compounds as chemical defenses to 
protect themselves against predators, or as weapons to capture prey [2]. Interestingly, a great number of these compounds have also 
shown pharmacological activities such as antimicrobial, antifouling, antiviral, cytotoxic, antitumor, antioxidant, antiprotozoal, 
anti-inflammatory among other bioactivities [3] thus, making them excellent templates for the development of new drug leads. 
Worldwide bioprospecting efforts have nevertheless not ceased, and a multitude of bioactive molecules are constantly feeding the 
marine drug armamentarium every year [4]. 

Among the different marine taxonomical groups, invertebrates primarily marine sponges have widely been acclaimed as an 
interesting chemical factory, due their immense production of structurally novel bioactive compounds [5]. While the use of marine 
sponges dates back to Roman times, where they were used against wounds, sunstroke, fractures, infectious diseases and tumours [6], it 
is only in the early 1950′s that the first bioactive agents, namely the nucleosides spongothymidine and spongouridine were isolated 
from the Carribean sponge Cryptotethya crypta [7]. These compounds possessed remarkable bioactivities and their synthetic analogues 
eventually led to the development of the anticancer agent cytosine arabinoside (Ara-C) together with adenine arabinoside (Ara-A) as 
an anti-viral agent (Fig. 1) [8]. Since then, the systematic investigation of marine sponges as a source of novel bioactive metabolites has 
greatly increased. Recently, marine sponges belonging to the genus Neopetrosia have received particular attention due to their unique 
natural product chemistry including alkaloids [9–12]. Exiguamine A (Fig. 1), a novel alkaloid isolated from the marine sponge 
Neopetrosia exigua, has been found so far, as the most potent inhibitor of the tumor promoter enzyme indoleamine-2,3-dioxygenase 
from natural sources [13]. Even today, the genus continues to produce a large array of active compounds of potential relevance in 
drug discovery as reported by the increasing number of publications (Table 1). 

The Exclusive Economic Zone of Mauritius Island has a diverse assemblage of Neopetrosia species. However, their population 
density has significantly declined over the last few years (personal communication, 2019). As part of our ongoing screening program to 
search for marine natural products that can spawn avenues in the discovery of lead compounds, we report the in vitro antioxidant and 
antibacterial (anti-tuberculosis, anti-acne and anti-oral infections) activities of the crude extract and fractions derived from the 
Mauritian sponge Neopetrosia exigua. In addition, we also reveal the potential of N. exigua as a source of cytotoxic compounds that can 
reverse epigenetic alterations linked with oncogenes activation and inactivation of tumor suppressor genes particularly involved in 
carcinogenesis. This preliminary screening will subsequently set the stage for more in-depth mechanistic studies and chemical 
characterization of potential novel drug leads from the genus Neopetrosia. Furthermore, it will also back-up existing framework ori-
ented towards the conservation of some threatened Neopetrosia species in Mauritius waters. 

Fig. 1. Bioactive compounds derived from marine sponges.  
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Materials and methods 

Sampling and identification 

The marine sponge Neopetrosia exigua (Fig. 2) was collected at Amber Island (20◦03′52.5″S and 57◦41′19.7″E) on the northeast coast 
of the Republic of Mauritius (Fig. 3). The sponge was sampled by hand at depths of 2–3 metres by snorkeling at low tide. It was 
transferred to the laboratory under seawater, cleaned of debris and frozen at − 80 ◦C until use. Taxonomic identification of N. exigua 
was confirmed via the World Porifera Database [22]. 

Preparation of crude extract and fractions 

The marine sponge N. exigua was cut into small pieces, freeze dried and powdered. The freeze-dried powder (250 g) was macerated 
exhaustively in a mixture of dichloromethane and methanol (1:1) for 48 h. The macerate was filtered, and flash evaporated under 
vacuum at 37 ◦C (LABOROTA 4003, Heidolph, Germany). The crude extract was mixed with 200 ml of distilled water and defatted with 
n-hexane (200 ml x 3). The hexane fractions were eluted, and the aqueous fractions were successively partitioned with ethyl acetate 
(200 ml x 3) to furnish n-hexane, ethyl acetate and aqueous fractions. The total crude extract and fractions were stored at − 20  ◦C. 

In vitro antioxidant activity screening 

A multi-method approach was used to assess the antioxidant potency of the total crude extract and fractions of N. exigua. Seven 
independent antioxidant methods were used to provide a mechanistic insight of the antioxidant actions of the extracts under study. 
Gallic acid were used as positive control in all the antioxidant assays. 

Ferric reducing antioxidant power (FRAP) assay 
The FRAP assay measures the reduction of ferric ion (Fe3+)-ligand complex to the intensely blue-colored ferrous (Fe2+) complex by 

antioxidants in an acidic medium. The reducing power of N. exigua crude extract and fractions were assessed as previously described by 
Benzie and Strain [23]. The FRAP reagent was freshly prepared by mixing together 10 mM 2,4,6-tripyridyl-s-triazine (TPTZ) and 20 
mM ferric chloride in 0.25 M acetate buffer, pH 3.6. The crude extract or fractions (20 µl) at 1 mg/ml were mixed with 180 μl FRAP 
reagent in wells of a 96-well plate, left for 6 min at room temperature and the absorbance was measured at 593 nm. Results were 
expressed as millimoles of ferrous sulfate per gram freeze-dry weight (mMol Fe (II)/g FDW). 

Ferric reducing antioxidant power (FRAP) mechanism  

Trolox equivalent antioxidant capacity (TEAC) assay 
The ability of N. exigua extracts to scavenge the 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical cation was 

assessed according to a modified protocol of Campos and Lissi [24]. To 180 µl of the ABTS•+ solution, generated by a reaction between 
0.5 mM ABTS and activated manganese dioxide (MnO2) (1 mM) in phosphate buffer (0.1 M, pH 7), 20 µl of the crude extract or 
fractions at 1 mg/ml were added and the absorbance was recorded at 734 nm after 30 min incubation at room temperature. The ABTS 

Table 1 
Chemical active constituents of the Neopetrosia genus.  

Metabolites Species Class Bioactivity References 

Neopetrocyclamines 
A and B 

N. exigua Alkaloid Cytotoxic [10] 

Araguspongines 
M, B, D 

N. exigua Alkaloid Cytotoxic [12] 

Papuamine N. exigua Alkaloid Cytotoxic [12] 
Araguspongine C N. exigua Alkaloid Anti-tuberculosis activity [14] 
Petrosin A N. exigua Alkaloid Anti-HIV 

activity 
[15] 

Renieramycin J Neopetrosia sp. Alkaloid RNA and/or protein synthesis inhibition [16] 
Renieramycin A Neopetrosia sp. Alkaloid Cytotoxic & 

Anti-protozoal activity 
[16,17] 

Demethylxestopongin B N. exigua Alkaloid Cytotoxic [18] 
Neopetrosamine A N. exigua Alkaloid Anti-plasmodial activity [19] 
Halenaquinone N. exigua Quinone Inhibit phosphatidylinositol 

3-kinase activity 
[20] 

Neopetrosiquinones 
A and B 

N. exigua Quinone Cytotoxic [21]  
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radical scavenging activity was expressed as millimoles of Trolox equivalents per gram of freeze-dry weight (mMol TE/g FDW). 

ABTS radical scavenging mechanism  

DPPH radical scavenging activity 
The DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) radical scavenging capacity was evaluated according to the method described 

by Brand-Williams [25]. The crude extract or fractions of N. exigua (20 µl) at concentrations ranging from 10 mg/ml to 0.039 mg/ml 
were added to DPPH solution (180 μl of 0.1 mM). The mixture was mixed and left to stand at room temperature in the dark for 30 min. 
The reduction of DPPH radicals was evaluated by measuring the absorbance at 517 nm. The inhibition of the DPPH radicals was 
calculated according to equation 1 and the percentage scavenging activity was plotted against different concentrations of the extracts 
to obtain the fifty percent inhibitory concentration (IC50) value (mg/ml). 

2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) radical scavenging mechanism  

Equation 1: Scavenging activity (%) = Absorbance of control− Absorbance of sponge samples
Absorbance of control × 100 

Superoxide anion radical scavenging activity 

The superoxide anion scavenging activity was determined according to a modified protocol of Nishikimi et al. [26]. The phenazine 
methosulfate-nicotinamide adenine dinucleotide (PMS/NADH) non-enzymatic system produces superoxide radicals that reduce 
nitroblue tetrazolium (NBT) into an insoluble purple formazan. Briefly, 500 µl NBT solution (156 µM in 100 mM phosphate buffer, pH 
8.0), 500 µl of beta-nicotinamide adenine dinucleotide reduced disodium salt hydrate (NADH) solution (468 μM in 100 mM phosphate 
buffer, pH 8.0) and 50 µl of the crude extract or fractions at different concentrations (10 mg/ml - 0.039 mg/ml) were mixed. The 
reaction was started by adding 50 µl of PMS solution (60 µM in 100 mM phosphate buffer, pH 8.0) and was incubated for 20 min at 
25 ◦C. The absorbance was recorded at 560 nm. The scavenging capacity was calculated according to equation 1 and results were 
expressed as mean IC50 (mg/ml). 

Fig. 2. Neopetrosia exigua.  

Fig. 3. Satellite images showing Mauritius island (A) located at 20.2000◦ S, 57.5000◦ E in the Indian Ocean (B), Research site map area of Amber 
Island located at 20◦03′52.5″S and 57◦41′19.7″E (C) (Source: Google Earth 2022). 
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Superoxide radical scavenging mechanism   

Nitric oxide radical scavenging activity 
The nitric oxide radical inhibition potential was estimated according to the method described by Leone et al. [27]. N-(1-naphthyl) 

ethylendiamine dihydrochloride (0.1%) was used to prepare the Griess Ilosvay’s reagent. The reaction mixture consisted of 250 µl of 
different concentrations of the crude extract or fractions (10 mg/ml - 0.039 mg/ml), 1 ml of aqueous sodium nitroprusside (10 mM), 
and 250 µl 1X PBS. The mixture was incubated for 180 min at room temperature. 1 ml of Griess Ilosvay’s reagent (0.33% sulphanilic 
acid in 20% glacial acetic acid and 0.1% naphthylethylenediamine dichloride) was mixed with 250 µl of the reaction mixture and 
allowed to stand at room temperature for 30 min. The absorbance of the pink chromophore formed was recorded at 546 nm and the 
scavenging capacity was calculated according to equation 1. The results were expressed as mean IC50 (mg/ml). 

Nitric oxide radical scavenging mechanism  

Inhibition of deoxyribose degradation activity 
The hydroxyl radical scavenging potential was assessed using the deoxyribose assay [28]. The reacting mixture contained the 

following reagents: 200 µl of 100 mM KH2PO4- KOH, 200 µl of 0.5 mM FeCl3, 100 µl of 1 mM EDTA, 100 µl varied concentrations of the 
crude extract or fractions (10 mg/ml - 0.039 mg/ml), 200 µl of 15 mM deoxyribose, 100 µl of 10 mM H2O2, and 100 µl of 1 mM ascorbic 
acid. The reaction mix was incubated at 37 ◦C for 1 h. After incubation, 1 ml 1% (w/v) thiobarbituric acid (TBA) was added to the 
mixture followed by 1 ml 2.8% (w/v) trichloroacetic acid (TCA). The solution was further heated in a water bath at 80 ◦C for 20 min. 
The malondialdehyde and thiobarbituric acid (MDA-TBA) pink chromogen formed was extracted into 3 ml butan-1-ol and its 
absorbance measured at 532 nm. The scavenging capacity was calculated according to equation 1 and results were expressed as mean 
IC50 (μg/ml). 

Inhibition of deoxyribose degradation reaction mechanism  

Iron (II) chelating activity 
The ability of the extracts to inhibit the formation of iron (II)-ferrozine complex was evaluated according to the method developed 

by Neergheen et al. [29]. The reaction mixture contained 200 µl of variable concentrations of the crude extract or fractions (10 mg/ml - 
0.039 mg/ml) and 50 µl of FeCl2⋅4H2O (0.5 mM). The total reaction volume was made up to 1 ml with DMSO and incubated for 5 min at 
room temperature. After incubation, the reaction was initiated by the addition of 50 µl of 2.5 mM ferrozine solution. The mixture was 
mixed and left to stand at room temperature for 10 min. The purple colouration observed was read at 562 nm. Chelating activity was 
calculated according to equation 1 and results were expressed as mean IC50 (mg/ml). 

Iron (II) chelating mechanism  
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Antibacterial screening 

Microorganisms 
The antibacterial potential of N. exigua was assessed using the microbroth dilution method adapted from Lall et al. [30]. The panel 

of bacterial strains investigated in this study including Cutibacterium acnes (ATCC 11827), Streptococcus mutans (ATCC 25175) and 
Prevotella intermedia (ATCC 25611), were obtained from the American Type Culture Collection (ATCC). The inhibitory activity of 
Mycobacterium smegmatis (MC2 155) was also assessed. The strains were maintained on an agar slant at 4 ◦C. In particular S. mutans and 
P. intermedia were cultured under anaerobic conditions, in the Department of Plant and Soil Sciences at the University of Pretoria 
where the tests were conducted. 

Antibacterial activity against C. acnes 
C. acnes cultures were grown for 72 h at 37 ◦C on Brain Heart Infusion (BHI) agar supplemented with 1% glucose and then 

inoculated in BHI broth at a concentration of 1.5 × 106 CFU/ml for the microdilution assay. The crude extract and fractions of N. exigua 
(10 mg/ml) and the positive control tetracycline (0.2 mg/ml) were diluted with BHI broth to obtain concentrations ranging from 2.5 to 
0.039 mg/ml and 0.05 - 0.00039 mg/ml respectively. 100 µl of the bacterial suspension were added into a 96-well microplate followed 
by 100 µl of the sponge crude extract or fractions. The microplate was incubated in an Anaerocult jar with Anaerocult A for 72 h at 
37 ◦C (Merck, Darmstadt, Germany). Negative controls consisted of untreated C. acnes culture, the extract solvent DMSO (2.5% v/v) 
and media. After 72 h, 20 µl of the PrestoBlue viability reagent (LTC Tech (Pty) Ltd., Johannesburg, South Africa) was added to all the 
wells. The plates were incubated for 1 h, and the Minimum Inhibitory Concentration (MIC) was determined as the lowest concentration 
of extract that inhibits bacterial growth. 

Antibacterial activity against P. intermedia and S. mutans 
The bacterial strains P. intermedia and S. mutans were inoculated in Tryptone Soy Broth and BHI broth respectively and 100 µl of 

each inoculum (3 × 108 CFU/ml) were added in a 96-well plate. To that, 100 µl of different concentrations of sponge crude extract or 
fractions (2.5 - 0.039 mg/ml) was added. Chlorhexidine (0.00488 – 0.625 mg/ml) was used as positive control while, the untreated 
bacterial cultures, DMSO (2.5% v/v) and their respective were used as negative control. S. mutans and P. interdia inocula were put in an 
anaerobic jar containing Anaerocult A and incubated at 37 ◦C under anaerobic conditions. After 24 h, 20 µl of PrestoBlue were added to 
the test wells and incubated for an additional 30 min to determine the MIC. 

Anti-mycobacterial activity 
Cultures of M. smegmatis, previously maintained on 7H11 agar plates were transferred into Middlebrook 7H9 broth medium, 

containing 2% glycerol and 0.5% Tween-80 and allowed to grow for 24 h at 37 ◦C. To 100 µl of M. smegmatis inocula (1.5 × 106 CFU/ 
ml), 100 µl of the sponge crude extract or fractions (2.5 - 0.039 mg/ml) were added and incubated at 37 ◦C for 24 h, followed by the 
addition of 20 µl of PrestoBlue. The plates were left to incubate for an additional 3 h from where the MIC was determined. Cipro-
floxacin (0.005 - 0.0004 mg/ml) was used as the positive control whereas the negative controls included the untreated M. smegmatis 
culture, DMSO (2.5% v/v) and media. 

Cell culture and in vitro cytotoxic screening 

The human liposarcoma SW872 cell line (ATCC® HTB-92) was used for the cytotoxic assay. The cells were grown in high glucose 
Dulbecco‘s Modified Eagle‘s Medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/l streptomycin-penicillin 
and 0.5 µg/ml amphotericin B and maintained at 37 ◦C in an atmosphere of 5% CO2 and 95% humidity. 

The cell viability was assessed by the ability of SW872 cells to cleave the tetrazolium salt MTT (3-(4,5-dimethylthiazol-2-yl)− 2,5- 
diphenyl-2H-tetrazolium bromide), by the mitochondrial succinate dehydrogenase enzyme. SW872 cells were seeded at 1 × 104 cells/ 
well in a 96-well plate and allowed to incubate for 24 h at 37 ◦C. Subsequently, the cells were treated with the crude extract or fractions 
at concentrations ranging from 2 to 0.156 mg/ml for 24 h. DMSO (0.5% v/v) was used as negative control and etoposide 
(0.02− 0.00016 mg/ml) was used as positive control. After treatment, the old medium was replaced with 100 μl of fresh medium, 
containing MTT (5 mg/ml) and the plate was further incubated for 4 h at 37 ◦C. The formazan crystals were dissolved in 100 µl DMSO 
and the absorbance was read at 595 nm and 690 nm (Biotek Synergy HT, USA). The cytotoxicity potential was expressed as IC50 and 
presented as mean ± SD from three independent experiments. 

Locus de-repressing (LDR) screening assay 
The N. exigua extracts were screened for epigenetically active agents using a cell-based assay in which a locus containing a 

quantifiable marker, green fluorescent protein (GFP) was chemically de-repressed by known epigenetic modulators. The experiment 
was carried out in HeLa cells which contained multiple copies of the GFP reporter genes, epigenetically silenced by DNA hyper-
methylation. The HeLaGFP cells were obtained from Prof. Richard Katz lab (Fox Chase Cancer Center, PA). 

The rationale of this assay was if the extracts could overcome the hyper-methylation based repression of the GFP reporters, they 
may have a similar effect on tumor suppressors which are also repressed via hypermethylation, including, the well-known tumor 
repressor, p53. Briefly, HeLaGFP cells were seeded into 96-well Nunc glass-bottom black plates at 1 × 104 cells/well and cultured at 
37 ◦C and 5% CO2 overnight. The cells were exposed to the active extract of N. exigua at different concentrations (1 - 0.0078 mg/ml) for 
24 h and the IC50 value was calculated (Supplementary). 
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HeLaGFP cells were treated with the extract at its IC50 concentration. Following 24 h incubation, the medium was removed, the 
cells were washed twice with ice-cold PBS and fixed with 4% paraformaldehyde solution for 30 min. The cells were washed again with 
ice-cold PBS and stained with 30 µl/well 1 µg/ml DAPI (4′,6-diamidino-2-phenylindole) [31]. DMSO (0.5%) and HeLa cells transfected 
with empty vectors served as negative controls while the epigenetic drug trichostatin (TSA 10 μMol) was used as the positive control. 
After 30 min exposure in the dark, the cells were washed and visualised by fluorescent microscopy using a Zeiss Observer Z1 mi-
croscope (Zeiss FLUAR 10x/0.5) with MetaMorph v7.8.8.0 software from Molecular Devices (Sunnyvale, CA). The CellProfiler v2.1.1 
software was used to calculate the proportion of GFP fluorescent cells as a percentage of total cells. Only when a cell was tested positive 
for DAPI staining, deemed of appropriate size, and had a significantly high level of GFP staining compared to control, did this count as a 
cell with re-activated GFP reporters. 

Statistical analysis 

The results were expressed as means ± standard deviation (n = 3) from three independent assays. Statistical analysis was per-
formed using Prism, version 5.01, from GraphPad Software (USA). Tests were carried out to determine the homogeneity of variance 
and to evaluate normality. The results were analysed using one-way ANOVA followed by Least Significant Difference (LSD) test for 
parametric data. For the analysis of non-parametric data, the Kruskal-Wallis test followed by Dunn’s test were used. Statistical 
comparison between the mean values and solvent control was performed using Dunnett’s post hoc test of significance wherein *p <
0.05, **p < 0.01 and ***p < 0.001 were considered to be statistically significant. The heatmap was generated from the heatmap 
package using R software (R Core Team, 2015). 

Results 

Antioxidant activity 

The ethyl acetate fraction of N. exigua recorded significantly higher FRAP value of 5.17 ± 0.60 mMol Fe(II)/g FDW followed by the 
crude extract (3.88 ± 0.73 mMol Fe(II)/g FDW), hexane (2.04 ± 0.46 mMol Fe(II)/g FDW) and aqueous fraction (1.34 ± 0.15 mMol Fe 
(II)/g FDW) (p < 0.05) (Fig. 4). The same trend was observed in the TEAC assay with the highest activity displayed by the ethyl acetate 
fraction (9.49 ± 0.43 mMol TE/g FDW) followed by the crude extract (7.30 ± 0.51 mMol TE/g FDW), hexane (3.93 ± 0.61 mMol TE/g 
FDW) and aqueous fraction (2.15 ± 0.40 mMol TE/g FDW) (p < 0.05) (Fig. 4). However, these values were significantly lower when 
compared to the positive control gallic acid (FRAP: 22.25 ± 1.06 mMol Fe(II)/g FDW and TEAC: 94.05 ± 5.03 mMol TE/g FDW) (p <
0.01). The ethyl acetate fraction displayed dose-dependent antioxidant activities with five additional antioxidant assays whereby the 
IC50 value was determined. The results are summarised in Table 1. The sponge fraction registered significantly higher DPPH (IC50: 
0.294 ± 0.06 mg/ml), superoxide (IC50: 0.556 ± 0.03 mg/ml) and nitric oxide (IC50: 0.613 ± 0.05 mg/ml) radical scavenging activity. 
It also showed significant metal chelating activity (IC50: 2.00 ± 0.15 mg/ml) and protective effects against oxidative degradation of 
deoxyribose substrates (IC50: 1.48 ± 0.21 mg/ml). The standard gallic acid, however registered superior antioxidant activity than the 
sponge crude extract and fractions under these assays (p < 0.05). In general, the ethyl acetate fraction displayed peak antioxidant 

Fig. 4. Antioxidant activity of N. exigua crude extract and fractions: Ferric Reducing Antioxidant Potential (FRAP, mMol Fe(II)/g FDW) and Trolox 
Equivalent Antioxidant Capacity (TEAC, mMol TE/g FDW). Data expressed as mean values ± standard deviations (n = 3). Abbreviations: CE: Crude 
extract; HF: Hexane fraction; EAF: Ethyl acetate fraction; AF: Aqueous fraction; Different letters represent significant differences between the sponge 
samples and with a denoting highest antioxidant activity (p < 0.05). 
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activity while the hexane and aqueous fraction displayed lowest activity. 

Antibacterial activity 

A preliminary screening of the antibacterial activity of the N. exigua crude extract and fractions was carried out against the bacterial 
strains C. acnes, S. mutans, P. intermedia and M. smegmatis. As shown in Table 2, the crude extract, hexane and ethyl acetate fractions of 
N. exigua exhibited varying degrees of activity against the test bacterial species with MIC values within a concentration range of 0.039 
to 2.5 mg/ml. The ethyl acetate fraction had the most potent antibacterial activity particularly against C. acnes (MIC: 0.039 mg/ml), 
S. mutans (MIC: 0.078 mg/ml) and M. smegmatis (MIC: 0.313 mg/ml). Although the crude extract displayed minimal inhibitory activity 
in general, it recorded higher activity exceptionally against P. intermedia (MIC: 1.25 mg/ml) compared to its fractions. Weak anti-
bacterial activity was observed for the hexane fraction whereas the aqueous fraction had no effect at all. Furthermore, the sponge crude 
extract and fractions appeared to have a broad spectrum of activity as their activities observed were independent of whether they were 
Gram-positive or Gram-negative bacteria. Among the four bacterial strains investigated, maximum growth suppression was noted 
against the Gram-positive bacteria C. acnes, S. mutans and M. smegmatis while P. intermedia was the least sensitive. 

In vitro cytotoxic activity 

The in vitro cytotoxic potential of N. exigua was further investigated against the human liposarcoma SW872 cells. The cells were 
exposed to increasing concentrations of the crude extract and fractions (0.0156− 2 mg/ml) for 24 h and the percentage cytotoxicity was 
determined using the MTT assay. A 24 h incubation with the extracts resulted in a concentration-dependent decrease in the prolif-
eration of SW872 cells (Fig. 5). The ethyl acetate fraction displayed the highest activity by decreasing the cell viability from 87.53% to 
13.57% followed by the crude extract (90.42% to 20.76%), hexane fraction (98.53% to 67.87%) and the aqueous fraction (100% to 
90.93%). Based on this preliminary cytotoxic screening, the IC50 values were also determined (Table 3). The ethyl acetate fraction and 
crude extract exhibited inhibitory effects with IC50 values of 44.34 ± 2.64 µg/ml and 165.87 ± 37.69 µg/ml, respectively which were 
significantly lower than the positive control, etoposide (IC50: 1.71 ± 0.27 µg/ml) (p < 0.05). 

Table 1 
Antioxidant potential (IC50, mg/ml) of N. exigua derived crude extract and fractions.  

Antioxidant 
Activity 

N. exigua crude extract and fractions Positive control 
IC50 ± SD (mg/ml) 

CE HF EAF AF Gallic 
acid 

DPPH radical 
scavenging 

0.893 ± 0.09b 

** 
3.30 ± 0.49c 

*** 
0.294 ± 0.06a 

* 
5.14 ± 0.84d 

*** 
0.002 ± 0.00 

Superoxide radical scavenging 1.52 ± 0.30b 

*** 
4.12 ± 0.15c 

*** 
0.556 ± 0.03a 

* 
5.23 ± 1.11d 

*** 
0.030 ± 0.00 

Nitric oxide radical scavenging 2.25 ± 0.47b 

** 
4.85 ± 0.81c 

*** 
0.613 ± 0.05a 

** 
7.52 ± 1.73d 

*** 
0.045 ± 0.00 

Iron (II) 
chelating 

4.66 ± 1.13b 

* 
5.94 ± 1.54b 

*** 
2.00 ± 0.15a 

* 
7.06 ± 1.29c 

*** 
1.53 ± 0.03 

Inhibition of deoxyribose degradation 2.17 ± 0.17b 

*** 
4.61 ± 0.61c 

*** 
1.48 ± 0.21a 

** 
7.27 ± 1.38d 

*** 
0.141 ± 0.01 

Abbreviations: CE: Crude extract; HF: Hexane fraction; EAF: Ethyl acetate fraction; AF: Aqueous fraction. Data for IC50 are expressed as mean ± SD (n 
= 3). Different letters between columns represent significant differences between the crude extract and fractions with a denoting highest antioxidant 
activity (p < 0.05). Asterisks represent significant differences between the extracts and gallic acid (positive control), *p < 0.05, **p < 0.01, ***p <
0.001. 

Table 2 
Antibacterial activity (mg/ml) of N. exigua derived crude extract and fractions.  

Crude extract and fractions/ Control Minimum Inhibitory Concentration (mg/ml)  

Cutibacterium 
Acnes 

Streptococcus 
Mutans 

Prevotella 
Intermedia 

Myco-bacterium 
Smegmatis 

CE 0.16 2.5 1.25 1.25 
HF 0.31 2.5 2.5 2.5 
EAF 0.04 0.78 2.5 0.31 
AF NI 2.5 NI 2.5 NI 2.5 NI 2.5 
Positive control 0.003a 0.0005b 0.0005b 0.0004c 

Abbreviations: CE: Crude extract; HF: Hexane fraction; EAF: Ethyl acetate fraction; AF: Aqueous fraction; NI 2.5: No inhibition at 2.5 mg/ml; aTe-
tracycline; bChlorhexidine; cCiprofloxacin. Values are the mean of Minimum Inhibitory Concentration (MIC) (mg/ml) (n = 3) of three independent 
determinations. 
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Epigenetic activity 

Given the interesting cytotoxic activity of the ethyl acetate fraction of N. exigua, its ability to overcome hypermethylation was 
further assessed in a HeLaGFP cell model via the LDR assay. HeLaGFP cells were treated with the fraction at its IC50 concentration (35.6 
± 4.23 µg/ml) overnight (Supplementary). After staining, the images acquired were analysed and the effect on GFP expression in the 
cell population was measured, based on the proportion of cells with intensity above the background. An average was taken from three 
independent experiments and plotted in a bar graph (Fig. 6[a]). The GFP re-activation capacity of the ethyl acetate fraction measured 
in terms of the total mean fluorescent intensity was 43.79 ± 3.19%, was 1.9-folds lower than the positive control TSA (total mean 
fluorescent intensity: 84.20 ± 5.02%), 12–13-folds higher than the negative control 0.5% DMSO (3.63 ± 1.07%) and null (3.12 ±
0.78%) (p < 0.05). Fluorescent image micrographs showing the effect of the ethyl acetate fraction on GFP expression in the HeLaGFP 
cells were compared to the controls (Fig. 6[b]). 

Discussion 

Recently, natural product chemists have intensified their bioprospecting efforts towards unfolding the pharmacological activities 
Neopetrosia exigua, a marine sponge species that has generated enormous attention as revealed by the increasing number of bioactive 
extracts/compounds reported during the last two decades [9,10,12,13]. Contributing to this endeavor, the present study examined the 
in vitro antioxidant, antibacterial, cytotoxic and epigenetic activities of the Mauritian sponge N. exigua-derived crude extract and 
fractions to ascertain any potential therapeutic effect. 

A rising demand requisite on welcoming novel and alternative sources for natural antioxidants prototypes. In this view, the po-
tential of N. exigua as a source of antioxidant was investigated using an array of in vitro antioxidant systems. It is important to employ 
different assays when taking into consideration the chemical constituents of extracts that act through various mechanisms such as 
prevention of chain initiation and continued hydrogen abstraction, decomposition of peroxides, binding of transition metal ion cat-
alysts reductive capacity and radical scavenging [32]. In the present study, we observed that the ethyl acetate fraction exhibited the 
highest antioxidant activity by virtue of its ferric reducing, free radical scavenging (DPPH, ABTS.+, superoxide, nitric oxide and hy-
droxyl) and Fe2+ chelating activities (Table 1). Therefore, this indicates that the ethyl acetate fraction is a potential repertoire of 

Fig. 5. Percentage cell viability of N. exigua crude extract and fractions against SW872 cells at different concentrations (2–0.0156 mg/ml). Data 
expressed as mean values ± standard deviation (n = 3) of three independent determinations. 

Table 3 
In vitro cytotoxic activity (IC50 ± SD, μg/ml) of N. exigua derived crude extract and fractions against SW872 liposarcoma cells.  

Crude extract and fractions/ Control CE HF EAF AF Etoposide 

IC50 (µg/ml) 165.87 ± 37.69b 

*** 
ND 44.34 ± 2.64a 

* 
ND 1.71 ± 0.27 

Abbreviations: CE: Crude extract; HF: Hexane fraction; EAF: Ethyl acetate fraction; AF: Aqueous fraction; ND: extract failed to induce 50% growth; 
hence, no IC50 value was determined. Data for IC50 are expressed as mean ± standard deviation (n = 3) in three independent experiments. Different 
letters between columns represent significant differences between the crude extract and fractions with the letter a denoting highest cytotoxic activity 
(p < 0.05). Asterisks represent significant differences between the extracts and etoposide (positive control), * p < 0.05, ** p < 0.01, *** p < 0.001. 
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antioxidants. 
In parallel, the emergence of multiple drug resistance in human pathogenic microorganisms has lately created a critical momentum 

to search for new antibiotics [33]. During the past decades, intensive efforts have led to the discovery of interesting antimicrobial leads 
from marine sponges such as petrosamine B [34] and dysidavarone A [35]. To continue our previous study on the antibacterial and 
antibiotic potentiating activity of some selected tropical marine sponge extracts [9], we further investigated the antibacterial activity 
of N. exigua against the bacterial strains C. acnes, S. mutans, P. intermedia and M. smegmatis. As shown in Table 2, the crude extract and 
fractions displayed MIC values ranging from 0.039 to 2.5 mg/ml. The ethyl acetate fraction recorded the most potent antibacterial 
activity while the aqueous fraction was unable to inhibit bacterial growth at the highest concentration tested. The diversity in the 
antimicrobial activity shown by extracts is usually subjected to the differences in their compositions and concentrations of active 
constituents [36]. Furthermore, extracts with MIC values lower than 1 mg/ml are generally considered as highly active antimicrobial 
agents worth exploring further for drug development [37]. The ethyl acetate fraction recorded the lowest MIC value of 0.039 mg/ml 
against C. acnes which is the major causative microorganism of acne vulgaris. This is particularly interesting because the fraction also 
demonstrated high scavenging potential against nitric oxide free radicals (Table 1) which are highly involved in the onset of in-
flammatory diseases and in the progression of acne. Similarly, noteworthy inhibitory activity against S. mutans by the fraction with 
MIC of 0.078 mg/ml. However, it is striking to note that the highest antibacterial activity against P. intermedia was registered by the 

Fig. 6. (a) Effect of the ethyl acetate fraction of N. exigua (IC50: 44.34 ± 2.64 µg/mL) on silenced GFP LDR capacity measured in terms of its total 
mean fluorescent intensity compared to the positive control trichostatin A (10 µmol) and negative controls (one-way ANOVA, p < 0.05). Data are 
presented as mean ± SD (n = 3) in three independent experiments and normalised to cell number. Different letters represent significant differences 
between the sponge fraction, positive and negative controls with the letter a denoting highest LDR activity (p < 0.05).***indicates significant 
difference from the negative control (one-way ANOVA, p < 0.001). (b) Fluorescent images showing the effect of the ethyl acetate fraction of 
N. exigua on GFP expression. They were taken at two distinct wavelengths: DAPI (blue), and GFP (green). HeLa/GFP cells contain hypermethylated 
GFP reporters. X100. 
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crude extract (MIC: 1.25 mg/ml) when compared to its fractions. This may suggest a synergistic effect arising from a mixture of 
compounds present in the crude extract which could be responsible for its high antibacterial activity. S. mutans and P. intermedia are the 
two main causative bacterial species of periodontal diseases and are notorious for their drug resistance [38]. Notable antibacterial 
effect was also recorded against M. smegmatis (MIC: 0.313 mg/ml). This is a non-pathogenic species of mycobacterium commonly used 
as a model in the physiology of mycobacteria such as the pathogenic species Mycobacterium tuberculosis which is the causative agent of 
tuberculosis. Despite the promising bioactivities registered by N. exigua, there is no reports on its activity on either of the microor-
ganisms tested in this study, thus providing new knowledge on its antibacterial potential. Nevertheless, this study is in congruence with 
our previous work where we demonstrated the broad antibacterial activity of the ethyl acetate fraction of N. exigua against a panel of 
bacterial strains including Escherichia coli, Pseudomonas fluorescens, Pseudomonas aeruginosa, Klebsiella pneumonia, Serratia marcescens, 
Salmonella enterica, Bacillus cereus and Staphylococcus aureus [9]. 

Further investigation was done into the in vitro cytotoxic effect against the human liposarcoma, SW872. Liposarcomas are ma-
lignant tumors that form in fat cells found in deep soft tissue. To-date, traditional treatment measures such as surgery and chemo-
therapy remain unsatisfactory with local recurrence rates greater than 80% [39]. Hence, this justifies the need for new therapeutic 
strategies. Herein, the ethyl acetate fraction recorded the highest cytotoxic effect with an IC50 value of 44.34 ± 2.64 µg/ml against 
SW872 cells (p < 0.05). However, this activity is regarded as moderate according to the guidelines of the US National Cancer Institute 
(NCI), which consider extracts exhibiting IC50’s lower than 20 µg/ml as having significant anticancer activity, 21− 200 µg/ml as 
moderate anticancer activity, 201− 500 µg/ml as weak anticancer activity and no toxicity towards cancerous cells for values higher 
than 500 µg/ml [40].  Because this fraction is still a mixture of active and non-active compounds, a higher IC50 value is expected and 
hence, with more refined fractions or pure compounds, lower IC50 values can be considered worthy for further investigations. The 
crude extract recorded low toxicity with an IC50 value of 165.87 ± 37.69 mg/ml while an IC50 could not be determined for the hexane 
and aqueous fraction due to poor cytotoxic activity. To the best of our knowledge, the cytotoxic effect of the sponge N. exigua against 
liposarcoma cells has been investigated for the first time. Nonetheless, isolation of several novel compounds, mostly alkaloids with 
known cytotoxicity, has been reported from this sponge species. Liang et al. [10] reported the isolation of papuamine from the 
Indonesian sponge, N. exigua which displayed cytotoxic activity against glioblastoma SF-295 cells. Chemical investigation of the 
ethanolic extract of the same sponge species collected in Palau, led to the isolation of several araguspongine alkaloids among which the 
novel alkaloid araguspongine M displayed a pronounced inhibitory effect against the human leukemia cell line HL-60 [12]. Exigu-
amine A, another novel alkaloid isolated from N. exigua collected in Papua New Guinea was identified as one of the most potent in-
hibitors of the enzyme indoleamine-2, 3-dioxygenase involved in tumor growth in vitro [13]. tumor suppressors are well known for 
coordinating apoptosis to maintain genomic stability and prevent tumor formation. On the other hand, dysfunction of tumor sup-
pressor genes has been shown to contribute to the development of most human cancers. In many cancers, tumor suppressors are 
inactivated due to epigenetic aberrations such as DNA hypermethylation of specific promoters of some tumor suppressor genes such as 
p53 and p21 [41]. Many of the enzymes that mediate these genetic alterations, including deacetylases, histone acetyltransferases, DNA 
methyltransferases have been identified and are being intensively studied because of their immense potential as therapeutic targets 
[42]. Natural products known to modulate the functions of these proteins are relatively limited in number, structural diversity, and 
enzyme class specificity. Based on the encouraging cytotoxic activity of the ethyl acetate fraction, its effect on the derepression of a 
silenced GFP reporter was investigated with the aim to identify novel molecules that could potentially regulate new targets involved in 
the epigenetic control of tumor suppressor gene expression. The GFP expression level of the sponge fraction, although lower than the 
epigenetic drug Trichostatin A, was however significantly higher compared to the negative controls (p < 0.001). Therefore, these data 
suggest that N. exigua could be a potential source of epigenetic modulators. 

The heatmap analysis (Fig. 7) showed variability in terms of their bioactivities between the crude extract and fractions of N. exigua 
which allowed for easy discrimination. In general, the ethyl acetate fraction was well separated with a red color predominance, 
characterized by the highest antioxidant, antibacterial, cytotoxic, and epigenetic activity. In this perspective, further research on the 
ethyl acetate fraction as starting material for the bioassay-guided characterization of the compounds accountable for the excellent 
bioactivities is actively warranted. It is also important to decipher the underlying mechanisms of action in order to identify potential 
novel drug targets. Moreover, the selective cytotoxic activity of the fraction should be assessed against normal cell lines in order to 
evaluate the safety profile. 

Conclusions 

Overall, this preliminary work highlights the promising bioactivities of the tropical marine sponge N. exigua, which considering the 
emergence of resistant bacteria and side effects of synthetic chemotherapeutic agents, embody a rich niche for the discovery of po-
tential pharmaceutical leads. In particular, its ethyl acetate fraction showed significant antioxidant, antibacterial, cytotoxic, and 
epigenetic activities which could be useful for pharmaceutical applications. Consequently, this study is considered as a highly 
important basic work to study the mechanisms of actions underlying the biological activities. However, further investigations are 
actively warranted to characterize the active ingredients present in the most promising sponge fraction. 
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Fig. 7. Heatmap analysis for the biological activities of N. exigua crude extract and fractions. The crude extract and fractions are presented on the 
horizontal axis. The red color presents the highest levels of bioactivity. CE: Crude extract; HF: Hexane fraction; EAF: Ethyl acetate fraction; AF: 
Aqueous fraction. 
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