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Abstract

Plants provide a wide array of compounds that can be explored for potential antican-

cer properties. Siphonochilone, a furanoterpene that represents one of the main

components of the African plant Siphonochilus aethiopicus, shows numerous health

benefits. However, to date, its antiproliferative properties have not been tested. The

aim of this study was to analyze the cytotoxic effects of siphonochilone on a panel of

cancer cell lines and its underlying mechanism of action. Our results demonstrated

that siphonochilone exhibited significant cytotoxic effects on pancreatic, breast, lung,

colon, and liver cancer cell lines showing a IC50 ranging from 22 to 124 μM at 72 h

of treatment and highlighting its cytotoxic effect against MCF7 and PANC1 breast

and pancreas cancer cell lines (22.03 and 39.03 μM, respectively). Cell death in these

tumor lines was mediated by apoptosis by the mitochondrial pathway, as evidenced

by siphonochilone-induced depolarization of the mitochondrial membrane potential.

In addition, siphonochilone treatment involves the generation of reactive oxygen

species that may contribute to apoptosis induction. In this work, we described for

the first time the cytotoxic properties of siphonochilone and provided data about the

molecular processes of cell death. Although future studies will be necessary, our

results support the interest in this molecule in relation to their clinical application in

cancer, and especially in breast and pancreatic cancer.
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1 | INTRODUCTION

Siphonochilus aethiopicus is a member of the family Zingiberaceae

commonly known as African ginger or wild ginger. This plant is native

of the western and southern tropical Africa. It is used for treating a

variety of respiratory ailments1 and plays significant roles in general

well-being maintenance and poverty alleviation through sales of plant

materials for income generation and sustainable livelihoods.2 The

roots and rhizomes, with similar essential oil composition, have been

reported to have potent medicinal properties, as anti-inflammatory,

anti-bacterial, and anti-fungal activities, and are known to be used as

a spice to flavor food and in traditional herbal medicine for treating

fevers, colds, flu, sinusitis, coughs, headache, asthma, malaria, hysteria,

candidiasis, epilepsy, and menstrual cramps.3-5 Consequently, African
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ginger is listed in the African Herbal Pharmacopoeia as one of the

most important medicinal plants in sub-Saharan Africa,1 and it is

among the eight most traded and the most expensive plant species

per kilogram at informal markets in some regions of Limpopo Province

in South Africa.6

A chemotaxonomic survey of S. aethiopicus invariably yielded sub-

stantial quantities of an essential oil, with a low content of monoter-

penenoids, but with substantial amounts (up to 0.2% wet weight) of a

major constituent, siphonochilone (1), isolated for the first time in

2002, accompanied by a minor compound, 2-hydroxysiphonochilone

(2),7 whereas compound 3 has been prepared by acetylation (Ac2O/

Py) of siphonochilone. To date only one more furanoterpenoid from

eudesmane family of sesquiterpenoids have been isolated from

S. aethiopicus, being characterized as 4.8 Chemical structures of these

compounds are shown in Figure 1.

On the other hand, there is intense research in the discovery of

new natural molecules with cytotoxic capacity,9 their mechanisms

of action10 and their use as adjuvant therapy.11 In fact, anticancer

drugs such as irinotecan, paclitaxel, vincristine, and etoposide have

been developed from natural products.12 In this context, terpenoids, a

wide variety of natural products of diverse etiology, have been tested

in clinical trials due their antiproliferative properties and even

approved as cytotoxic agents.13 Within terpenes, the furanoterpenes

have been isolated from many different natural resources

(i.e., bacteria, algae, corals, marine sponges) and in some cases have

been linked to significant cytotoxic capacity. In fact, two metabolites

of the furanoterpene C22 from the sponge Ircinia

sp. (15-acetylicyformonin B and 10-acetylicyformonin B) showed sig-

nificant cytotoxic activity against the K562 (human chronic myeloge-

nous leukemia), DLD-1 (human colon adenocarcinoma), HepG2 and

Hep3B (human liver carcinoma) cancer cell lines14 and furanoterpenes

derived from the marine sponge Gelliodes sp. showed cytotoxic activ-

ity against HeLa (human epidermoid cervical carcinoma), MCF-7

(human breast adenocarcinoma), and A549 (human lung carcinoma)

cancer cell lines.15 Recently, a furanoterpene of Spongia sp. from Red

Sea demonstrated anti-inflammatory activity and cytotoxicity toward

three cancer cell lines including P388 (murine leukemia), HuCCT

(human bile duct carcinoma) and DLD-1.16 Given the rising number of

cancer-related deaths and the failure in conventional treatments,

there is an urgent need to develop new therapeutic strategies against

this pathology.17 The demonstrated activity of the furanoterpenes

may drive future research on these natural products against some

type of cancer.

The aim of this study was to determine the cytotoxic activity of

siphonochilone, a furanoterpene from S. aethiopicus, using a set

of tumor cell lines representative of five tumor types including

breast, pancreatic, lung, colon, and liver cancers. We also evaluated

the activity of this molecule against a non-tumor cell line. The cyto-

toxic effect was determined by proliferation and colony formation

assays. In addition, the mechanism of action was studied by cell

cycle, apoptosis, mitochondrial membrane depolarization, and intra-

cellular ROS accumulation assays in MCF7 and PANC1 cell lines.

Taken together, these experiments have provided an insight into the

biological activity of siphonochilone and its mechanisms of action on

tumor cells, suggesting a new strategy for cancer therapy that will

require future trials.

2 | MATERIAL AND METHODS

2.1 | General techniques

The chemical identity of siphonochilone was confirmed by electro-

spray ionization mass spectrometry (HPLC-ESI-MS; Orbitrap

Q-Exactive, Thermo Scientific S.L., Bremen, Germany), and by nuclear

magnetic resonance (NMR; Avance III 500 MHz, Bruker, Switzerland).

For NMR analyses, the 1H spectra were recorded at 500 MHz and the
13C spectra at 125 MHz, and compound was dissolved in deuterated

dimethyl sulfoxide (DMSO-d6), with residual solvent peaks at

δH = 2.50 (DMSO) ppm for 1H and δC = 39.5 (DMSO) ppm for 13C.

2.2 | Plant material

Rhizomes of S. aethiopicus were obtained locally from nursery plants

grown as ornamentals, sliced, and air-dried. Since S. aethiopicus has

such a unique and distinctive morphology5 and organoleptic charac-

teristics no voucher specimen was collected.

2.3 | Extraction and isolation

Dry crushed rhizome (S. aethiopicus, 500 g) was extracted with metha-

nol (2.5 L) at room temperature for 3 days under slow shaking. After

this period, the mixture was filtered off and the methanolic solution

was concentrated to dryness under vacuum to obtain a syrup (45 g).

This syrup was flash chromatographed on silica gel eluting with a mix-

ture of ether:EtOAc (8:2). One fraction was collected (Rf = 0.6, 3.5 g)

and identified as siphonochilone (1).

F IGURE 1 Chemical structure of siphonochilones.
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2.4 | Cell culture

Human cancer cell lines A549 (lung), MCF7 and SKBR3 (breast), Mia-

PaCa2 and PANC1 (pancreas), T84 and HCT-116 (colon), HepG2 (liver),

murine cancer cell lines E0771 (breast) and Panc2 (pancreas), and murine

non-tumoral cell line RAW264.7 (macrophage) were grown in Dulbec-

co's-Modified Eagle's Medium (DMEM)-high glucose (Sigma-Aldrich).

T47D human cancer cell line was grown in RPMI 1640 medium

(Sigma-Aldrich). Both culture mediums were supplemented with 10% of

fetal bovine serum (FBS) (Gibco) and 1% of penicillin/streptomycin

(Sigma-Aldrich). In addition, MCF10A breast non-tumoral cell line was

grown in DMEM/nutrient mixture F-12 Ham (Sigma-Aldrich) supplemen-

ted with 5% horse serum (HS) (Sigma-Aldrich), 0.02 μg/mL epithelial

growth factor (EGF) (Sigma-Aldrich), 0.5 μg/mL hydrocortisone

(Sigma-Aldrich), 100 ng/mL cholera toxin (Sigma-Aldrich), 10 μg/mL

insulin-transferrin-selenium (ITS) (Thermo Fisher Scientific) and 1% of

penicillin/streptomycin (Sigma-Aldrich). Cells were maintained at 37�C

and 5% CO2 humidified atmosphere in a monolayer culture.

2.5 | Proliferation assay

Cell lines were seeded in 48-well plates at a density of 2.5 � 103

cells/well for MCF7 and Panc2, 4 � 103 cells/well for E0771,

5 � 103 cells/well for A549 and T84, 8 � 103 cells/well for PANC1,

MiaPaCa2 and HCT-116, 104 cells/well for MCF10A and RAW264.7,

1.4 � 104 cells/well for T47D, and 5 � 104 cells/well for HepG2.

SKBR3 was seeded in 96-well plates at a density of 1.5 � 104 cells/

well. After 24 h cells were incubated with increasing concentration

(1–250 μM) of siphonochilone for 72 h. Then, adherent cells were

fixed with 10% cold trichloroacetic acid (TCA) (Sigma-Aldrich) for

20 min at 4�C. After that, staining with Sulforhodamine B (SRB)

(Sigma-Aldrich) (0.08%) diluted in 1% acetic acid glacial (PanReac

AppliChem) was performed 20 min at room temperature. The dye

was solubilized using Trizma® (10 mM, pH 10.5) (Sigma-Aldrich).

Finally, the optical density (OD) was measured at 492 nm using

800™ TS Absorbance Reader (BioTek). Viability assay of RAW264.7

cell line was performed using MTT (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide) (Sigma-Aldrich) proliferation assay.

Briefly, 10% of MTT was added to each well and incubated for 4 h in

culture conditions. After this time, 600 μL of dimethylsulfoxide

(DMSO) (Sigma-Aldrich) was added per well to dissolve formazan

crystal. Finally, the OD was measured at 570 nm using 800™ TS

Absorbance Reader (BioTek). Cell viability (%) was calculated as

follows:

%Proliferation¼ ODsample�blank
ODnegative control�blank

�100:

Additionally, the selectivity index (SI) was used to determine

the degree of siphonochilone selectivity toward tumor cell lines

compared with non-tumor cells. This index was calculated

following:

SI¼ ICNon�Tumor cells
50

ICTumor cells
50

:

The importance of this value resides in the fact that the higher

the SI value, the greater the selectivity towards tumor cells compared

with non-tumor cells. A compound with SI>2 indicate that are active

as anticancer drug and show selectivity.18–20

2.6 | CFSE cell division assay

Cells were trypsinized and stained with 1 μM 5(6)-carboxyfluorescein

diacetate succinimidyl ester (CFSE) (Abcam) in PBS at 37�C in the dark

for 20 min, after which CFSE excess was removed. Stained cells were

then seeded in 6-well plates at a density of 3 � 104 cells/well for

MCF7, 9 � 104 cells/well for PANC1 and 1.5 � 105 cells/well

for RAW264.7 and MCF10A. Cells were incubated for 1 day allowing

adhesion and that time was set as 0 h. MCF7 and PANC1 cell lines

were treated with 22 and 39 μM of siphonochilone, respectively, cor-

responding to its IC50 and non-tumoral cell lines RAW264.7 and

MCF10A were treated with 22 and 39 μM, and their IC50 of siphono-

chilone, 115 μM for RAW264.7 and 82 μM for MCF10A. Cells were

collected at 0, 24, 48, and 72 h of treatment and fixed with 4% PFA in

PBS at room temperature for 1 h. After that, cells were resuspended

in PBS and stored at 4�C until being analyzed in BD FACSCanto II

flow cytometer (BD BioSciences). Fold change of CFSE was calculated

for each time as follows:

Fold change CFSEð Þ¼CFSEMFI siphonochilone-treated cells
CFSEMFInon-treated cells

,

where MFI is the median fluorescence intensity of CFSE. Therefore,

low values in the fold change of CFSE (close to 1) indicate a greater

effect of the studied compound on cell division.

2.7 | Clonogenic assay

A clonogenic assay was carried out in the selected MCF7 and

PANC1 cell lines which were pretreated with 50 and 75 μM of

siphonochilone for 72 h. Elapsed this time, the reduction of colony

number was assessed by seeding pretreated and non-treated MCF7

(102 cells/well) and PANC1 (6 � 102 cells/well) cell lines in 12-well

plates. After 24 h, MCF7 non-treated cells were treated with 10 and

20 μM of siphonochilone and PANC1 with 10 and 30 μM of sipho-

nochilone. MCF7 and PANC1 were incubated (7 and 10 days,

respectively) at 37�C in fully humidified atmosphere and 5% CO2.

Then, colonies were fixed with cold TCA (Sigma-Aldrich) 10% for

20 min at 4�C and stained for 20 min at room temperature with SRB

(Sigma-Aldrich) (0.08%) diluted in 1% acetic acid glacial (PanReac

AppliChem), photos were taken, and colonies were counted through

an ImageJ software. The experimental conditions of the assays per-

formed are summarized in Table S1.
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2.8 | Cell cycle analysis

Cell lines were seeded in 6-well plates at a density of 1.5 � 105 cells/

well for MCF7 and 3 � 105 cells/well for PANC1. Both MCF7 and

PANC1 cell lines were treated with 100 and 120 μM of siphonochi-

lone, respectively, during 12 and 24 h. Following treatment, the

medium was collected, and cells were harvested and centrifuged at

3500 rpm for 3 min. Pellet was resuspended and fixed by adding

900 μL of 70% cold EtOH and placed on ice for 10 min. After fixation,

cells were washed with PBS and DNA extraction solution (Na2HPO4

0.2 M diluted in 0.1 M acetic acid, pH 7.8) was added and incubated

at room temperature for 10 min. This solution was subsequently

removed by centrifugation (1500 rpm, 3 min) and pellets were incu-

bated with propidium iodide (PI)/RNAse solution (ImmunoStep) at

37�C for 15 min in the dark. Finally, cells were washed, and the results

were acquired using the BD FACSCanto II flow cytometer

(BD BioSciences).

2.9 | Apoptosis and mitochondrial membrane
potential analysis

The accumulation of cationic cyanine dye in response to membrane

potential was studied in association with apoptosis. For this purpose,

MCF7 and PANC1 cell lines were seeded in 6-well plates at a density

of 1.5 � 105 and 3 � 105 cells/well, respectively. After 24 h, MCF7

and PANC1 cell lines were treated with 100 and 120 μM of siphono-

chilone, respectively, for 12 and 24 h. Then, assay was performed fol-

lowing the manufacturer's instructions. Briefly, cells were trypsinized,

washed with PBS, centrifuged at 3500 rpm for 5 min and pellet was

resuspended in PBS and incubated with DilC1 (ImmunoStep) for

15 min at 37�C. Cells were washed twice with PBS and pellet was

resuspended in 1X Anexin-binding buffer and incubated with Annexin

V-FITC (ImmunoStep) and PI (ImmunoStep) for 15 min at room tem-

perature in the dark. Finally, cells were analysed in BD FACSCanto II

flow cytometer (BD BioSciences). Early apoptosis was determined as

the Annexin V+/PI� cell population and late apoptosis was deter-

mined as Annexin V+/PI+ cell population.

2.10 | NAC combination proliferation assay

The role of oxidative stress in siphonochilone-induced cell cytotoxicity

in breast and pancreatic cancer cells was examined by the addition of

the antioxidant N-acetyl-L-cysteine (NAC) (Sigma-Aldrich). Pretreat-

ment of cells with ROS scavenger such as NAC can effectively inhibit

the reactive species-induced cellular response including ROS-

mediated cell death. MCF7 and PANC1 cell lines were seeded in

48-well plates at a density of 2.5 � 103 and 8 � 103 cells/well,

respectively. After 24 h cells were pretreated with non-toxic NAC

concentrations (0.5 and 8 mM for MCF7 and PANC1, respectively) for

2 h. Elapsed this time, different doses of siphonochilone were used to

the treatment of MCF7 (20, 50, and 75 μM) and PANC1 (50, 75, and

100 μM) for 72 h. Then SRB proliferation assay was performed as

previously described.

2.11 | Intracellular ROS measurement

Intracellular reactive oxygen species (ROS) accumulation in MCF7 and

PANC1 cells after treatment with siphonochilone was detected using

the 20 ,70-dichlorodihydrofluorescein diacetate assay (DCFDA)

(Abcam). Cell lines were seeded in 6-well plates at a density of 105

cells/well for MCF7 and 1.5 � 105 cells/well for PANC1 and in

96-well plates at a density of 3 �103 cells/well for MCF7 and 104

cells/well for PANC1. Both MCF7 and PANC1 cell lines were treated

with 100 μM and 250 μM of siphonochilone, respectively, during

4 and 12 h. After treatment, medium was discarded, and 6-well plates

cells were harvested and centrifuged at 3500 rpm for 3 min. In both

cases, cells were washed with PBS and stained for 30 min at 37�C

with 20 μM DCFDA and PI (1:25) for cytometry and Hoechst (1:1000)

for microscopy. The 20,70-dichlorofluorescein (DCF) probe was visual-

ized using the fluorescence microscopy (Leica) and analyzed using BD

FACSCanto II flow cytometer (BD BioSciences).

2.12 | Prediction of potential targets and structural
similarity of siphonochilone

Based on the molecular structure of siphonochilone, a

structure-activity relationship (SAR) study was performed by exploring

its possible molecular targets. SwissTargetPrediction (http://www.

swisstargetprediction.ch/),21 an open-access database for ligand-

based target prediction was employed to identify the potential targets

of siphonochilone. Transformation of the siphonochilone molecular

structure into canonical SMILES was achieved through the PubChem

platform (https://pubchem.ncbi.nlm.nih.gov/). Subsequently, this

canonical SMILES representation was input into the SwissTargetPre-

diction interface. The screening condition was established by selecting

“Homo sapiens” as the designated species and considering probabili-

ties greater than 0. Additionally, SwissSimilarity (http://www.

swisssimilarity.ch/)22 free access tool was employed for the identifica-

tion of ligands within approved drug molecules exhibiting structural

similarity to siphonochilone. The SMILES code was submitted as a

query to the SwissSimilarity website, wherein the compound class

“Drugs” was selected, and the library “ChEMBL approved drugs” was

chosen, employing a combined methods approach.

2.13 | Statistical analysis

Different statistical tests were employed, depending on the type of

data under analysis. All statistical analyses and graphical representa-

tions were carried out using the Graphad Prism 9 software. To com-

pare two groups, the Student t-test was performed. For comparisons

involving multiple samples, one-way ANOVA (univariate comparison)
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and two-way ANOVA (comparison of two variables) were employed.

For cytotoxicity analysis, a non-linear regression was conducted to

calculate logEC50. Statistical significance was determined for differ-

ences with a p-value less than .05.

3 | RESULTS

3.1 | Siphonochilone shows cytotoxity against
several tumor cell lines

Cell viability and proliferation assays were used to evaluate the impact

of siphonochilone in tumoral cells as a possible anticancer treat-

ment.23 Cytotoxic effect of siphonochilone was evaluated in a panel

of 11 tumor cell lines of different origins (breast, pancreas, lung, colon,

and liver) and specie (human and mouse) after 72 h of drug exposure

siphonochilone showed a half maximal inhibitory concentration (IC50)

range between 22 and 124 μM in the tested cell lines (Table 1). The

most resistant cell line was the T84 human colon cancer cell line

(IC50 = 124.57μM). By contrast, MCF7 human breast cancer cell was

the cell line more sensible to siphonochilone showing the lowest IC50

(22.03 μM). The non-tumoral breast cell line (MCF10A) and macro-

phage cell line (RAW264.7) were also analyzed which showed a signif-

icantly higher IC50 (81.64 and 115.5 μM, respectively) than the

majority of tumor cell line. Furthermore, among the tested murine cell

lines, E0771 breast cancer cell line showed higher IC50 (50.42 μM)

than Panc2 pancreatic cancer cell line (23.01 μM).

In addition, the therapeutic effectiveness of siphonochilone as an

anticancer agent was evaluated using the SI (Table 2). Eight of the

eleven tumor cell lines tested showed a SI>2 in at least one of

the two non-tumor cell lines studied. The SI>2 of the cell lines ranged

from 2.09 to 3.71 compared with MCF10A and from 2.29 to 5.24

compared with RAW264.7. However, SKBR3, T84, and HepG2 cell

lines showed SI values lower than 2 for both non-tumor cell lines.

Their SI values ranged from 0.66 to 0.93 compared with MCF10A and

from 0.93 to 1.32 compared with RAW264.7.

3.2 | Siphonochilone induces inhibition of cell
division

CFSE assay was used to determine the implications of siphonochilone

in cell division. As shown in Figure 2A, fluorescence intensity of

CFSE-labeled cells decreases by half at each cell division. MCF7 and

PANC1 tumor cell lines exposed to siphonochilone IC50, exhibited a

fold change in fluorescence intensity of 2.37 and 2.80 times higher,

respectively, than their respective controls at 72 h (Figure 2B,C). A

similar trend of reduced cell division dose-dependent was also

observed in the RAW264.7 and MCF10A non-tumor cell lines

(Figure 2D,E). It should highlight that the MCF10A human non-tumor

TABLE 1 Determination of IC50

(μM)a of siphonochilone in different cell
lines.

Organ Cell line Origin Disease Cells/well Siphonochilonea

Breast MCF7 H AD 2.5 � 103 22.03 ± 1.79

T47D H C 1.4 � 104 30.19 ± 5.59

SKBR3 H AD 1.5 � 104b 108.02 ± 37.07

MCF10A H NT 104 81.64 ± 29.83

E0771 M C 4 � 103 50.42 ± 16.54

Pancreas PANC1 H C 8 � 103 39.03 ± 4.12

MiaPaCa2 H C 8 � 103 35 ± 14.19

Panc2 M AD 2.5 � 103 23.01 ± 12.59

Lung A549 H C 5 � 103 41.81 ± 17.52

Colon T84 H C 5 � 103 124.57 ± 15.44

HCT-116 H C 8 � 103 33.56 ± 4.36

Liver HepG2 H C 5 � 104 87.83 ± 7.16

Bone marrow RAW264.7 M NT 104 115.5 ± 48.85

Abbreviations: AD, adenocarcinoma; C, carcinoma; H, human; M, mouse; NT, non-tumoral.
aHalf-maximal inhibitory concentration (IC50) values calculated from dose-response curves as the

concentration of compound that inhibits cell survival by 50% compared with control. They are expressed

as means ± SD of triplicate samples each.
bCell number in 96-well plates, the rest of the cell lines were seeded in 48-well plates.

TABLE 2 The selectivity index (IC50 non-tumor cell line/IC50 tumor cell line) of siphonochilone for each of the cell lines used in this study.

MCF7 T47D SKBR3 E0771 PANC1 MiaPaCa2 Panc2 A549 T84 HCT116 HepG2

MCF10A 3.71 2.7 0.76 1.62 2.09 2.33 3.54 1.95 0.66 2.43 0.93

RAW264.7 5.24 3.83 1.07 2.29 2.96 3.3 5.02 2.76 0.93 3.44 1.32
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F IGURE 2 Reduction in cell division rate after siphonochilone treatment. The fluorescent signal of CFSE decreases by 50% with each cellular
division, and fluorescence detection is achieved through flow cytometry (A). Graphical representation of CFSE fluorescence intensity in
siphonochilone treated and non-treated MCF7 (B), PANC1 (C), RAW264.7, (D) and MCF10A (E) cells at different treatment times (0, 24, 48, and
72 h). Fold indicates fold change (CFSE)=(CFSE MFI siphonochilone-treated cells)/(CFSE MFI non-treated cells) for each time, where MFI is the
median fluorescence intensity.

6 ORTIGOSA-PALOMO ET AL.
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cell line exposed to 22 and 39 μM of siphonochilone only increased

the fold change of CFSE fluorescence intensity in 1.16 and 1.46 times,

respectively. These values were lower than those found in tumor cell

lines at the same siphonochilone concentrations. Therefore, a signifi-

cant increase of CFSE labeling was evident in siphonochilone-treated

cells compared with their respective untreated control, indicating a

reduction in cell division.

3.3 | Siphonochilone reduces cell colony formation
capacity in breast and pancreatic tumor cells

MCF7 and PANC1 cell lines characterized by a high proliferation rate

and a low siphonochilone IC50 were selected to determine the long-

term effect of the furanoterpenoid using a clonogenic assay. Colony

formation assays are based on the principle that normal cells need

contact with the surrounding cells and the extracellular matrix to pro-

liferate. In contrast, transformed or malignant cells can proliferate

independently of their surrounding environment. Consequently, the

most aggressive cells will develop colonies, and the quantification of

these colonies provides a measure of the malignant potential.23 As

shown in Figure 3A, colony formation in MCF7 was significantly

decreased in pretreated cells and cells exposed to 10 and 20 μM of

siphonochilone. On the other hand, PANC1 cells only showed a signif-

icant decrease in colony-forming capacity when the highest siphono-

chilone dose (30 μM) was used (Figure 3B).

3.4 | Siphonochilone modulates cell cycle
progression

Detecting alterations in the cell cycle's progression is a crucial aspect

of drug development. This is essential because it can provide valuable

data that helps to elucidate the mechanism of action of the drug.24

Our results showed that both MCF7 and PANC1 cell lines were

arrested by siphonochilone at the G2/M cell cycle phase. An increase

in cells in G2/M phase after 12 and 48 h of siphonochilone treatment

(16% and 8% at respectively) was observed (Figure 4A). Similar results

were observed in PANC1 although G2/M arrest was statistically sig-

nificant only after 12 h (12% of increase) of siphonochilone treatment

(Figure 4B). In addition, a progressive time-dependent increase of cell

percentage in SubG1 phase was observed in MCF7 cells after sipho-

nochilone treatment (Figure 4C). These differences were less marked

in PANC1 cell line (Figure 4D).

3.5 | Apoptosis and mitochondrial membrane
potential

Investigating mitochondrial function, a pivotal indicator of cell health,

involves evaluating alterations in mitochondrial membrane potential.

Therefore, disruption of mitochondrial function is an effect caused by

some antitumor drugs that has gained attention in recent years.25

Mitochondrial membrane depolarization analysis of MCF7 cell line did

not show any significant change in mitochondrial depolarization

(Figure 5A,B). By contrast, siphonochilone treatment induced mito-

chondrial depolarization in PANC1 cell line at 12 and 48 h in both IP+

and IP� labeled cells (Figure 5A,C). Concretely, after siphonochilone

exposure, the increase in the percentage of cells with altered mito-

chondrial membrane potential (DilC-) reached a 46% and 41 % at

12 and 24 h, respectively. Furthermore, as shown in Figure 5D, a

strong cytotoxic effect was observed in PANC1 after siphonochilone

treatment (12 and 24 h) causing cell death by both early and late apo-

ptosis (ranging from 22% to 27%) (Figure 5F). By contrast, there was

not a significant annexin V increase in MCF7 cells (Figure 5E).

3.6 | NAC pretreatment reduces cytotoxic effect
of siphonochilone

ROS are considered as typical byproducts of numerous cellular pro-

cesses. Nevertheless, elevated ROS levels can cause damage to

F IGURE 3 Clonogenic assay after human tumor cell lines exposure to siphonochilone. Colony growth analysis of MCF7 (A) and PANC1
(B) after siphonochilone treatment. Data represent the mean value ± SD of three replicates. * p < .05 and ** p < .01.

ORTIGOSA-PALOMO ET AL. 7

 15227278, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/tox.24308 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [14/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



F
IG

U
R
E
4

F
lo
w

cy
to
m
et
ry

ce
ll
cy
cl
e
an

al
ys
is
o
f
tu
m
o
r
ce
lls

af
te
r
si
ph

o
no

ch
ilo

ne
tr
ea
tm

en
t.
G
ra
ph

ic
al
re
pr
es
en

ta
ti
o
n
o
f
G
0
/1

,S
an

d
G
2
/M

p
h
as
es

o
f
ce
ll
cy
cl
e
af
te
r
tr
ea

tm
en

t
w
it
h

si
ph

o
no

ch
ilo

ne
at

1
2
an

d
2
4
h
in

M
C
F
7
(A
)a

nd
P
A
N
C
1
(B
)c
el
ll
in
es
.M

o
du

la
ti
o
n
Su

b
G
1
ce
ll
cy
cl
e
ph

as
e
by

si
ph

o
no

ch
ilo

ne
in

M
C
F
7
(C
)a

n
d
P
A
N
C
1
(D

).
R
ep

re
se
nt
at
iv
e
im

ag
es

o
f
ce
ll
cy
cl
e
an

al
ys
is

in
M
C
F
7
(E
)a

nd
P
A
N
C
1
(F
)f
ro
m

to
p
to

bo
tt
o
m
:c
o
nt
ro
la
nd

1
2
h
an

d
2
4
h
tr
ea

tm
en

t
w
it
h
si
ph

o
no

ch
ilo

ne
.D

at
a
re
pr
es
en

t
th
e
m
ea

n
va
lu
e
±
SD

o
f
th
re
e
re
p
lic
at
es
.*

p
<
.0
5
,*
*
p
<
.0
1
an

d
**
*
p
<
.0
0
1

ve
rs
us

co
nt
ro
lg
ro
up

.

8 ORTIGOSA-PALOMO ET AL.

 15227278, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/tox.24308 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [14/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



nucleic acids, proteins, lipids, organelles, and membranes, leading

to cell death.26 Then, ROS play a crucial role in the regulation of cell

death and survival in cancer cells. In this context, we used NAC to

determine the involvement of ROS in cell death mechanism of sipho-

nochilone. NAC-pretreated MCF7 and PANC1 cells at 0.5 and

8 mM, respectively, exhibited higher viability than those without

NAC pretreatment. The most protective effects of NAC were

observed at the highest doses of siphonochilone in both MCF7

(Figure 6A) and PANC1 (Figure 6B) cells. For instance, the use of

NAC reduced cell death by 25.1% ± 2.4% in MCF7 and 48.7%

± 6.3% in PANC1, when cells were exposed to 75 μM of

siphonochilone.

F IGURE 5 Proapoptotic activity and mitochondrial membrane depolarization in response to siphonochilone treatment in MCF7 and PANC1
cell lines. (A) Representative images of membrane potential assay using DilC and PI in MCF7 and PANC1. Graphical representation of
mitochondrial membrane depolarization after treatment with siphonochilone at 12 and 24 h in MCF7 (B) and PANC1 (C) cell lines.
(D) Representative images of apoptosis analysis using Annexin V and PI in MCF7 and PANC1. Graphical representation of apoptotic cells after
treatment with siphonochilone at 12 and 24 h in MCF7 (E) and PANC1 (F) cell lines. Data represent the mean value ± SD of three replicates.
*** p < .001 versus control group.
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3.7 | Intracellular ROS levels increase after
siphonochilone treatment

To assess intracellular ROS levels in cells treated with siphonochi-

lone for 4 and 12 h, cells were loaded with a ROS probe (DCFDA)

and DCF fluorescent intensity was measured by flow cytometry.

Our results showed that ROS levels significantly increased after

12 h of siphonochilone exposure in both MCF7 (Figure 6C) and

PANC1 (Figure 5D) (37% and 168%, respectively) compared with

control. However, to a shorter exposure time (4 h), siphonochilone

did not induce differences in ROS formation in any of cell lines

compared with the control. ROS generation was further confirmed

by fluorescence microscopy in MCF7 (Figure 6E) and PANC1

(Figure 6F).

F IGURE 6 Reactive oxygen species (ROS) generation by siphonochilone in MCF7 and PANC1 tumor cell lines. Percentage of cell proliferation
(% proliferation) in MCF7 (A) and PANC1 (B) cells after siphonochilone treatment with and without NAC pretreatment. Flow cytometry
determination of intracellular ROS in MCF7 (C) and PANC1 (D) cells. Data represent the mean value ± SD of three replicates. * p <.05, ** p <.01,
and *** p <.001 versus control group. Representative fluorescent microscopy images showing intracellular ROS (green) and Hoechst (blue)
staining in MCF7 (E) and PANC1 (F) cells. Magnification 40X.
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3.8 | Potential protein target and similarity search

SwissTargetPrediction analysis resulted in targets on three different

classes: 56% family A G protein-coupled receptor (Muscarinic acetyl-

choline receptor M1–M5), 33% electrochemical transporter (norepi-

nephrine, serotonin, and dopamine transporter) and 11% membrane

receptor (sigma opioid receptor), but with a low probability in all of

them (0.05) (Figure S1A). Also, SwissSimilarity was used to compare

the structure of siphonochilone with approved drugs and thus to com-

pare their potential biological activity, as well as to predict the possi-

ble application. A total of 30 small molecules were found with a

similarity score greater than 0 (Figure S1B). Highest similarity score

with a value of 0.394 was found between siphonochilone and Trioxsa-

len, a drug used for the treatment of psoriasis. Among these 30 mole-

cules, three of them are related to the treatment of neoplasms:

methoxsalen, erlosamide, and tolbutamide (Table S2).

4 | DISCUSSION

In the present study we reported the cytotoxic effect of siphonochi-

lone against a panel of human and mouse tumor cell lines and the

action mechanism by which it exerts its antiproliferative effect. To our

knowledge, it is the first time that the cytotoxic effect of siphonochi-

lone against tumor cell lines has been analyzed. Our findings revealed

that siphonochilone displayed significant cytotoxic effects on cancer

cell lines from different tissue origins including those derived from the

pancreas, breast, lung, colon, and liver. Interestingly, the IC50 value of

MCF-10A breast non-tumor cell line (81.64 μM) was higher than the

rest of breast cancer cell lines, with the exception of the SKBR3. Addi-

tionally, the IC50 value of RAW264.7 murine non-tumoral cell line was

only exceeded by T84 metastatic colorectal cancer cell line (115.5 ver-

sus 124.57 μM). This result suggests a potential selectivity of the

siphonochilone toward tumor cells. Regarding the SI, both cell lines

mainly tested in this study showed a SI>2. Specifically, MCF7 showed

a SI of 3.71 and 5.24 compared with MCF10A and RAW264.7,

respectively, and the PANC1 cell line showed a SI of 2.09 and 2.96

compared with MCF10A and RAW264.7, respectively. Low selectivity

of the antitumor drugs currently in use is one of the main limitations

in cancer therapy.27 Nevertheless, nowadays drugs with low selectiv-

ity rates are being used for the treatment of different types of cancer.

For instance, some authors have reported that the SI values in MCF7

for doxorubicin is 0.57 and for cisplatin 0.58,28 and for paclitaxel

0.94.29 Although, new studies will be necessary to determine the

selectivity of siphonochilone and its mechanisms of action, our results

suggest that it could be a good candidate for therapeutic develop-

ment. For future research, a possible approach to increase the SI

toward cancer cells could be the encapsulation of siphonochilone in

nano-systems to promote its controlled release at the target site.

In fact, association of natural compounds in drug delivery methods

may increase stability, effectiveness and bioavailability, and reduce

side effects.27 For instance, Ren et al. developed a nanocarrier for effi-

cient delivery of doxorubicin to cancer cells, increasing the selectivity

of the drug.30 Furthermore, Jiang et al. found that curcumin, a natural

product derived from a member of the Zingiberacae family, loaded in

nanoparticles enhances selectivity toward MCF7 and MDA-MB-231

tumor cells compared with RAW264.7 and CHO non-tumor cells.31

Few studies about the cytotoxic activity of furanoterpenoids from

S. aethiopicus have been described. Igoli et al. reported that sesquiter-

penes epi-curzerenone and furanodienone, isolated from

S. aethiopicus, did not exhibit cytotoxicity activity (even at 100 μg/mL)

whereas the 8 (17),12E-labdadiene-15,16-dial displayed a significant

cytotoxicity against SH-SY5Y (neuroblastoma), L929 (murine fibrosar-

coma) and Jurkat (leukaemia) cell lines and a moderate effect on Hs

27 (normal foreskin) cell line.32 In addition, Lategan et al. analyzed the

cytotoxic effect of three furanoterpenoids isolated from S. aethiopicus

against the CHO, a Chinese hamster ovary cell line used to assess the

toxicity of drugs, showing a higher IC50 value than those obtained

with the ethyl acetate extract of the plant.33

CFSE analysis showed that siphonochilone decreased cell division

in MCF7, PANC1, RAW264.7, and MCF10A cell lines. However, there

are some points that need to be highlighted. When examining the

effect of siphonochilone on cell division at equal doses among

the tumor cell lines and MCF10A, the reduction in division was more

evident in the tumor cell lines. Nevertheless, when comparing at equal

doses with RAW264.7, division in MCF7 was lower, but the same did

not occur at the IC50 dose of PANC1. Thus, a generalized differential

effect on cell division between tumor and non-tumor cell lines

remains unclear. The reduction in cell division rate of tumor cells was

consistent with alteration in the cell cycle. Our results indicated that

siphonochilone caused cell cycle arrest in G2/M phase along with an

increase in the number of cells in the Sub G1 phase, an effect depen-

dent on the time of exposure to siphonochilone in MCF7 and PANC1

cell lines. Few data have been described on the activity of furanoter-

penoid molecules in the cell cycle. Li et al. demonstrated that 20–

80 mM furanodienone led to a dose-dependent increase in sub G1

phase cell populations when administered in the presence of 17β-

estradiol.34 Therefore, compounds similar to the one tested in this

study cause a disruption in the progression of the cell cycle.

Concerning cell death mechanisms, following the observed

SubG1 increase, an analysis of programmed cell death or apoptosis

was conducted. Upon treatment with siphonochilone PANC1 pan-

creatic cancer cell line displayed an increase in the percentage of

apoptotic cells, along with an increase in mitochondrial membrane

depolarization. The negative results of MCF7 cells in apoptosis

induction could be due to not functional mechanisms of apoptosis

present in this cell line that have been related to the lack of the cas-

pase 3 effector.35 On the other hand, only with the use of furanodie-

none an opening of mitochondrial permeability transition pores

(mPTP) has been described in glioma cells36 suggesting mitochon-

drial damage and supporting our results with the use of siphonochi-

lone. In a similar way, an increase in breast and colorectal cancer cell

lines apoptosis after furanodienone treatment has been

described.37,38 Efficient eradication of cancer cells through pro-

grammed cell death, also known as apoptosis, has been a fundamen-

tal objective and goal of clinical cancer therapy for years.39
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Interestingly, the increased intracellular ROS production in tumor

cells by some antitumor drugs is one of the main mechanisms to

induce cytotoxicity.40,41 ROS are responsible for cell death mecha-

nisms such as apoptosis or autophagy.26,42 Therefore, we hypothe-

sized that apoptosis may be triggered by the generation of ROS.

Previous studies suggested that the cytotoxic effects of furanoterpe-

noids, such as furanodienone, could be attributed to ROS production.

In fact, Jiang et al. showed that treatment with the antioxidant NAC

attenuated the cytotoxic effects mediated by ROS.38 Similar results

were obtained with siphonochilone, where combined treatment with

the antioxidant NAC reduced the cytotoxicity induced by treatment

with siphonochilone alone. These findings suggest the involvement of

ROS in the cell death mechanism associated with siphonochilone. Fur-

thermore, our results showed a significant increase in ROS production

after 12 h of treatment in both cell lines, PANC1 and MCF7. In fact,

some classical cytotoxic drugs used in clinical practice such as cis-

platin43 are able to activate this cellular death mechanism. Addition-

ally, it has been demonstrated that natural sesquiterpenes such as

alantolactone44 can also modulate ROS production, suggesting that

siphonochilone might act through ROS to induce its demonstrated

cytotoxic activity.

Regarding SAR study, although the three possible families of tar-

get proteins (family A G protein-coupled receptor, electrochemical

transporter and membrane receptor) have the potential to participate

in the tumor process through their functions in cell signaling, sub-

stance transport, and survival cell, the virtual screening performed in

SwissTargetPrediction could not find any targets with a high binding

probability. However, the SwissSimilarity study yielded 30 molecules

with a score>0 structurally similar to siphonochilone. These small mol-

ecules with similarity to siphonochilone showed a wide range of

action with applications in many different diseases. Among them,

those related to the treatment of neoplasms include methoxsalen,

erlosamide, and tolbutamide. Erlosamide, commonly known as lacosa-

mide, showed a dose-dependent cytotoxic and anti-migratory effects

in human glioma cell lines U87MG, SW1483, and T98G, with IC20 of

300, 625 and 1178 μM, respectively. Lacosamide effects appeared to

be mediated by the regulation of miRNAs.45 Additionally, SM-88 has

been used in a clinical trial combined with methoxsalen, phenytoin,

and sirolimus in pretreated metastatic pancreatic ductal adenocarci-

noma (mPDAC) (NCT03512756) with encouraging effects on patients'

quality of life, disease control, and survival.46 The current findings

indicate that siphonochilone will require extensive experimental vali-

dation to elucidate their molecular targets. However, given its similar-

ity to molecules approved in the clinic for a wide range of diseases, it

could have alternative uses to cancer treatment.

Siphonochilone has been isolated from S. aethiopicus, commonly

known as African ginger. Ginger has been used as a medicinal herb for

centuries and provides multiple health benefits. Ginger's clinical appli-

cations have undergone extensive examination, leading to a substan-

tial number of clinical trials that examine the improvement of

vomiting and nausea, inflammation, metabolic syndromes, digestive

function, and markers of colorectal cancer.47 Nonetheless, the existing

literature does not present clinical trials involving any compounds

derived from the Zingiberaceae family as cytotoxic drugs. However,

various studies have revealed the therapeutic potential of ginger and

its bioactive components in a tumor context. This potential was evi-

denced by their cytotoxic effects on tumor cell lines, influence on

enzymatic activities, synergy with chemotherapy, plausible interac-

tions with the microbiota, and advancements in utilizing nanoparticles

loaded with these bioactive compounds.48 [10]-Gingerol, a bioactive

compound found in ginger roots, demonstrated a robust cytotoxic

effect against triple-negative breast cancer cell lines. This effect was

achieved through the mechanism of cell cycle arrest and cell death,

mainly mediated by apoptosis induced by mitochondrial outer mem-

brane permeabilization.49 These mechanisms are similar to those trig-

gered by siphonochilone, as explored in the current study.

Furthermore, S.aethiopicus ethanol and diethyl ether extracts caused a

decrease in viability, as well as damage to the cell membrane and cell

death through apoptosis and necrosis processes.50 Taken together,

the Zingiberaceae family presents a diverse array of potential health

benefits. Siphonochilone is a relatively underexplored compound

derived from S.aethiopicus that exhibits potential clinical relevance. To

further explore its potential, it is imperative to continue investigating

its underlying molecular mechanisms and its broad range of physiolog-

ical effects. Additionally, future in vivo experiments will allow us to

bring this molecule closer to a potential clinical trial.

Despite the results obtained, our work has certain limitations that

could be addressed in the future, such as (i) the study of a greater

number of breast and pancreatic cancer cell lines; (ii) the study of

other mechanisms of cell death, (iii) the analysis of the combination

of siphonochilone with drugs commonly used in the clinic to deter-

mine the synergistic effect, and (iv) in vivo studies. However, although

further study is needed, preliminary results show that siphonochilone

is a potential antitumor agent that we should explore.

5 | CONCLUSIONS

We analysed the siphonochilone-induced antitumor effects in vitro

using a panel of tumor cell lines that included breast, pancreatic, lung,

colon, and liver cancer. A further investigation about siphonochilone

cell death mechanism was carried out using the MCF7 breast cancer

and the PANC1 pancreatic cancer cell lines. Our findings demon-

strated that siphonochilone significantly induced G2/M phase arrest

and activated cell apoptosis via ROS-dependent mitochondrial path-

way. To our knowledge, it is the first time that the cytotoxic effect of

siphonochilone against tumor cells has been observed. This research

provides valuable insight into the molecular processes underlying

siphonochilone-induced cell death, offering potential implications for

the clinical development of this new drug as a cancer treatment, and

specifically breast and pancreatic cancer.
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