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ABSTRACT  

Poupartia borbonica is an endemic tree from the Mascarene Islands that belongs to the Anacardiaceae 

family. The leaves of this plant were phytochemically studied previously, and isolated alkyl 

cyclohexenone derivatives, poupartones A–C, demonstrated antiplasmodial and antimalarial activities. 

In addition to their high potency against the Plasmodium sp., high toxicity on human cells was also 

displayed. The present study aims to investigate in more detail the cytotoxicity and pharmacological 

interest of poupartone B, one of the most abundant derivatives in the leaves of P. borbonica. For that 

purpose, real-time live-cell imaging of different human cancer cell lines and normal fibroblasts, treated 

or not treated with poupartone B, was performed. A potent inhibition of cell proliferation associated 

with the induction of cell death was observed. A detailed morphological analysis of different adherent 

cell lines exposed to high concentrations of poupartone B (1–2 µg/mL) demonstrated that this 

compound induced an array of cellular alterations, including a rapid retraction of cellular protrusions 

associated with cell rounding, massive cytoplasmic vacuolization, loss of plasma membrane integrity, 

and plasma membrane bubbling, ultimately leading to paraptosis-like cell death. The structure-activity 

relation of this class of compounds, their selective toxicity, and pharmacological potential are 

discussed. 
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Introduction 

Poupartone B is an alkyl cyclohexenone derivative that has been isolated from a Mascarene Island 

endemic plant, the Poupartia borbonica Gmel. A previous study established its antiplasmodial 

properties on chloroquine-resistant Plasmodium falciparum strain W2 and chloroquine-sensitive strain 

3D7 [1]. 

Alkyl cyclohexenone derivatives represent a rare group of secondary metabolites which, as far as it could 

be established, were reported exclusively in plants in the Anacardiaceae family. However, in 2015, 

pseudohygrophorones, another set of derivatives of this chemical group, were isolated in the fungal 

kingdom from Hygrophorus abieticola Krieglst. ex Gröger & Bresinsky [2]. A vast array of biological 

properties have been reported for alkyl cyclohexenone derivatives, including antiplasmodial [1], 

antibacterial [3], antiphytopathogenic fungi [2], and cytotoxic [4, 5] properties (▶ Table 1 and Fig. 1). 

Collectively, the data emphasizes the pharmacological potential of these compounds, with a special interest 

in their cytotoxic properties. However, the lack of detailed toxicological information related to this 

infrequent class of compounds hampers further therapeutic development. Any additional information 

about their structure-activity relationships and pharmacological potentialities could prove to be a unique 

opportunity for the drug discovery process. In this manuscript, we investigated the in vitro cytotoxicity 

of poupartone B on normal human fibroblasts as well as on solid tumorand blood-derived cancer cell 

lines. 
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Results 

The potential influence of poupartone B on the behavior of human cancer cell lines and normal fibroblasts 

was investigated by using live-cell imaging. Three adherent cancer cell lines (a triple-negative breast 

adenocarcinoma cell line MDA‑MB‑231, and 2 metastatic melanoma cell lines: A2058 and A375) and 

normal adult human skin fibroblasts were used. 

As high cell density within an individual population can alter sensitivity to death-inducing stimuli [8, 9], 

cells were seeded so that they were less than 50 % confluent when first exposed to treatments. To 

validate our cytotoxicity assay, MDA‑MB‑231 cells were treated for 48 h with increasing concentrations 

(0.02 to 200 µM) of etoposide, a well-described chemotherapeutic drug [10–11]. 

Following the addition of increasing concentrations of poupartone B (0–2 µg/mL), adherent cells within 

each population were analyzed by live-cell imaging microscopy for 48 h, except for fibr blasts, which 

were imaged for 80 h due to their lower proliferative capacity. Phase-contrast images were acquired every 

hour to assess population confluence and morphology. Treatment with vehicle (DMSO 0.5 %) was not 

lethal to either cell line, and the surface area covered by cells increased exponentially during the 48h of 

treatment (▶ Fig. 2). When used at low concentrations (0.12 to 0.50 µg/mL), poupartone B had a limited 

influence on the proliferation of the MDA‑MB‑231, A2058, and A375 cancer cell lines (▶ Fig. 2 a–c). 

Normal fibroblasts displayed a slightly higher sensitivity to these low poupartone B concentrations when 

compared with cancer cell lines (▶ Fig. 2 d). In contrast, the 2 highest poupartone B concentrations 

tested (1–2 µM) strongly impaired the proliferation of the 4 adherent cell lines (▶ Fig. 2). Morphological 

analysis of time-lapse phase contrast images revealed that poupartone B affected cell morphology in a 

time and concentration-dependent manner. While vehicle-treated cells displayed a normal morphology 

characterized by a flat cytoplasm with active lamellipodial and pseudopodial extensions (▶ Fig. 3), 

poupartone B treatment (1–2 µg/mL) induced a rapid retraction of the cytoplasmic extensions, leading to 

cell rounding (▶ Fig. 3 and Fig. 1S–4S, Supporting Information). Exposure of cells to poupartone B (2 µg/ 

mL) for 6 h was sufficient to induce rounding in almost all cancer cells (Fig. 1S–3S, Supporting 

▶ Fig. 1 Structures of compounds described in ▶ Table 1. 
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Information). In contrast, complete rounding of fibroblasts required a longer exposure time (about 24 

h, Fig. 4S, Supporting Information). 

A detailed observation of the 4 cell lines revealed that cell rounding was followed by cell death. The 

nonviable cells were characterized by cytoplasmic swelling and plasma membrane bubbles (▶ Fig. 3, 

white arrowheads). Loss of plasma membrane integrity was also investigated by including YOYO-3 (a cell-

impermeant dye that stains double-stranded DNA) in the growth medium of MDA‑MB‑231 and A375 

cells. As shown in ▶ Fig. 4,a high percentage of blebbing cells observed in the presence of high 

concentrations of poupartone B displayed a red nuclear fluorescence, confirming the loss of plasma 

membrane integrity. Red fluorescence was also observed in some plasma membrane bubbles, suggesting 

a release of the nuclear content into the cytoplasm of these dying cells. However, apoptotic-like 

morphologies characterized by the presence of specific membrane protrusions (apoptopodia) were 

observed in a fraction of the 3 cancer cell lines exposed to high concentrations of poupartone B (data not 

shown). In contrast, dead cells were seldomly observed in vehicle-treated cultures (▶ Fig. 3 and Fig. 1S–

4S, Supporting Information). 

 

 
 

 
 

▶ Fig. 2 Effect of poupartone B on cell growth. Adherent (a) MDA‑MB‑231, (b) A2058, (c) A375, and (d) fibroblasts cell 
lines were treated with increasing concentrations (0.12–2 µg/mL) of poupartone B or vehicle only for 48 (a, b, c) or 80 (d) 
h. Live-cell imaging was used to measure the cell confluency (relative to time 0). Data are presented as mean ± SEM (n = 3 
wells/experiment). A representative experiment is illustrated. Kolmogorov- Smirnov test: ** p < 0.01; *** p < 0.001; ****0 
p < 0.0001. 
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To analyze in more detail the morphological alterations induced by our compound of interest, 

MDA‑MB‑231 cells were exposed for 12 h to poupartone B (1 µg/mL) and imaged by holotomographic 

microscopy. This method allows live imaging of the major cellular structures without the need to label 

the cells. In agreement with the low-resolution phase-contrast images (▶ Fig. 3 and Fig. 1S–4S, 

Supporting Information), the holo-tomographic data (supplementary video), confirmed that cell 

response to poupartone B treatment was heterogeneous, with some cells remaining unaffected while 

others displayed strongly altered morphologies. The earliest alteration observed was a time-

dependent contraction of cell protrusions, resulting in a progressive rounding of the cells (▶ Fig. 5 a and 

supplementary video). The second major morphological alteration required a longer exposure to 

poupartone B (about 6 h) and consisted in the pro gressive appearance of multiple perinuclear vacuoles. 

Once initiated, cytoplasmic vacuolization progressed rapidly and led to cell compaction and subsequent 

death (▶ Fig. 5 b and supplementary video). In contrast, no significant alteration of the nuclear organization 

was detected in any of the observed cells (▶ Fig. 5 a, b and supplementary video). These morphological 

observations suggest the occurrence of a paraptosis-like cell death characterized by and a diffuse large 

B-cell lymphoma, respectively) were used. 

 

▶ Fig. 3 Influence of poupartone B on cell morphology. Representative phase-contrast images of adherent (MDA‑MB‑231, 
A2058, A375, and fibroblasts) cells treated for 48 h with increasing concentrations of poupartone B or vehicle. White 
arrowheads indicate dead cells. Images con- taining dead cells are marked by a red border. Scale bar = 200 µm. 



Published in : Planta Med (2021), vol. 87, n°12-13, pp. 1008–1017 
DOI: 10.1055/a-1532-2384 
Status : Postprint (Author’s version)  

 

 

 

 

 

A preliminary dose-response experiment indicated that these 2 cell lines were more sensitive to 

poupartone B treatment than the adherent ones, with a complete inhibition of cell growth observed 

from 0.5 µg/mL (data not shown). Live-cell imaging analysis demonstrated that poupartone B induced a 

strong reduction of cell confluency when used at concentrations ≥ 0.25 µg/mL (▶ Fig. 6 a, b). This inhibition 

of cell growth was associated with a striking increase of dead cells. Most dying cells were characterized 

by the formation of a single blister (▶ Fig. 6 c). 

▶ Fig. 4 Poupartone B impairs plasma membrane integrity. Repre- sentative phase-contrast images of MDA‑MB‑231 and A375 cells treated for 12 

h with poupartone B (2 µg/mL) or vehicle in the presence of YOYO-3. Red fluorescence specifically labels cells with a permeant plasma membrane. Scale 

bar = 200 µm. 
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Collectively, these different results support the hypothesis that poupartone B is a potent cytotoxic 

molecule that displays a slight selectivity towards blood cancer-derived cell lines. The comparison of IC50 

values (▶ Table 2) on the different cell lines investigated in this study revealed that poupartone B is 

about 3 times more active on blood-derived cancer cells as compared to solid tumor-derived cells and 

normal fibroblasts. Representative dose-response curves for the 6 cell lines investigated are illustrated 

in Fig. 5S (Supporting Information). 

▶ Fig. 5 Holo-tomographic microscopy of poupartone B-treated MDA‑MB‑231 cells. MDA‑MB‑231 cells were exposed to poupartone B (1 

µg/mL), and time-lapse imaging by holo-tomographic micros- copy was performed for 13 h. Representative images illustrating (a) the progressive 
contraction of cytoplasmic protrusions (white arrows) and (b) the evolution of cytoplasmic vacuoles (white arrows) are shown. Scale bar = 20 µm. 
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Discussion 

In the present study, in vitro assays were performed on different human cancer cell types, including 

triple-negative breast cancer (MDA‑MB‑231), 2 metastatic melanomas (A2058 and A375), acute 

promyelocytic leukemia (HL-60), and diffuse large B-cell lymphoma (OCI-LY19), as well as on normal 

fibroblasts to better decipher the cytotoxic activity of poupartone B, an alkyl cyclo hexenone derivative 

endowed with antiplasmodial and antimalarial activities. 

 

 

 
This compound inhibits the proliferation of the different cell types investigated with a 3-fold higher 

potency toward blood-derived cancer cell lines. This inhibition of cell proliferation was shown to be 

associated with the induction of cell death. A detailed morphological analysis of different adherent cell 

lines exposed to high concentrations of poupartone B (1–2 µg/mL) demonstrated that this compound 

induces an array of alterations, including a rapid contraction of cellular protrusions associated with cell 

rounding, massive cytoplasmic vacuolization, loss of plasma membrane integrity, and plasma 

membrane bubbling, ultimately leading to cell death. It should be noted that these different 

morphological alterations do not occur to the same extent and with the same kinetic in all the cell lines 

tested. For example, while a 12 h exposure to poupartone B was sufficient to induce extensive cell 

▶ Fig. 6 Effect of poupartone B treatment on nonadherent cell lines. HL-60 and OCI-LY19 cells were treated with increasing concentrations (0.03– 

0.5 µg/mL) of poupartone B or vehicle for 48 h. a, b Live cell imaging was used to measure the cell confluency (relative to time 0). Data are pre- 

sented as mean ± SEM (n = 3 wells/experiment). A representative experiment is illustrated. Kolmogorov-Smirnov test: ** p < 0.01; **** p < 0.0001. 

c Influence of poupartone B on cell morphology. Representative phase-contrast images of HL-60 and OCI-LY19 cells treated for 48 h with increasing 

concentrations of poupartone B or vehicle. White arrowheads indicate dead cells. Images containing dead cells are marked by a red border. Scale 

bar = 200 µm. 
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rounding and cell death in the 3 adherent cancer cell lines (MDA‑MB‑231, A2058, and A375) tested, 

normal fibroblasts remained weakly affected. Even if our morphological data do not allow us to identify 

with certainty the mode of cell death induced by poupartone B, our observations suggest that at least 

in some cancer cell lines, such as the triple-negative breast carcinoma MDA‑MB‑231 cell, paraptosis-

like cell death is triggered. Paraptosis is a programmed mode of cell death that is accompanied by the 

dilation of the ER and/or mitochondria [12]. Various natural products have been reported to induce 

cytotoxic effects by inducing paraptosis-associated cell death [14]. More investigations will be required to 

decipher the exact mode(s) of cell death triggered upon poupartone B exposure.Increased apoptosis 

resistance and insensitivity to therapeutic drugs represent major roadblocks to the effective treatment 

of several cancers [15–17]. In that context, it is essential to develop new strategies that can induce 

alternative cell death modes, including paraptosis, whose regulatory mechanisms differ from those of 

apoptosis, thereby overcoming drug resistance. Through its capacity to induce nonapoptotic cell death, 

poupartone B might thus represent a useful therapeutic drug to bypass apoptosis resistance. 

To the best of our knowledge, this is the first time an alkyl cyclohexenone derivative was tested against 

blood-derived cancer cells. Our data reveal that these cells are 3 times more sensitive to poupartone B 

treatment than solid tumor-derived cells, suggesting the interest for this class of compounds as 

potential chemotherapeutic drugs to fight against these pathologies. 

Learning about the toxicity of these kinds of compounds is essential, as their bioactivities are increasingly 

in the spotlight. The overview of the alkyl cyclohexenones compounds (Table 1) suggests that the toxicity 

appears to be related to the number of oxygen atoms. However, major biological activities, such as 

antiplasmodial or cytotoxic, seem to depend on the presence of the α-β unsaturated ketone, a Michael 

acceptor that is often involved in biological activities. Indeed, as far as it could be established, all the alkyl 

cyclohexenone derivatives from nature with interesting bioactivities also present a ketone function 

(compounds 3a, 3b,11, 12, 13, 15, 16, 17a, 17b, and 19) (▶ Fig. 1). The only 2 compounds that 

demonstrated high bioactivities (antibacterial and cytotoxic) without toxicity to noncancer cell lines 

contain only 3 oxygen atoms (compounds 17a–b and 19, ▶ Fig. 1), including the α-β unsaturated ketone. 

Alkyl cyclohexenone derivatives are a very promising class of compounds with a large panel of biological 

activities. Some of them demonstrated cytotoxic properties against different type of cells (breast, lung, 

colon, epidermoid carcinoma, prostate, cervical) as well as antiparasitic activities against P. falciparum, the 

Plasmodium species responsible for the most aggressive malaria, and against Leishmania amazonensis, 

one of the parasites responsible for the disease leishmaniasis. Some showed interesting antibacterial 

activities both against positive and negative gram bacteria, even antifungal activities. Additional 

structure-activity studies targeting these activities should be performed to confirm the link between 

toxicity and the number of oxygen atoms in these molecules. If confirmed, it would suggest that it might 

be possible to decrease overall toxicity by modifying this number, while maintaining other pertinent 

activities. Additionally, if their activity is proven to be related to the α-β unsaturated ketone, then alkyl 

cyclohexenones could serve as the basis structure for the development of innovative anticancer, 

antiparasitic, and antifungal drugs. This study paves the way for further investigations with this compound 

group to define clearly the mechanism of toxicity and encourage hemi-synthesis or total synthesis to 

obtain a similar structure, preserving the α-β unsaturated ketone part and a reduced number of oxygen 

atoms, and evaluate their impact activity-wise. 
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Material and Methods 

PLANT MATERIAL 

The leaves of P. borbonica were collected on Reunion Island and were identified by H. Thomas (Parc 

National de la Réunion). Voucher specimens (no. RUN 028F, TPN-P022F) were deposited in the 

Herbarium of the University of Reunion Island. Poupartone B was isolated from the leaves of P. borbonica, 

as previously described by our team. Briefly, the defatted crude EtOAc extract was submitted to an 

open silica column, eluting with a gradient of EtOAc and CH2Cl2 from 5 : 95 to 100 : 0. The active fraction 

containing poupartone B was purified by preparative HPLC with an HPLC column (30 cm × 2.5 cm) using 

a LichroPrep RP-18 (25– 40 µm, Merck) support and a binary solvent system of formic acid 0.1 % in H2O 

and MeOH (40 : 60 to 0 : 100 v/v in 30 min) [1]. 

CELL LINES 

Human MDA‑MB‑231, A2058, and A375 cancer cell lines and human dermal fibroblasts (kindly provided 

by Dr. A. Colige, Laboratory of Connective Tissues, ULiège) were maintained in high glucose DMEM 

supplemented with 10 % (v/v) FBS, 100 IU/mL penicillin, 100 µg/mL streptomycin, 1 mM sodium 

pyruvate, and 2 mM glutamine. Nonadherent HL-60 and OCI-LY19 cell lines were cultured in RPMI 1640 

medium supplemented with 10 % (v/v) FBS, 100 IU/mL penicillin, 100 µg/mL streptomycin, and 1 mM 

sodium pyruvate. Cell lines were obtained from the ATCC. All culture reagents were purchased from 

Invitrogen. Cultures were maintained in humidified tissue culture incubators (Hera cell, Thermo 

Scientific) at 37 °C with 5 % CO2 and 95 % air. All cultures were mycoplasma free as confirmed by the 

MycoAlert detection kit (Lonza). 

CELL SEEDING AND COMPOUND ADDITION 

Experiments were performed on 96-well plates. On day 1, cells grown in 10 cm standard tissue culture 

dishes (Falcon, Becton-Dickinson) were trypsinized and counted using a Cedex XS cell analyzer (Roche 

Innovatis). One-hundred µL of cell suspension containing 2000 MDA‑MB‑231, 1250 A2058, or 1500 

A375 viable cells were added manually to 96-well tissue culture plates (Falcon, Becton-Dickinson) and grown 

overnight. For nonadherent cell lines (HL-60 and OCI-LY19), cells were seeded on day 0 in poly-L-

ornithine (Sigma) coated 96-well plates (4000 cells/well). 

On day 0, vehicle (DMSO) and test compounds were prepared in a growth medium as 3-fold concentrated 

solutions, and 50 µl of these solutions were added to the cell cultures (final DMSO concentration 0.5 %). 

Etoposide (Sigma), a chemotherapeutic drug, was used as a positive control. In some experiments, 200 

nM YOYO-3 iodide (Thermo Fisher Scientific), a red fluorescent cellimpermeant, high-affinity nucleic acid 

stain used to label dead cells, was added in the growth medium. 

ACQUISITION OF POPULATION IMAGES 

Cell population images were obtained over time using an IncuCyte S3 dual-color live content imaging 

system (Essen BioSciences) residing within an In-VitroCell ES NU-5831 (NuAir) tissue culture incubator 
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maintained at 37 °C with 5 % CO2. Images were acquired using a 10× objective lens in phase contrast, green 

(Ex: 440–480/Em: 504–544) and red (Ex: 565–605/Em: 625–705) 

fluorescence channel. Four images were acquired from each well every 30–120 min for a maximum of 80 

h. All IncuCyte experiments were performed at least in triplicate. 

LIVE CELL IMAGING AND CONFLUENCE MEASUREMENTS 

Automated image analysis routines were optimized for each cell line using the IncuCyte S3 software 

package and training data from the vehicle and compound-treated samples. Confluency of the cultures 

was measured using the IncuCyte Confluence software, which quantified cell surface area coverage as 

confluence values. Relative cell confluency measures, expressed as a ratio relative to time 0, were then 

analyzed further on Excel (Microsoft) and GraphPad Prism 7.0. Values more than 1.5-fold different from 

the one immediately preceding in the time course were censored. The observed distribution of the 2 

groups was compared by using the Kolmogorov-Smirnov test in Prism 7. P-values lower than 0.05 were 

considered significant. Quantitative analysis of the effect of drug treatments over time was provided by 

determining half inhibitory concentration (IC50) calculated using nonlinear regression (4-parameters) 

from the area under the curve (AUC) values derived from each proliferation profile in GraphPad Prism 

7.0. 

HOLO-TOMOGRAPHIC MICROSCOPY 

Holo-tomographic microscopy (HTM) was performed on a 3D Cell-Explorer Fluo (Nanolive) using 

a 60 × air objective (NA = 0.8) at a wavelength of λ = 520 nm (Class 1 low power laser, sample exposure 

0.2 mw/mm2). This microscope is equipped with a top-stage incubator (Oko-lab), allowing a constant 

temperature of 37 °C, an air humidity saturation and a CO2 level of 5 % throughout the acquisitions. 

MDA‑MB‑231 cells were seeded in glass-bottom 35-mm culture dishes for 24 h before treatment with 

poupartone B (1 µg/mL). Images were acquired every 10 min for 13 h starting immediately after the 

addition of the drug. 

SUPPORTING INFORMATION 

MDA‑MB‑231 cells were treated with increasing concentrations of poupartone B (0.5–2 µg/mL) or 

vehicle only. Phase-contrast timelapse images of the different culture conditions after 0, 6, 12, 24, 36, and 

48 h of treatment are illustrated in Fig. 1S (Supporting Information). A2058 cells were treated with 

increasing concentrations of poupartone B (0.5–2 µg/mL) or vehicle only. Phase-contrast time-lapse 

images of the different culture conditions after 0, 6, 12, 24, 36, and 48 h of treatment are illustrated in 

Fig. 2S (Supporting Information). A375 cells were treated with increasing concentrations of poupartone B 

(0.5–2 µg/mL) or vehicle only. Phase-contrast time-lapse images of the different culture conditions after 

0, 6, 12, 24, 36, and 48 h of treatment are illustrated in Fig. 3S (Supporting Information). Fibroblasts were 

treated with increasing concentrations of poupartone B (0.5–2 µg/mL) or vehicle only. Phase-contrast 

time-lapse images of the different culture conditions after 0, 6, 12, 24, 36, and 48 h of treatment are 

illustrated in Fig. 4S (Supporting Information). 
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MDA‑MB‑231, A2058, A375, normal fibroblasts, HL-60, and OCI-LY19 cells were treated with increasing 

concentrations (0– 2 µg/mL) of poupartone B, and live-cell imaging was used to mea-sure the relative cell 

confluency. The areas under the relative cell confluency versus time curves (AUC) are plotted for each 

concentration tested. Dose-response curves (gray curves) were fitted using the inhibitory 

concentration versus response–variable slope (4 parameters) function of Graphpad Prism. A 

representative experiment is illustrated in Fig. 5S (Supporting Information). 

MDA‑MB‑231 cells were exposed to poupartone B (1 µg/mL), and time-lapse imaging by holo-

tomographic microscopy was performed for 13 h; the video is available as Supporting Information. 
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