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A B S T R A C T   

Free Living Amoeba (FLA) infections caused by Acanthamoeba genus include chronic nervous system diseases 
such as Granulomatous Amoebic Encephalitis (GAE), or a severe eye infection known as Acanthamoeba keratitis 
(AK). Current studies focused on therapy against these diseases are aiming to find novel compounds with 
amoebicidal activity and low toxicity to human tissues. Brown algae, such as Gongolaria abies-marina (previously 
known as Cystoseira abies-marina, S.G. Gmelin), presents bioactive molecules of interest, including some with 
antiprotozoal activity. In this study, six meroterpenoids were isolated and purified from the species Gongolaria 
abies-marina. Gongolarones A (1), B (2) and C (3) were identified as new compounds. Additionally, cystomex
icone B (4), 1′-methoxyamentadione (5) and 6Z-1′-methoxyamentadione (6) were isolated. All compounds 
exhibited amoebicidal activity against Acanthamoeba castellanii Neff, A. polyphaga and A. griffini strains. Gon
golarones A (1) and C (3) showed the lowest IC50 values against the two stages of these amoebae (trophozoite 
and cyst). Structure-activity relationship revealed that the cyclization by ether formation from C-12 to C-15 of 1, 
and the isomerization Δ2 t to Δ3 t of 3, increased the antiamoeboid activity of both compounds. Furthermore, 
gongolarones A (1) and C (3) triggered chromatin condensation, mitochondrial malfunction, oxidative stress, and 
disorganization of the tubulin-actin cytoskeleton in treated trophozoites. Moreover, transmission electron mi
croscopy (TEM) images analysis revealed that compounds 1 and 3 induced autophagy process and inhibited the 
encystation process. All those results suggest that both compounds could induce programmed cell death (PCD) in 
Acanthamoeba.   

1. Introduction 

Neglected Tropical Diseases (NTDs) are defined by the World Health 
Organization as infections occurring in tropical and sub-topicals regions. 

They are designed by neglected as they occur in the poorest populations 
often living in remote rural or peri-urban areas in developing countries 
[1]. Those infections could be caused by viruses, bacteria, fungi, hel
minthic parasites and/or protozoa. Additionally, to the high spread of 
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those diseases, the incidence of Emerging and Re-Emerging Infectious 
Diseases especially from parasites have increased in recent years. This 
group includes the expansion of an infection to a new area or population 
and the increase of an existing infection in a specific area [2,3]. 

Free Living Amoeba (FLA) infections are recognized as emerging and 
re-emerging diseases. These protozoan parasites are ubiquitous and 
have been isolated from environmental habitats such as water, air, soil, 
among others and from clinical samples [4,5]. Even though, most FLA 
are non-pathogenic, some species of Acanthamoeba genus, and the spe
cies Balamuthia mandrillaris, Naegleria fowleri and Sappinia diploidea, 
were found to be pathogenic to human and other animals [6]. 

Acanthamoeba genus is the most isolated FLA from both clinical and 
environment samples. Moreover, it is responsible of granulomatous 
amoebic encephalitis (GAE) and a severe corneal infection, Acantha
moeba keratitis (AK), that can cause blindness [7,8]. Recently, the 
incidence of AK cases has shown a remarkable increase worldwide 
which is mainly related to the increase of contact lens wearers [9]. In 
addition, the treatment of these infections has been undermined by 
resistance, variable efficacy between strains or species, toxicity, paren
teral administration, requirement for long courses of administration and 
adverse effects and cost [10,11]. 

The application of molecules produced by marine organisms to treat 
several diseases has notably increased in the recent years [12]. Among 
these organisms, macroalgae contains a wide variety of bioactive sec
ondary metabolites including phlorotannins, glycerols, quinones, poly
ketides, polysaccharide, diterpenoids, phenolic compounds, sterols, 
cyclic peptide, lipids, and alkaloids [13,14]. Lately, several reports have 
confirmed the diverse pharmacological properties of seaweeds as anti
microbial, anti-helminthic, cytotoxic, anti-inflammatory, and anti
protozoal among other biological activities [15–17]. 

Cystoseira abies-marina (S.G. Gmelin), previously named Treptacantha 
abies-marina (S.G. Gmelin), has been recently renamed as Gongolaria 
abies-marina (S. G. Gmelin) [18,19]. This species of marine macro-algae 
is a canopy-forming brown seaweed distributed throughout the Medi
terranean, the Macaronesian Region, and the coast of Africa [20]. In the 
Canary Islands, this alga has been reported from all over the archipel
ago, being particularly abundant in the intertidal zone [21]. Barreto 
et al., (2012) evaluated the antioxidant and antiproliferative activities of 
different organic extracts of Cystoseira abies-marina. The dichloro
methane extract was endowed with a specific antiproliferative activity 
towards Hela cells by inducing apoptosis [22]. Likewise, certain mole
cules isolated from this seaweed have been reported by their 

antioxidant, cytotoxic, anti-inflammatory, and antifungal bioactivities 
[23–26]. However, despite the several chemical studies available of 
Cystoseira genus, there are only a few reports describing the anti
protozoal potential effects of its crude extracts. Among them, leishma
nicidal, antimalarial and trypanosomicidal activities of isolated 
molecules from Cystoseira spp. extracts have been proved[27–31]. 

As part of an ongoing research on the isolation and characterization 
of amoebicidal molecules from marine macroalgae, the present work 
describes the bio-guided fractionation of the organic extracts of Gongo
laria abies-marina and the isolation of three new metabolites, gongo
larones A-C (1-3), together with cystomexicone B (4), 1′- 
methoxyamentadione (5) and the isomer 6Z-1′-methoxyamentadione 
(6) (Fig. 1). The anti-Acanthamoeba activity of the pure compounds was 
tested and the effect of different apoptosis-like features of the most 
active metabolites was studied including chromatin condensation, 
alteration of the actin and microtubules organization, and mitochondrial 
damage events. 

2. Materials and methods 

2.1. General chemical experimental procedures 

NMR spectra were acquired on a Bruker AVANCE 500 MHz or 
600 MHz (Bruker Biospin, Falländen, Switzerland) instrument spec
trometer at 300 K) when required. Bruker AVANCE 600 MHz spec
trometer is equipped with a 5 mm TCI inverse detection cryoprobe 
(Bruker Biospin, Falländen, Switzerland). Standard Bruker NMR pulse 
sequences were utilized. NMR spectra were obtained by dissolving 
samples in CDCl3 (99.9%). Optical rotations were measured in CHCl3 on 
a PerkinElmer 241 polarimeter (Waltham, MA, USA) by using a Na lamp. 
IR spectra were recorded using an Agilent Cary 630 FTIR spectrometer 
(Agilent Technologies, Inc., USA) equipped with an ATR unit. HPLC 
(High performance liquid chromatography) separations were carried 
out with an Agilent 1260 Infinity Quaternary LC equipped with a Diode 
Array Detector (Waldbronn, Germany). Thin-layer chromatography 
(TLC) silica gel plates were used to monitor column chromatography, 
visualized by UV light (254 nm) and developed with cobalt chloride 
(2%) as spraying reagent. All reagents and solvents were commercially 
available and used as received. 

Fig. 1. Meroterpenoids isolated from the brown algae Gongolaria abies-marina.  
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2.2. Biological material 

Specimens of Gongolaria abies-marina [19] were collected off the 
intertidal zone of the coast of Bajamar, Tenerife, Canary Islands 
(28◦33’15.5"N 16◦20’51.7"W) in April 2019. The seaweed was trans
ported to the laboratory in a cool box where it was cleaned, rinsed, and 
dried at 35 ◦C in the dark. The algae were identified as Gongolaria 
abies-marina by Dr. M. Sansón from the Department of Marine Botany of 
Universidad de La Laguna. A voucher specimen is deposited under the 
code 11042019–3 at this University. 

2.3. Extraction and isolation 

The dried and powdered algal material (233.4 g) was first extracted 
by maceration at room temperature in dichloromethane (DCM), fol
lowed by extraction in ethyl acetate (EtOAc). The solvents were renewed 
three times to maximize extraction. Then, the organic extracts were 
combined, filtered and evaporated in a rotatory evaporator at 40 ◦C to 
give 1.94 g of crude extract. Gel filtration chromatography in a Sepha
dex LH-20 column, eluted with n-hexane/DCM/methanol (7:2:1) affor
ded 6 fractions (F1-F6). An additional size-exclusion chromatography in 
Sephadex LH-20 of subfraction F6 (689 mg) eluted with n-hexane, DCM 
and methanol (3:1:1) gave fractions F6.1- F6.7. Fraction F6.4 
(257.4 mg) was isocratically chromatographed in a mixture n-hexane/ 
EtOAc (1:1) using a medium pressure system with a Lobar LiChroprep Si 
60 (40–63 µm) column to obtain 6 fractions (F6.4.1- F6.4.6). An open 
silica gel column using a step gradient mixture from CHCl3/EtOAc (4:1) 
to 100% EtOAc allowed fractionation of F6.4.3 (110 mg) to give a pure 
compound identified as cystomexicone B (4, 1.39 mg) [32], and an 
enriched fraction F6.4.3–5 (51.86 mg). HPLC purification of F6.4.3–5 
(Phenomenex, Luna 5 µm Silica (2) column, 100 Å, 250 × 10 mm) with 
n-hexane/EtOAc isocratic 3:2 for 10 mins (1 mL/min), gradient to 100% 
EtOAc in 50 min (2 mL/min) and 100% EtOAc for 5 min (2 mL/min), 
allowed purification of the new compounds gongolarone A (1, 0.48 mg, 
39.1 min), gongolarone B (2, 1.75 mg, 34.1 min), and gongolarone C 3 
(0.17 mg, rt: 30.2 min), together with the known meroterpenes 
1′-methoxyamentadione (5, 6.22 mg, 42.1 min) and 
6Z-1′-methoxyamentadione (6, 3.10 mg, 37.1 min) [32].  

1. Gongolarone A (1): Colorless oil; [α]D
20 − 7 (c 0.04, CHCl3); IR νmax 

2926, 2855, 1684, 1040 cm− 1; HRESIMS m/z 481.2943 [M+Na]+

(calc. C28H42O5Na, 481.2930); 1H and 13C NMR, see Table 1.  
2. Gongolarone B (2): Colorless oil; [α]D

20 − 22 (c 0.17, CHCl3); IR νmax 
2970, 2929, 1699 cm− 1; HRESIMS m/z 479.2770 [M+Na]+ (calc. 
C28H40O5Na, 479.2773); 1H and 13C NMR, see Table 1.  

3. Gongolarone C (3): Colorless oil; [α]D
20 − 14 (c 0.04, CHCl3); IR νmax 

2926, 2851, 1685 cm− 1; HRESIMS m/z 479.2781 [M+Na]+ (calc. 
C28H40O5Na, 479.2773); 1H and 13C NMR, see Table 1.  

4. Cystomexicone B (4): Colorless oil; 1H and 13C NMR spectra available 
at Supplementary Material. [32]  

5. 1′-Methoxyamentadione (5): Colorless oil; [α]D
20 − 13 (c 0.09, 

CHCl3); 1H and 13C NMR spectra available at Supplementary Mate
rial. [32]  

6. 6Z-1′-Methoxyamentadione (6): Colorless oil; [α]D
20 − 34 (c 0.06, 

CHCl3); 1H and 13C NMR spectra available at Supplementary Mate
rial. [32] 

2.4. Computational molecular studies 

All calculations were done following the general protocols described 
for DP4 + and J-DP4 [33–37]. In that sense, all possible stereoisomers 
were built and conformational searches done using the mixed torsio
nal/low mode conformational sampling protocol in gas phase using the 
MMFF force field (as implemented in the Schrödinger 2021–1 suite of 
software, MacroModel Schrodinger release 2018–3; Schrodinger LLC: 
New York, 2018.). NMR calculations were undertaken using all 

Table 1 
NMR spectroscopic data of gongolarones A-C (1–3) (CDCl3, 300 K, 600 MHz).  

Position Gongolarone A (1) Gongolarone B (2) Gongolarone C (3) 

δC, 
type 

δH (J in 
Hz) 

δC, 
type 

δH (J in 
Hz) 

δC*, 
type 

δH, (J in 
Hz) 

1′ 150.1, 
C  

149.7, 
C  

149.7, 
C  

2′ 134.9, 
C  

133.6, 
C  

131.9, 
C  

3′ 114.1, 
CH 

6.49 dd 
(3.1, 3.1) 

113.3, 
CH 

6.57 
d (3.1) 

114.4, 
CH 

6.74 
d (3.1) 

4′ 152. 2, 
C  

152.8, 
C  

152.4, 
C  

5′ 115.6, 
CH 

6.48 dd 
(3.1, 3.1) 

115.8, 
CH 

6.54 
d (3.1) 

115.8, 
CH 

6.54 
d (3.1) 

6′ 132.1, 
C  

132.2, 
C  

135.2, 
C  

1 28.3, 
CH2 

3.40 
d (7.4) 

27.5, 
CH2 

3.38, 
d (7.5) 

28.4, 
CH2 

2.70, ddd 
(10.2, 
5.9, 3.3) 

2 128.1, 
CH 

5.46 dd 
(7.4, 7.4) 

128.1, 
CH 

5.37 ddd 
(7.5, 7.5, 
1.3) 

35.2, 
CH2 

a: 2.86 m; 
b: 2.77 m 

3 131.1, 
C  

130.5, 
C  

157.4, 
C  

4 56.1, 
CH 

3.10 
d (14.4) 
3.08 
d (14.4) 

53.4, 
CH2 

3.20, s 126.5, 
CH 

6.04 
d (1.3) 

5 200.2, 
C  

208.7, 
C  

190.8, 
C  

6 121.9, 
CH 

6.13 s 46.3, 
CH2 

3.13 
d (5.0) 

126.2, 
CH 

6.03 
d (1.3) 

7 159.7, 
C  

129.2, 
C  

158.2, 
C  

8 41.8, 
CH2 

2.10 m 129.0, 
CH 

5.30 ddd 
(7.2, 7.2, 
0.9) 

33.6, 
CH2 

a: 2.62 m; 
b: 2.52 m 

9 25.3, 
CH2 

1.40 m; 
1.50 m 

26.2, 
CH2 

1.93 dddd 
(13.9, 7.2, 
7.2, 7.2) 

25.6, 
CH2 

1.50 m 

10 31.9, 
CH2 

1.02 m; 
1.40 m 

33.6, 
CH2 

a: 1.71 m; 
b: 1.51 m 

33.3, 
CH2 

a: 1.85 m; 
b: 1.51 m 

11 37.6, 
CH 

1.60 m 44.5, 
CH 

2.76 ddd 
(8.7, 6.8, 
4.9) 

44.3, 
CH 

2.86 m 

12 79.7, 
CH 

3.79 ddd 
(7.5, 7.0, 
6.0) 

204.9, 
CH  

205.6, 
CH  

13 37.4, 
CH2 

a: 2.32 
ddd 
(13.5, 
7.0, 6.6) 
bː 1.66 
ddd 
(13.5, 
7.5, 4.6) 

124.5 
CH 

6.39 
d (15.6) 

124.3 
CH 

6.48 
d (15.7) 

14 78.2, 
CH 

3.99 ddd 
(7.5, 6.6, 
4.6) 

152.6, 
CH 

6.94 
d (15.6) 

152.9, 
CH 

6.95 
d (15.7) 

15 82.5, C  71.7, C  71.3, C  
16 22.6, 

CH3 

1.36 s 29.1, 
CH3 

1.40 s 29.1, 
CH3 

1.35 s 

17 25.5, 
CH3 

1.20 s 29.1, 
CH3 

1.40 s 29.1, 
CH3 

1.35 s 

18 15.9, 
CH3 

0.91 
d (6.7) 

17.0, 
CH3 

1.08 
d (6.8) 

16.9, 
CH3 

1.11 
d (6.9) 

19 19.5, 
CH3 

2.12 s 24.6, 
CH3 

1.71 
d (0.9) 

25.5, 
CH3 

1.91 
d (1.3) 

20 16.5, 
CH3 

1.71 s 16.7, 
CH3 

1.68 
d (1.3) 

25.7, 
CH3 

1.86 
d (1.3) 

Me-6′ 16.4, 
CH3 

2.24 s 16.3, 
CH3 

2.25 s 16.3, 
CH3 

2.24 s 

OMe-1′ 60.7, 
CH3 

3.68 s 60.5, 
CH3 

3.67 s 61.0, 
CH3 

3.69 s 

OH-4′ 5.98 s     

* 13 C Chemical shifts determined by HSQC and HMBC experiment 
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conformations within a 21 kJ/mol threshold of the lowest energy 
conformer found. DFT calculations were performed using Gaussian 09 
[38]. DFT structure optimization of molecular mechanics structures 
were done at the B3LYP/6–31 G* level of theory. Magnetic shielding 
constants (σ) were calculated by means of the gauge including atomic 
orbitals (GIAO) method, [39] at the B3LYP/6–31 G* * or 
mPW1PW91/6–31 +G* * levels of theory as recommended for J-DP4 
and DP4 + respectively. 1H–1H coupling constants used in the J-DP4 
probability were calculated at the B3LYP/6–31 G* * level using only the 
Fermi contact term contribution. Unscaled chemical shifts (δu) were 
calculated using TMS as reference standard according to the following 
expression δu = σ0- σx, where σx is the Boltzmann averaged shielding 
tensor (over all significantly populated conformations) and σ0 is the 
shielding tensor of TMS computed at the same level of theory used to 
calculate σx. Boltzmann averaging was done according to Eq. 1: 

σx =

∑

i
σx

i e(− Ei/RT)

∑

i
e(− Ei/RT) (1) 

where σx
i is the shielding constant for nucleus x in conformer i, R is 

the molar gas constant (8.3145 J K − 1 mol − 1), T is the temperature used 
for the calculation (298 K), and Ei is the relative energy of conformer i 
(to the lowest energy conformer) obtained from a single-point NMR 
calculation at the corresponding level of theory. The scaled chemical 
shifts (δs) were computed as δs = (δu − (ere computed as shifts (rmer) 
obtained from a single-point NMR calculation at the corresponding level 
of theory. ntact teδu against δexp. 

2.5. Acanthamoeba spp. tested strains 

The antiamoebic effect of the three isolated meroterpenes gongo
larones A (1), C (3), and cystomexicone B (4) was evaluated against 
three strains of Acanthamoeba: Acanthamoeba castellanii Neff, genotype 
T4 (ATCC 30010), Acanthamoeba polyphaga, genotype T4 (ATCC 30461) 
and Acanthamoeba griffini, genotype T3 obtained in a previous study 
[40]. Acanthamoeba strains were grown axenically in Peptone Yeast 
Glucose (PYG) medium (0.75% (w/v) proteose peptone, 0.75% (w/v) 
yeast extract, and 1.5% (w/v) glucose) containing 40 µg of gentamicin 
mL− 1 (Biowest, Nuaillé, France). 

2.6. In vitro effect against the trophozoite stage of Acanthamoeba spp 

The amoebicidal activity of meroterpenes gongolarones A (1), C (3), 
and cystomexicone B (4) against the trophozoite stage of Acanthamoeba 
strains was determined in vitro using the alamarBlue® method previ
ously described [41]. Acanthamoeba spp. trophozoites were culture on a 
96-well microtiter plates (50 μL from a stock solution of 5⋅104 cells/mL). 
After trophozoites attachment, 50 μL of serial dilutions of each molecule 
were added to each well. Finally, alamarBlue® Reagent (Life Technol
ogies, Madrid, Spain) was placed into each well at an amount equal to 
10% of the final volume and the plates were incubated during 96 h at 
26 ◦C with a soft agitation. The plates were analysed using an EnSpire® 
Multimode Plate Reader (Perkin Elmer, Madrid, Spain) using a test 
wavelength of 570 nm and a reference wavelength of 630 nm. 

2.7. In vitro effect against of Acanthamoeba spp. cysts 

The cysticidal activity was evaluated by the alamarBlue® assay at 
168 h and confirmed visually by inverted microscopy. Cysts of the 
Acanthamoeba strains were obtained as it has been described before [42, 
43]. First, 50 μL of 5⋅104 cysts/mL, as final concentration of mature cysts 
of Acanthamoeba strains, were cultivated in PYG medium in triplicate on 
a 96-well plate with 50 μL of serial dilutions of meroterpenes gongo
larones A (1), C (3), and cystomexicone B (4). Acanthamoeba spp. cysts 
incubated in PYG medium were used as negative control. After an 

incubation of 168 h at 26 ◦C, the plate was centrifuged at 3000 rpm for 
10 min and the supernatant was removed. Then, 100 μL of fresh PYG 
medium were added to each assay well and the alamarBlue® Reagent 
was placed into each well at 10% and the plates were incubated 168 h at 
26 ◦C. Finally, the plates were analysed using an EnSpire® Multimode 
Plate Reader as it was described above. 

2.8. Cytotoxicity assays 

The evaluation of the cytotoxicity of the tested molecules was carried 
out using the murine macrophage cell line J774A.1 (ATCC TIB-67). 
Macrophages were cultured in RPMI (Roswell Park Memorial Institute, 
1640 medium) supplemented with 10% foetal bovine serum at 37 ◦C 
and 5% CO2 atmosphere. The cytotoxic effect of the evaluated molecules 
was tested using the alamarBlue® method as described before described 
for in vitro effect against the trophozoite stage. 

2.9. Fluorescent staining of actin distribution 

For direct fluorescent staining, samples were treated first with the 
IC90 of gongolarones A (1) and C (3). After 24 h of incubation, cells were 
fixed with formaldehyde and deposit on precoated coverslip. Later, cells 
were treated with Triton (0.1%) for 30 min followed by phalloi
din–tetramethylrhodamine B isothiocyanate (phalloidin-TRITC; Sigma- 
Aldrich, Madrid) for another 30 min at room temperature. Finally, 
cells were washed with PBS 1X. Then, cells were examined by Z-stack 
imaging with a 100x objective of EVOS™ FL Cell Imaging System M5000 
(Life Technologies, EE. UU.) at λexc = 540 nm and λem = 570 nm. 

2.10. Immunofluorescence staining of intracellular tubulin of 
Acanthamoeba trophozoites 

The trophozoites of Acanthamoeba strains were incubated using the 
same method described for fluorescent staining of intracellular actin. 
Then, cells were treated with 5% BSA in PBS 1X/150 mM saccharose for 
30 min and washed with glycine 100 mM in PBS 1X for 5 min. Later, the 
trophozoites were incubated with the first tubulin antibody 1:1000 for 
an hour at room temperature (Monoclonal Anti-α-Tubulin antibody 
produced in mouse, Sigma-Aldrich, Madrid). Next, cells were incubated 
with the second antibody with Alexa 594 1:500 for an hour at room 
temperature in darkness (Goat anti-Mouse IgG (H+L) Highly Cross – 
Adsorbed Secondary Antibody, Alexa Fluor Plus 594; Thermo Fisher 
Scientific, Rockford; USA). Finally, cells were washed with PBS 1X and a 
drop of mounting DAPI solution was added (4′,6-Diamidino-2-phenyl
indole dihydrochloride; Sigma-Aldrich; Madrid). The trophozoites were 
examined by Z-stack imaging using an inverted confocal microscope 
Leica DMI 4000 B with a 63x objective (Leica Microsystems, Germany). 

2.11. Analysis of mitochondrial membrane potential 

The collapse of an electrochemical gradient across the mitochondrial 
membrane during apoptosis was detected with the JC-1 mitochondrial 
membrane potential detection kit (Cayman Chemicals, Vitro SA, Madrid, 
Spain). Trophozoites were cultured on 96-well plate at a final concen
tration of 105 cells/mL with PYG medium, treated with IC90 of the tested 
meroterpenes for 24 h and incubated with JC-1 reagent following the 
manufacturer’s instructions. Images were taken on EVOS™ FL Cell Im
aging System M5000 (Life Technologies, EE. UU.). The staining pattern 
allows the identification of two groups in a cellular population: live cells 
will show red fluorescence; and cells with low mitochondrial potential 
will show a higher level of green and red fluorescence, exhibiting a 
programmed cell dead (PCD). The images (40x magnification) obtained 
were processed using FIJI software (Fiji is Just ImageJ 1.53 q, National 
Institute of Health, USA), determining the mean values of red and green 
fluorescence intensity for each assay. All experiment were performed in 
triplicate. 
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2.12. Measurement of ATP 

The ATP level was measured using a CellTiter-Glo Luminescent Cell 
Viability Assay (PROMEGA BIOTECH IBÉRICA S.L, Madrid, Spain). The 
effect of meroterpenes gongolarones A (1), C (3), and cystomexicone B 
(4) on the ATP production was evaluated by incubating 105 of cells/mL 
in PYG medium with the previously calculated IC90 for 24 h at 26 ◦C. 

2.13. Double‑stain assay for programmed cell death determination 

A double-stain apoptosis detection kit (Hoechst 33342/PI) (Life 
Technologies, Madrid, Spain) and an EVOS™ FL Cell Imaging System 
M5000 (Life Technologies, EE. UU.) were used in this assay. The 
experiment was carried out by following the manufacturer’s recom
mendations, and 105 cells/mL well were incubated for 24 h with the 
previously calculated IC90 of gongolarones A (1), C (3), and cystomex
icone B (4). The double-staining pattern allows the identification of 
three groups in a cellular population: live cells will show only a low level 
of blue fluorescence, cells undergoing PCD will show a higher level of 
blue fluorescence (as chromatin condenses), and dead cells will show 
low-blue and high-red fluorescence (as the Propidium Iodide stain enters 
the nucleus). The images (40x) were analysed, and the values of mean 
blue and red fluorescence intensity were obtained with Fiji software (Fiji 
is Just ImageJ 1.53 q, National Institute of Health, USA). 

2.14. Plasma membrane permeability 

The SYTOX™ Green assay was performed to detect alterations on 
plasmatic membrane permeability in treated amoebae. First, 105 

Fig. 2. (A) Selected COSY (blue) and HMBC correlations (arrows), and (B) key-NOE correlations of 1.  

Fig. 3. Comparison of the common structural features and specific rotation of 
gongolarone C (3), (S)-(+)-chichimol ketone and metabolite from Aspergillus sp. 

Fig. 4. Conformational ensemble of the C9-C18 moiety of gongolarone A 
(Fragment F1) including structures contributing more than 5% in the calculated 
Boltzmann populations. The experimental 3JHH values are consistent with the 
conformational freedom depicted. 

Table 2 
In vitro amoebicidal effect of meroterpenes 1–6 against trophozoites and cyst stages of different strains of Acanthamoeba spp., and their cytotoxicity effect against 
murine macrophages cell line J774A.1 (ATCC TIB-67). Chlorhexidine and voriconazole are the reference drugs used as positive control.  

Compounds A. castellanii Neff 
IC50 (µM) 

A. polyphaga 
IC50 (µM) 

A. griffini 
IC50 (µM) 

J774A.1 
CC50 (µM) 

Trophozoites Cysts Trophozoites Cysts Trophozoites Cysts 

1 3.99 ± 0.14 10.44 ± 0.04 5.43 ± 0.30 14.85 ± 1.12 2.61 ± 0.16 11.09 ± 0.38 > 400 
2 30.58 ± 3.78 - 47.59 ± 0.96 - 23.19 ± 3.98 - 25.62 ± 4.18 
3 4.29 ± 0.08 10.64 ± 0.03 5.87 ± 0.03 6.85 ± 0.52 2.76 ± 0.11 10.05 ± 0.56 > 400 
4 44.49 ± 1.05 41.03 ± 1.92 118.47 ± 9.16 > 200 51.44 ± 3.63 129.35 ± 0.36 > 400 
5 24.03 ± 2.46 - 51.88 ± 0.23 - 21.52 ± 0.28 - 26.21 ± 2.26 
6 26.11 ± 2.31 - 62.47 ± 7.55 - 28.79 ± 2.46 - 26.56 ± 4.03 
Chlorhexidine 3.02 ± 0.89 5.97 ± 1.76 5.59 ± 0.04 9.41 ± 0.16 5.60 ± 0.07 7.38 ± 1.94 29.89 ± 0.19 
Voriconazole 0.99 ± 0.04 3.45 ± 0.17 1.07 ± 0.02 6.98 ± 0.05 0.32 ± 0.01 0.92 ± 0.06 21.64 ± 2.20  

Table 3 
In vitro Inhibition Concentration 90 (IC90) value of tested meroterpenes against 
trophozoites of Acanthamoeba strains.  

Compound A. castellanii Neff 
IC90 (µM) 

A. polyphaga 
IC90 (µM) 

A. griffini 
IC90 (µM) 

1 9.46 ± 0.79 16.17 ± 1.73 6.72 ± 0.55 
3 13.33 ± 0.13 19.31 ± 1.93 8.24 ± 0.49 
4 107.80 ± 8.02 241.46 ± 5.74 134.40 ± 9.48  
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trophozoites were incubated with the previously calculated IC90 of each 
evaluated meroterpene. After 24 h of incubation, the SYTOX Green was 
added at a final concentration of 1 μM. The images were taken after 
15 min of incubation in darkness with EVOS™ FL Cell Imaging System 
M5000 (Life Technologies, EE. UU.). All images (40x) obtained were 
processed using Fiji software for fluorescence quantification (Fiji is Just 
ImageJ 1.53 q, National Institute of Health, USA). 

2.15. Intracellular ROS production using CellROX® Deep Red staining 

The generation of intracellular reactive oxygen species (ROS) was 
assessed by using the CellROX® Deep Red fluorescent probe (Invitrogen, 
Termo Fisher Scientific, Madrid, Spain). The trophozoites were treated 
with the IC90 of each molecule for 24 h and exposed to CellROX® Deep 
Red (5 μM, 30 min) at 26 ◦C in the dark. Amoebae were observed in an 
EVOS™ FL Cell Imaging System M5000 (Life Technologies, EE. UU.). 
The images (40x) were analysed for fluorescence quantification using 
the method described above. 

2.16. Transmission electron microscopy 

The ultrastructure of Acanthamoeba polyphaga trophozoites were 
evaluated after an incubation with the IC90 of gongolarones A (1) and C 
(3) for 24 h. The samples were processed and prepared using the method 
previously reported [44,45]. Final sections obtained were observed in a 
JEOL JEM-1011 transmission electron microscope (JEOL Ltd. Tokyo, 

Japan). 

2.17. Statistical analysis 

All data are expressed as mean ± standard deviation. To highlight 
the effect of gongolarones A (1), C (3), and cystomexicone B (4) the 
fluorescence measure of different assay of Acanthamoeba spp. tropho
zoites were done, a statistical comparison was performed by a one-way 
analysis of variance (ANOVA), and a p-value (p) < 0.05 denoted the 
presence of a statistically significant difference. Statistical analyses were 
carried out using Sigma Plot 12.0 statistical analysis software (Systat 
Software) and GraphPad Prism 9.0. software programme (GraphPad 
Software, San Diego, CA, USA). 

3. Results and discussion 

3.1. Bioassay-guided isolation and identification of meroterpenes 1–6 

Specimens of Gongolaria abies-marina were collected off the intertidal 
area of the Northeast coast of the island of Tenerife, Spain. Clean and 
dried algal material were powdered and sequentially extracted at room 
temperature with dichloromethane and ethyl acetate to afford an active 
crude extract against Acanthamoeba spp. (IC50 53.2 ± 3.0 μg/mL against 
A. castellanii Neff). Gel filtration of the extract afforded an active fraction 
(F6) against the strains A. castellanii Neff (IC50 36.1 ± 9.7 μg/mL), 
A. polyphaga (IC50 86.1 ± 9.2 μg/mL), and A. griffini (IC50 41.7 

Fig. 5. Effect of IC90 of gongolarones A (1) (B, E, H) and C (3) (C, F, I) on trophozoites of Acanthamoeba castellanii Neff (A, B, C), A. polyphaga (D, E, F) and A. griffini 
(G, H, I) for 24 h. Control cells (A, D, G). The phalloidin-TRITC dye stain the actin cytoskeleton showing the networks organization with an orange fluorescence. All 
images (100x) are based on EVOS™ FL Cell Imaging System M5000 (Scale Bar 20 µm). 
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± 3.2 μg/mL). After sequential bioassay-guided fractionation and puri
fication of F6, three new compounds, gongolarones A-C (1-3), together 
with three known meroterpenoids 4-6 were obtained (Fig. 1). Their 
structures were determined based on extensive spectroscopic analysis, in 
silico calculations and comparison with data reported in the literature. 

Gongolarone A (1) was obtained as an optically active, [α]D
20 − 7 (c 

0.04, CHCl3), colorless oil. Its molecular formula C28H42O5 was deduced 
from the sodium adduct [M + Na]+ observed in the HRESIMS and 
indicated eight degrees of unsaturation. The 1H NMR spectrum of 1 
resemble that of the truncated meroterpenoid cystomexicone B (4) 
(Fig. S21, Supporting Material) and other analogues of the series [32, 
46], which confirmed the presence of the characteristic signals of the 

toluhydroquinone nucleus linked to a terpenoid fragment: δH-3′ 6.49 (dd, 
J = 3.1, 3.1 Hz, 1 H), δH-5′ 6.48 (dd, J = 3.1, 3.1 Hz, 1 H), δMe-6′ 2.24 (s, 
3 H), δΟMe-1′ 3.68 (s, 3 H) (Table 1), accounting for four degrees of 
unsaturation. Additionally, two olefinic protons were identified at δH 
6.13 (s, 1 H) and 5.46 (dd, J = 7.4, 7.4 Hz, 1 H), and a singlet at δH 5.98 
for an interchangeable proton. The main differences observed were the 
presence of two multiplets of protons adjacent to heteroatom at δH 3.99 
(ddd, J = 7.5, 6.6, 4.6 Hz, 1 H) and δH 3.79 (ddd, J = 7.5, 7.0, 6.0 Hz, 
1 H), as well as two additional methyl groups compared to the three 
found in compound 4, indicative of the diterpenic nature of the side 
chain of 1. The analysis of the 13C NMR spectrum confirmed 28 carbon 
atoms (Table 1), among them, one carbonyl resonance at δC-5 
200.2 ppm, and 10 sp2 signals between 160 and 114 ppm assigned to the 

Fig. 6. Images (63x) of Acanthamoeba castellanii Neff (A, B, C), A. polyphaga (D, E, F) and A. griffini (G, H, I) incubated with IC90 of gongolarones A (1) (B, E, H) and C 
(3) (C, F, I) for 24 h. The tubulin antibodies stained the tubulin microtubules inside the cells, showing the intracellular organization emitting a red fluorescence. 
Tubulin microtubules demonstrated a normal conformation in control cells (A, D, G), whereas in the treated trophozoites the staining suggesting a disorganization or 
disruption of the tubulin microtubules (B, C, E, F, H, I). Mounting DAPI solution staining the acid nucleic of cells showing a blue fluorescence. The scale bar represents 
5 µm. Images were obtaining using an inverted confocal microscope Leica DMI 4000 B (Scale Bar 5 µm). 
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Fig. 7. Acanthamoeba castellanii Neff trophozoites incubated with the IC90 of gongolarones A (1) (D, E, F), C (3) (G, H, I) and cystomexicone B (4) (J, K, L) for 24 h. 
Due to collapse of the mitochondrial potential in treated cells, JC-1 dye accumulates in the cytoplasm in its monomeric form and emit green fluorescence (F, I, L). 
However, in healthy cells with a normal mitochondrial potential, JC-1 dye aggregates showed a red fluorescence (B). All images (100x) are based on EVOS™ FL Cell 
Imaging System M5000 (Scale Bar 20 µm). The graph includes the ratio between of the mean fluorescence emitted by the JC-1 stained cells. Differences between the 
values were assessed using One-Way Analysis of Variance (ANOVA). Data are presented as means ± SD, * ** * p < 0.0001; the results showed significant differences 
when comparing treated cells to negative control. Mean fluorescence intensity of stained cells for each assay were determined using Fiji Software. All the experiments 
were conducted in triplicate. 
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Fig. 8. Evaluation of the mitochondrial membrane potential using JC-1 dye in Acanthamoeba polyphaga trophozoites incubated with the IC90 of gongolarones A (1) 
(D, E, F), C (3) (G, H, I) and cystomexicone B (4) (J, K, L) for 24 h. Control cells (A, B, C). All images (100x) are based on EVOS™ FL Cell Imaging System M5000 
(Scale Bar 20 µm). Data showed in the graph are presented as means ± SD, * ** * p < 0.0001; the results demonstrated significant differences when comparing 
treated cells to negative control. Differences between the values were assessed using One-Way Analysis of Variance (ANOVA). Mean fluorescence intensity of stained 
cells for each assay were determined using Fiji Software. All the experiments were conducted in triplicate. 
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Fig. 9. Evaluation of the mitochondrial membrane potential using JC-1 dye in Acanthamoeba griffini trophozoites incubated with the IC90 of gongolarones A (1) (D, E, 
F), C (3) (G, H, I) and cystomexicone B (4) (J, K, L) for 24 h using. Control cells (A, B, C). All images (100x) are based on EVOS™ FL Cell Imaging System M5000 
(Scale Bar 20 µm). Data showed in the graph are presented as means ± SD, * ** * p < 0.0001; the results demonstrated significant differences when comparing 
treated cells to negative control. Differences between the values were assessed using One-Way Analysis of Variance (ANOVA). Mean fluorescence intensity of stained 
cells for each assay were determined using Fiji Software. All the experiments were conducted in triplicate. 
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aromatic moiety and two double bonds. Of note is the presence of three 
carbon signals at δC 82.5 (C-15), 79.7 (C-12) and 78.2 (C-14) due to 
oxygenated sp3 carbons, which indicate the presence of an additional 
ring to complete the required degrees of unsaturation. 

The analysis of the 1H–1H COSY (COrrelation SpectroscopY) and 
HMBC (Heteronuclear Multiple Bond Correlation) spectra and compar
ison with the diterpenoid 1′-methoxyamentadione (5) (Figs. S24-S25) 
[32] confirmed differences at the terminal end of the side chain of 
compound 1. The COSY spectrum revealed the presence of one spin 
system from H2-8 to H-14 (Fig. 2a). Key HMBC correlations from H3-16 
and H3-17 with C-14 and C-15, from H-14 with C-12 and C-15, from 
H2-13 with C-15, and those of H3-18 with H-12 and H-10, confirmed the 
position of the oxygenated sp3 carbon at δC 82.5 ppm (C-15) and its 
linkage through an ether bond with C-12 to form an oxolane (a tetra
hydrofuran) ring (Fig. 2A). 

The geometry of the double bonds and the relative configuration of 
the stereogenic centers C-12 and C-14 of compound 1 were determined 
by 1D-selective NOESY and 2D ROESY experiments. The E geometry of 
Δ2 was supported by the ROE correlations observed between H3-20 and 
methylene H2-1, and that of H-2 with H2-4. Additionally, the spatial 
correlation observed between H-6 and H2-8 also confirmed the E ge
ometry of Δ6. The relative configuration of the five-membered ring was 
determined as 12R* ,14R* based on the NOE correlations of Me-18/H- 
12, H-12/H-13α and Me-17, and those of H-14/ H-13α and Me-17 
(Fig. 2B). 

Gongolarone B (2) was isolated as a colorless oil, optically active 
with [α]D

20 − 22 (c 0.17, CHCl3). The HRESIMS showed a peak at m/z 
479.2770 [M+Na]+ (calc. C28H40O5Na, 479.2773) which is in agree
ment with a molecular formula of C28H40O5 and indicated nine degrees 
of unsaturation in the molecule. Its 1H and 13C NMR spectra (Table 1) 
revealed strong similarities with those of the linear diterpenoid 1′- 
methoxyamentadione (5) [32]. The most notable differences were found 
in fragment C-6-C-8, with signals for a methylene at H2-6 (δH-6 3.13 (d, J 
= 5.0 Hz, 2 H); δC-6 46.3) and one olefinic proton H-8 (δH-8 5.30 (ddd, J 
= 7.2, 7.2, 0.9 Hz, 1 H); δC-8 129.0). Compared to 5, Me-19 of gongo
larone B (2) showed shifted signals both in the 1H and 13C NMR ex
periments (δH-19 1.71 (d, J = 0.9 Hz); δC 24.6), as well as the carbon 
chemical shift of the ketone at C-5 (δC 208.7 ppm). All these data indi
cated a double bond isomerization at C-7-C-8 which was confirmed in 
the COSY experiment with the observed spin system from H-8 to H-11 in 
the COSY experiment, and the HMBC correlations observed between H-6 
with C-5, C-9 and C-19. The analysis of 2D NMR experiments confirmed 
the full planar structure of 2 (Fig. 1). 

Gongolarone C (3), [α]D
20 − 14 (c 0.04, CHCl3), possessed the mo

lecular formula C28H40O5 and nine degrees of unsaturation, as deduced 
from the sodium adduct observed at the HRESIMS. Analysis of the 1H 
and 13C NMR data (Table 1) resemble those of its isomers gongolarone B 
(2) and 1′-methoxyamentadione (5) [32], which confirmed the 

characteristic signals of the toluhydroquinone moiety, and the same 
C-5-C-17 fragment of compound 5. The most remarkable differences 
were found at positions C-1-C-4. The characteristic methylene H2-1 is 
upfield shifted (δH-1 2.70 (ddd, J = 10.2, 5.9, 3.3 Hz); δC-1 28.4) and 
coupled with methylene H2-2 (δH-2a 2.86 (m); δH-2a 2.77 (m); δC-2 35.2). 
Also, one olefinic proton is attributed to H-4 (δH-4 6.04 (d, J = 1.3 Hz); 
δC-8 126.5) which shows a long-range coupling with Me-20 (δH-20 1.86 
(d, J = 1.3 Hz); δC 25.3). The HMBC correlations of Me-20 with C-2 and 
C-4, and those of H-4 with C-2 and C-5 established the presence of a 
double bond at C-3-C-4, and confirmed a singular conjugated 3E,6E-3, 
7-dimethyl-5-one fragment to complete the planar structure of gongo
larone C (3) (Fig. 1) after analysis of 2D NMR experiments. 

3.2. Configuration of gongolarones A-C (1− 3) and meroterpenoids 5–6 

The absolute configuration of the isolated gongolarones A-C (1-3) 
and meroterpenoids 5 and 6 was determined based on analysis of their 
specific rotations, comparison with data reported in the literature and by 
computational methods. 

Except for gongolarone A (1), linear meroterpenoids 2, 3, 5 and 6 
share the same C-9-C-18 terminal end that possess one single sterocenter 
at C-11. From a biogenetic perspective, all metabolites proceed from the 
same precursor, therefore the chirality at C-11 must be conserved in all 
of them. This aspect is key to compare physical properties of chiral 
compounds as is the specific rotation, and it is supported by the fact that 
the specific rotation of 2, 3, 5 and 6 have negative sign in all cases (see 
experimental Section 2.3). Therefore, in order to determine their abso
lute configuration, we analysed the specific rotation of simplified mo
lecular models that contains a single sterocenter such as (S)-chichimol 
ketone, that contains a chiral α − methyl group attached to an 
α,β-unsaturated ketone, which absolute configuration was determined 
by enantioselective synthesis [47]. Since the specific rotation of 
(S)-(+)-chichimol ketone is positive, we could deduce that the absolute 
configuration of the stereogenic center of meroterpenoids 2, 3, 5 and 6 is 
11R. Consequently, based on biogenetic considerations, we assume the 
same absolute configuration at C-11 for gongolarone A (1). Another 
example that supports this assignment is represented by isolated me
tabolites from Aspergillus species [48] (Fig. 3). 

Furthermore, to fully determine the relative configuration of gon
golarone A (1), quantum mechanical prediction of NMR data was used. 
In fact, theoretical calculations are an increasingly fast and reliable 
toolbox to address complex problems in structure determination of 
natural products [49]. A comparison between experimental and calcu
lated values for a set of putative candidates underpins these methods. 
Among the different tools available, those based on Bayesian analysis 
such as the seminal DP4 probability or the more recently proposed 
DP4 + and J-DP4 methods, stand out for their first-rate performance[33, 
34,50]. 

Fig. 10. ATP level production in Acanthamoeba spp. after the incubation with the IC90 of gongolarones A (1), C (3), and cystomexicone B (4) for 24 h using CellTiter- 
Glo® luminescent cell viability assay. All tested meroterpenes significantly decreased the level of mitochondrial ATP production in trophozoites of all tested 
Acanthamoeba compared with the negative control, p < 0.0001 (****). 
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Fig. 11. Effect of IC90 of gongolarones A (1) (D, E, F), C (3) (G, H, I) and cystomexicone B (4) (J, K, L) in trophozoites of Acanthamoeba castellanii Neff using Hoechst 
33342/PI apoptosis detection kit, incubated for 24 h. The nuclei of treated cells stained with a bright-blue fluorescence, evidencing cells undergoing PCD. IP showed 
in treated cells emitting a red fluorescence, suggest a late apoptosis. All images (100x) are based on EVOS™ FL Cell Imaging System M5000 (Scale Bar 20 µm). The 
graph represents the mean fluorescence intensity (AU) of cells stained by Hoechst 33324 / PI kit. Differences between the values were assessed using One-Way 
Analysis of Variance (ANOVA). Data are presented as means ± SD, ns: non-significant, * ** p < 0.001, * ** * p < 0.0001; the result showed significant differences 
when comparing treated cells stained with Hoechst dye to negative control. Mean fluorescence intensity of stained cells for each assay were determined using Fiji 
Software. All the experiments were conducted in triplicate. 
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Fig. 12. Evaluation of chromatin condensation using Hoechst 33342/PI apoptosis detection kit in Acanthamoeba polyphaga trophozoites, incubated with the IC90 of 
gongolarones A (1) (D, E, F), C (3) (G, H, I) and cystomexicone B (4) (J, K, L) for 24 h. Control cells (A, B, C). All images (100x) are based on EVOS™ FL Cell Imaging 
System M5000 (Scale Bar 20 µm). Data showed in the graph are presented as means ± SD, * p < 0.05, * * p < 0.01, * ** * p < 0.0001; the results demonstrated 
significant differences when comparing treated cells to negative control. Differences between the values were assessed using One-Way Analysis of Variance (ANOVA). 
Mean fluorescence intensity of stained cells for each assay were determined using Fiji Software. All the experiments were conducted in triplicate. 
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Fig. 13. Evaluation of chromatin condensation using Hoechst 33342/PI apoptosis detection kit in Acanthamoeba griffini trophozoites, incubated with the IC90 of 
gongolarones A (1) (D, E, F), C (3) (G, H, I) and cystomexicone B (4) (J, K, L) for 24 h. Control cells (A, B, C). All images (100x) are based on EVOS™ FL Cell Imaging 
System M5000 (Scale Bar 20 µm). Data showed in the graph are presented as means ± SD, * * p < 0.01, * ** p < 0.001, * ** * p < 0.0001; the results demonstrated 
significant differences when comparing treated cells to negative control. Differences between the values were assessed using One-Way Analysis of Variance (ANOVA). 
Mean fluorescence intensity of stained cells for each assay were determined using Fiji Software. All the experiments were conducted in triplicate. 
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Considering that all stereogenic centers in gongolarone A (1) were 
located relatively close to each other on one side of the molecule, we 
used a fragment-based approach to reduce the computational cost [51]. 
Thus, all possible diasteroisomers of the C-9-C-18 moiety (fragments 
F1-F4, SI section S2) were generated and thorough conformational 
sampling for each one was undertaken using a mixed 
torsional/low-mode algorithm and the Merck molecular force field. All 
conformations found within a 21 kJ/mol energy threshold were used to 
predict their NMR parameters (3JHH and magnetic shielding constants to 
obtain chemical shifts) by DFT calculations at the B3LYP/G-31 G* level 
of theory as required in the J-DP4 methods. Furthermore, geometrical 
optimization followed by NMR calculations at the 
PCM/mPW1PW91/6–31 +G(d,p)//B3LYP/6–31 G* level of theory was 
also done as described in the DP4 + methods. Among all the stereoiso
mers tested, fragment 11R* ,12R* ,14R* showed the best match with 
the experimental data. This configuration showed the smallest corrected 
mean absolute errors (CMAE) as well as the highest J-DP4 and 
DP4 + probabilities (> 99.9% overall probability) to represent the real 
structure (SI sections S3-S5). This result is in good agreement with the 
dipolar correlations observed in the ROESY experiment and allowed us 
to propose the absolute configuration of chiral centers of gongolarone A 

(1) as 11R, 12R, 14R.Fig. 4. 

3.3. In vitro evaluation of the amoebicidal effect and cytoxicity of tested 
meroterpenes 1-6 

The amoebicidal potential of meroterpenes gongolarones A (1), B 
(2), C (3), cystomexicone B (4), 1′-methoxyamentadione (5) and 6Z-1′- 
methoxyamentadione (6), were tested in vitro against the infective 
stages, trophozoites and cysts, of species Acanthamoeba castellanii, A. 
polyphaga and A. griffini (Table 2). 

The results showed in Table 2 revelated that all tested compound 
demonstrated antiamoebic activity against the tree strains of Acantha
moeba spp. The gongolarones A (1) and C (3) showed the lowest 
Inhibitory Concentration 50 (IC50) value against the trophozoite and 
cyst stage of all tested Acanthamoeba strains. The compound 1 was the 
most active compound against trophozoite and cyst stage of A. castellanii 
Neff (3.99 ± 0.14 and 10.44 ± 0.04 µM, respectively), and for the 
trophozoite stage of clinical strains A. polyphaga (5.43 ± 0.30 µM) and 
A. griffini (2.61 ± 0.16 µM). Beside this, 3 was the most active com
pound against the cyst stage of A. polyphaga and A. griffini (6.85 ± 0.52 
and 10.05 ± 0.56 µM, respectively). Gongolarone B (2), 1′- 

Fig. 14. Effect of IC90 of gongolarones A (1) (C, D), C (3) (E, F) and cystomexicone B (4) (G, H) on the membrane permeability of Acanthamoeba castellanii Neff 
compared with the control (A, B), using SYTOX™ Green assay after 24 h of incubation. Treated cells emitted green fluorescence, indicating alterations on the 
permeability of the plasmatic membrane. All images (100x) are based on EVOS™ FL Cell Imaging System M5000 (Scale Bar 20 µm). The graph includes the mean 
fluorescence intensity (AU) emitted by the cells stained using SYTOX™ Green reagent. Differences between the values were assessed using One-Way Analysis of 
Variance (ANOVA). Data are presented as means ± SD, * ** p < 0.001, * ** * p < 0.0001; the results showed significant differences when comparing treated cells to 
negative control. Mean fluorescence intensity of stained cells for each assay were determined using Fiji Software. All the experiments were conducted in triplicate. 
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methoxyamentadione (5), and 6Z-1′-methoxyamentadione (6) showed 
low amoebicidal activity compared to 1 and 3. Cystomexicone B (4) only 
revelated amoebicidal effect on trophozoites and cyst stage of 
A. castellanii Neff, and on the trophozoites of A. griffini (51.44 
± 3.63 µM). Whereas compound 4 showed a low amoebic activity 
against trophozoite and cyst stage of clinical strain A. polyphaga and cyst 
of A. griffini, demonstrated IC50 values more than 100 µM. 

On the other hand, all tested meroterpenes revelated no cytotoxic 
effect on murine macrophages cell line J774A.1. Gongolarones A (1), C 
(3), and cystomexicone B (4) demonstrated a Cytotoxic Concentration 
50 (CC50) value higher than 400 µM. Notwithstanding, compounds 2, 5 
and 6 exhibited similar CC50 values related to IC50 values in trophozoites 
(Table 2). 

To evaluate the mechanism of action on the cell, and the induction of 
mechanism of Programmed Cell Dead (PCD) on Acanthamoeba, gongo
larones A (1), C (3), and cystomexicone B (4) were selected. The tro
phozoites of A. castellanii Neff, A. polyphaga and A. griffini were 
incubated with the IC90 of tested meroterpenes (Table 3). 

3.4. Evaluation of actin cytoskeleton distribution in treated 
Acanthamoeba trophozoites 

The cell treated with gongolarones A (1) and C (3) showed an effect 
on the actin networks. Trophozoites fixed and staining with phalloidin- 
TRITC exhibited orange fluorescence. In treated cell incubated with the 
IC90 of compounds 1 and 3 for 24 h, suggesting that the actin cyto
skeleton is much less organized (Fig. 5, central and right columns). 
Moreover, trophozoites emitted a lower orange fluorescence relative to 
the healthy cells, which showed a normal conformation of the actin 
networks (Fig. 5, left column). 

3.5. Evaluation of the intracellular tubulin organization in the tested 
strains of Acanthamoeba 

Tubulin antibodies using for staining the trophozoites revealed red 
fluorescence. Inside of cells incubated with the IC90 of gongolarones A 
(1) and C (3) for 24 h, suggesting a destruction or disorganization of the 
tubulin microtubules (Fig. 6, central and right columns). On the other 
hand, trophozoites in the negative control showed a normal organiza
tion of the tubulin microtubules (Fig. 6, left column). Moreover, the 
added drop of mounting DAPI solution stain the double stranded DNA 

Fig. 15. Evaluation of membrane permeability using SYTOX™ Green assay in Acanthamoeba polyphaga trophozoites, incubated with the IC90 of gongolarones A (1) 
(C, D), C (3) (E, F) and cystomexicone B (4) (G, H) for 24 h. Control cells (A, B). All images (100x) are based on EVOS™ FL Cell Imaging System M5000 (Scale Bar 
20 µm). Data showed in the graph are presented as means ± SD, * * p < 0.01, * ** p < 0.001; the results demonstrated significant differences when comparing 
treated cells to negative control. Differences between the values were assessed using One-Way Analysis of Variance (ANOVA). Mean fluorescence intensity of stained 
cells for each assay were determined using Fiji Software. All the experiments were conducted in triplicate. 
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emitting a blue fluorescence in treated and healthy cells. 

3.6. Gongolarones A (1), C (3), and cystomexicone B (4) caused 
mitochondrial malfunction in treated Acanthamoeba trophozoites 

As illustrated in the Figs. 7–9 and S27-S29 (right column), the gon
golarones A (1), C (3), and cystomexicone B (4) could depolarize the 
mitochondrial membrane potential by inhibition of JC-1 agglomeration 
in Acanthamoeba castellanii Neff, A. polyphaga and A. griffini trophozo
ites. JC-1 dye remained in the cytoplasm in its monomeric form with an 
emission of green fluorescence. Moreover, in untreated healthy cells of 
the negative control showed in the Figs. 7–9 and S27-S29 (A-C), the dye 
shown mitochondria aggregations with a red fluorescence. The mean 
fluorescence intensity value of red and green fluorescence emitted by 
the aggregate form and monomer form of JC-1 stained trophozoites were 
determined. Then, the ratio between the red and green fluorescence was 
calculated and represented for each JC-1 assay on Acanthamoeba cas
tellanii Neff, A. polyphaga and A. griffini. In the tree tested strains of this 
study, the results obtained demonstrated significant differences between 
the mean red/green fluorescence intensity values produced by tropho
zoites treated with compounds 1, 3 and 4, and the mean values emitted 
by negative control cells; * ***p < 0.0001 (Figs. 7–9). 

3.7. Measurement of ATP 

Healthy cells need a suitable level of ATP for a correct functioning of 
the mitochondria. Production of ATP was measuring in control cells 
untreated and in cells incubated for 24 h with the IC90 of gongolarones A 
(1), C (3), and cystomexicone B (4) (Fig. 10). The results showed that 
this tree molecules induced a reduction of ATP production in all tested 
strains of Acanthamoeba. A One-Way analyses variance (ANOVA) was 
carried out to test the statistical differences between means. All com
pounds showed a highly significance decrease compared to the negative 
control, p < 0.0001 (****) (Fig. 10). Cystomexicone B (4) is the product 
that affected the most to Acanthamoeba spp. cells with values under of 
20% for A. castellanii Neff and 25% for the clinical strain A. griffini. 

3.8. Induction of chromatin condensation in the tested strains of 
Acanthamoeba 

Obtained results are represented in the Figs. 11–13 and S30-S32. 
Acanthamoeba spp. trophozoites incubated with IC90 of the gongolar
ones A (1), C (3), and cystomexicone B (4) for 24 h showed a bright-blue 
staining nucleus (Figs. 11–13 and S30-S32, central columns). Chromatin 
condensation was evidenced in treated amoebae, whereas control cells 

Fig. 16. Evaluation of membrane permeability using SYTOX™ Green assay in Acanthamoeba griffini trophozoites, incubated with the IC90 of gongolarones A (1) (C, 
D), C (3) (E, F) and cystomexicone B (4) (G, H) for 24 h. Control cells (A, B). All images (100x) are based on EVOS™ FL Cell Imaging System M5000 (Scale Bar 
20 µm). Data showed in the graph are presented as means ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001; the results demonstrated significant differences when 
comparing treated cells to negative control. Differences between the values were assessed using One-Way Analysis of Variance (ANOVA). Mean fluorescence intensity 
of stained cells for each assay were determined using Fiji Software. All the experiments were conducted in triplicate. 
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did not show any fluorescence (Figs. 11–13 and S30-S32, A-C). The 
propidium iodide (PI) showed a red fluorescence in treated cells, indi
cating a possible late apoptosis process (Figs. 11–13 and S30-S32, right 
columns). The mean values of blue and red fluorescence intensity were 
calculated for each assay using Hoechst 33324 and IP kit on treated cells 
and negative control. The data were represented in the graph of 
Figs. 11–13. The differences between the blue and red fluorescence 
produced by the treated cells with compounds 1, 3 and 4, and negative 
control were significant in all studied strains of Acanthamoeba; 
****p < 0.0001, ***p < 0.001, ** p < 0.01 and * p < 0.05. Gongolar
one C (3) was the molecule which demonstrated the highest mean values 
of blue and red fluorescence intensity in treated trophozoites of 
A. castellanii Neff and A. polyphaga for blue fluorescence, and 
A. polyphaga and A. griffini for red fluorescence. Additionally, cys
tomexicone B (4) showed the lowest mean values of fluorescence in
tensity in all tested strains of Acanthamoeba, revealing non-significant 
differences between the mean values of red fluorescence intensity 
emitted by treated trophozoites of A. castellanii Neff and negative control 
cells. 

3.9. Evaluation of the plasma membrane damage in Acanthamoeba spp 

SYTOX™ Green assay was used to detect damages induces by the 
incubation of amoebae with the IC90 of gongolarones A (1), C (3), and 
cystomexicone B (4) for 24 h (Figs. 14–16 and S33-S35). Treated cells 
showed green fluorescence on the tree Acanthamoeba strains after the 
treatment, indicating that the plasmatic membrane permeability has 
been altered (Figs. 14–16 and S33-S35, right columns). Nevertheless, the 
trophozoite integrity was maintained, avoiding the emptying of the 
cytoplasmatic content to the cytosol, evading the activation of host 
immune response. In the opposite, untreated cells showed total absence 
of fluorescence, which indicating a perfect membrane integrity 
(Figs. 14–16 and S33-S35; A, B). The graph represented in the 
Figs. 14–16 show the mean values of green fluorescence intensity pro
duced by trophozoites of Acanthamoeba spp. Data indicated that the 
differences between the mean values of treated cells with compounds 1, 
3 and 4, and negative controls cells were significant in all tested strains 
of Acanthamoeba; * p < 0.05, ** p < 0.01, *** p < 0.001 and 
**** p < 0.0001. Gongolarone C (3) demonstrated the highest mean 

Fig. 17. Effect of IC90 of gongolarones A (1) (C, D), C (3) (E, F) and cystomexicone B (4) (G, H) on the production of Reactive Oxygen Species in Acanthamoeba 
castellanii Neff compared with the control (A, B), using CellROX® Deep Red fluorescent probe after 24 h of incubation. Treated cells showed an intense red fluo
rescence, indicating the production of ROS and suggesting the oxidatively stress of cells. All images (100x) are based on EVOS™ FL Cell Imaging System M5000 
(Scale Bar 20 µm). The graph includes the mean fluorescence intensity (AU) emitted by the ROS produced by cells stained with CellROX® Deep Red reagent. 
Differences between the values were assessed using One-Way Analysis of Variance (ANOVA). Data are presented as means ± SD, * * p < 0.01, * ** p < 0.001; the 
results showed significant differences when comparing treated cells to negative control. Mean fluorescence intensity of stained cells for each assay were determined 
using Fiji Software. All the experiments were conducted in triplicate. 
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values of green fluorescence intensity on trophozoites of A. castellanii 
Neff and A. polyphaga. Nonetheless, gongolarone A (1) emitted the 
highest green fluorescence intensity on A. griffini trophozoites 
(Figs. 14–16). 

3.10. Gongolarones A (1), C (3), and cystomexicone B (4) induce the 
formation of ROS in Acanthamoeba 

The obtained results represented in Figs. 17–19 and S36–38 
demonstrated that the exposure to the IC90 of gongolarones A (1), C (3), 
and cystomexicone B (4) after 24 h, induced the production of Reactive 
Oxygen Species (ROS) in trophozoites of Acanthamoeba tested strains. 
Treated cells showed an intense red fluorescence (Figs. 17–19 and 
S36–38, right columns), whereas healthy cells presented absence of 
fluorescence (Figs. 17–19 and S35-S38; A, B). Mean values of deep red 
fluorescence intensity emitted by cells were determined and represented 
in the graph of Figs. 17–19. The results obtained showed significant 
differences between the mean values of all Acanthamoeba spp. tropho
zoites treated with compounds 1, 3 and 4, and the untreated cells; 
* p < 0.05, * * p < 0.01 and * ** p < 0.001. Trophozoites of 
A. castellanii Neff and A. polyphaga treated with compound 3 showed 
higher mean values of red fluorescence intensity than cells treated with 

molecules 1 and 4. Additionally, trophozoites of A. griffini treated with 
gongolarone A (1) demonstrated more intense deep red fluorescence 
than those treated with 3 and 4. 

3.11. Effect of gongolarones A (1) and C (3) on the ultrastructure of 
Acanthamoeba 

Trophozoites of Acanthamoeba polyphaga treated with gongolarones 
A (1) and C (3) presented alterations on morphology and on the normal 
ultrastructure of the cells. In images of Fig. 20 we observed mitochon
drial and nuclear damage. Likewise, presence of multilamellar and 
multivesicular bodies, lipofuscin granules and vacuoles with cellular 
content, indicate that autophagy process occurred within treated tro
phozoites. Recently, autophagy process is considering as a multifaceted 
regulator of different cell death mechanisms [52–54]. Wu et al. (2018) 
demonstrated that some oleic acids tiggered apoptosis in A. castellanii by 
the induction of autophagy process and activation of uncoupling pro
teins [55]. In this sense, the results obtained in this study suggesting that 
compounds 1 and 3 induce a PCD in trophozoites of Acanthamoeba spp. 
Therefore, autophagy process could be related to the regulation of PCD 
in trophozoites treated with gongolarones A (1) and C (3).Fig. 21. 

On the other hand, images E, F, K and L of Fig. 20 represented the 

Fig. 18. Evaluation of membrane permeability using CellROX® Deep Red fluorescent probe in Acanthamoeba polyphaga trophozoites, incubated with the IC90 of 
gongolarones A (1) (C, D), C (3) (E, F) and cystomexicone B (4) (G, H) for 24 h. Control cells (A, B). All images (100x) are based on EVOS™ FL Cell Imaging System 
M5000 (Scale Bar 20 µm). Data showed in the graph are presented as means ± SD, * p < 0.05, ** p < 0.01; the results demonstrated significant differences when 
comparing treated cells to negative control. Differences between the values were assessed using One-Way Analysis of Variance (ANOVA). Mean fluorescence intensity 
of stained cells for each assay were determined using Fiji Software. All the experiments were conducted in triplicate. 

R.L. Rodríguez-Expósito et al.                                                                                                                                                                                                                



Biomedicine & Pharmacotherapy 158 (2023) 114185

20

formation of Acanthamoeba polyphaga precysts without the fully two 
characteristic cyst walls [56]. The presence of damaged precysts with 
autophagic vacuoles and glycogen granules were observed. Finally, the 
results obtained suggesting that trophozoites treated with gongolarones 
A (1) and C (3) inhibits the mature cyst walls developing of Acantha
moeba polyphaga during the encystment process. 

3.12. Structure-activity relationship analysis 

Meroterpenoids isolated from brown algae of Gongolaria (Cystoseira) 
genus have been scarcely tested against amoeba. In this work, six mer
oterpenoids have been isolated, among them, the new compounds 
gongolarones A-C (1-3) which antiamoeboid properties have been tested 
against different Acanthamoeba species. From the structural perspective, 
this family of compounds showed double bond isomerizations from Δ2 t 

to Δ3 t (green), from Δ6 t to Δ6c and from Δ6 t to Δ7 t (purple). Com
parison of gongolarone C (3) and 1′-methoxyamentadione (5) reveals 
that the isomerization Δ2 t to Δ3 t increases the antiamoeboid activity as 
well as the flexibility of the chain due to the presence of contiguous 
methylene fragments (red arrows). On the other hand, double bond 
isomerizations at C-6 do not contribute to an improvement in the anti- 
Acanthamoeba activity. Another structural feature found in this set of 

compounds are modifications in the terpenic chain. Loss of fragment C- 
12-C-16, cystomexicone B (4), diminished the antiparasitic effect, 
whereas cyclization by ether formation from C-12 to C-15 afforded the 
most active compound, gongolarone A (1). 

4. Conclusions 

Three new meroterpenes isolated from the brown algae Gongolaria 
abies-marina and identified as gongolarones A-C (1-3), together with the 
known cystomexicone B (4), 6Z-1′-methoxyamentadione (5) and 1′- 
methoxyamentadione (6), demonstrated amoebicidal activity against of 
Acanthamoeba castellanii Neff, A. polyphaga and A. griffini. We revealed 
that cyclization by ether formation from C-12 to C-15 of gongolarone A 
afforded the most active compound. Nevertheless, the isomerization Δ2 t 

to Δ3 t and presence of contiguous methylene fragments increases the 
antiamoeboid activity of gongolarone C (3). Gongolarones A (1), C (3) 
and cystomexicone B (4) induced PCD in trophozoites of Acanthamoeba 
tested in this study, showing chromatin condensation, mitochondrial 
damage, and oxidative stress remarkable by the cell ROS production. 
Novel compounds 1 and 3 disorganized the actin and tubulin networks 
of treated trophozoites. Additionally, those two molecules demonstrated 
that could inhibit the encystation of Acanthamoeba. Taking all the results 

Fig. 19. Evaluation of membrane permeability using CellROX® Deep Red fluorescent probe in Acanthamoeba griffini trophozoites, incubated with the IC90 of 
gongolarones A (1) (C, D), C (3) (E, F) and cystomexicone B (4) (G, H) for 24 h. Control cells (A, B). All images (100x) are based on EVOS™ FL Cell Imaging System 
M5000 (Scale Bar 20 µm). Data showed in the graph are presented as means ± SD, * p < 0.05, * * p < 0.01, * ** p < 0.001; the results demonstrated significant 
differences when comparing treated cells to negative control. Differences between the values were assessed using One-Way Analysis of Variance (ANOVA). Mean 
fluorescence intensity of stained cells for each assay were determined using Fiji Software. All the experiments were conducted in triplicate. 
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into account, seaweeds including Gongolaria abies-marina could be a 
source of bioactive marine molecules for developing new antiamoebic 
compounds against Acanthamoeba. 
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