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Abstract We have previously shown that the two

sesquiterpene lactones, salograviolide A (Sal A) and iso-

seco-tanapartholide (TNP), isolated from the Middle Eastern

indigenous plants Centaurea ainetensis and Achillea falcata,

respectively, possess selective antitumor properties. Here,

we aimed to assess the anticancer effects of the separate

compounds and their combination, study their potential to

generate reactive oxygen species (ROS), and investigate

their underlying antitumor mechanisms in human colon

cancer cell lines. Cells were treated with Sal A and TNP

alone or in combination, and cell viability, cell cycle profile,

apoptosis, ROS generation and changes in protein expres-

sion were monitored. Sal A and TNP in combination caused

80 % decrease in HCT-116 and DLD-1 cell viability versus

only 25 % reduction when the drugs were used separately.

The antitumor mechanism involved triggering ROS-depen-

dent apoptosis as well as disruption of the mitochondrial

membrane potential. Further studies showed that apoptosis by

the Sal A and TNP combination was caspase-independent and

that ERK, JNK and p38 of the serine/threonine MAPKs sig-

naling pathway were involved in the cell death mechanism.

Taken together, our data suggest that the combination of Sal A

and TNP may be of therapeutic interest against colon cancer.

Keywords Anticancer � Colon cancer � Sesquiterpene

lactones � Reactive oxygen species � Combination therapy �
Synergism

Abbreviations

Bax Bcl-2-associated X protein

Bcl-2 B cell lymphoma 2

DTT Dithiothreitol

ERK Extracellular signal-related kinase

JNK c-Jun-NH2-terminal kinase

MAPK Mitogen activated protein kinase

NAC N-Acetyl cysteine

NF-jB Nuclear factor-kappaB

PI Propidium iodide

ROS Reactive oxygen species

SL Sesquiterpene lactone

Introduction

In many cultures, plant extracts have been used to treat

various diseases and physical ailments [1]. Secondary

metabolites synthesized by plants have been shown to
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mediate most of the biological activities of traditionally

used plant extracts [2].

Plant secondary metabolites are divided into four major

classes, amongst which are the terpenoids [3]. Sesquiterpene

lactones (SLs), a subfamily of the terpenoids, comprise

thousands of generally colorless bitter phytochemicals of

lipophilic nature [4]. Many SLs have shown promising

therapeutic potential against cancer when used alone or in

combination [4–8]. To date, three SLs have reached cancer

clinical trials [reviewed in 4]. Reactive oxygen species

(ROS) have been reported to mediate the antitumor activities

of SLs [9].

Researchers at the American University of Beirut Nature

Conservation Center for Sustainable Futures (Ibsar) have

isolated several hydroxylated SLs from Middle Eastern

indigenous plants, including is salograviolide A (Sal A)

from Centaurea ainetensis [10] and iso-seco-tanapartholide

(TNP) from Achillea falcata [11].

Sal A, which was first isolated in 1992 [12], possesses

antifungal [13], antibacterial [14], anti-inflammatory [15],

and anti-neoplastic properties [16, 17]. What makes Sal A

interesting is its lack of toxicity to normal primary murine

keratinocytes and normal human intestinal cells, and its

selective inhibition of the growth of neoplastic epidermal

benign tumors, squamous cell carcinomas and colon cancer

cell lines [16, 17]. We showed that the mechanism

underlying Sal A antitumor activity is ROS accumulation,

increase in the Pre-G1 phase of the cell cycle, and apoptosis

induction, alongside its ability to modulate key cell cycle

regulators and the nuclear factor-kappaB (NF-jB) signal-

ing pathway [16, 17]. On the other hand, TNP was only

tested against the immortalized human keratinocyte cell

line HaCat and was found to significantly reduce cell via-

bility [11]. The 3b-methoxy-iso-seco-tanapartholide iso-

mer of TNP was shown to inhibit promoter-induced cell

proliferation of keratinocytes and reduce the proliferation

of papilloma and malignant epidermal cells through the

modulation of AP-1 and NF-jB transcriptional activities as

well as their downstream targets (N. Darwiche, unpub-

lished results).

Research on the anticancer effects of drug combinations

has significantly increased over the past few years. Studies

have shown that the combination of several SLs enhances

their anticancer, antimicrobial and anti-inflammatory

activities [4, 9, 18]. Moreover, the loss of biological

activity upon fractionation and purification of plant extracts

rich in SLs has suggested a potential synergistic interaction

between the different SLs [18]. Regardless of the nature of

the combined compounds, drug synergism remains today a

phenomenon with great pharmaceutical potential.

The combination of the two plant-derived SLs, Sal A and

TNP, has never been investigated against cancer. Therefore,

we aimed to assess the effects of these two SLs against

human colon cancer cell lines and investigate their putative

oxidative potential and underlying antitumor mechanisms.

Materials and methods

Cell culture

HT-29, HCT-116 and DLD-1 human colon cancer cell

lines were cultured in RPMI 1640 with 25 mM HEPES and

L-glutamine purchased from Gibco BRL Life Technologies

(MA, USA). Normal human intestinal epithelial cells (FHs

74 Int) were cultured in Hybricare medium (ATCC, VA,

USA) supplemented with 30 ng/mL of EGF (Biosource,

CA, USA), while the normal mouse intestinal Mode-K

cells were cultured in DMEM low glucose media supple-

mented with 2 mM sodium pyruvate (Sigma, MO, USA)

and 0.1 mM of non-essential amino acids (Gibco). All

media were supplemented with 1 % penicillin/streptomy-

cin (100 U/mL) and 10 % heat-inactivated FBS (Gibco)

and cells were grown at 37 �C in a humidified atmosphere

of 5 % CO2 and 95 % air.

Drug preparation and cell treatment

Sal A and TNP (Fig. 1) were extracted and purified from

C. ainetensis and A. falcata, respectively, as described

elsewhere [10, 11]. The purity of the compounds was

confirmed using hydrogen nuclear magnetic resonance

spectroscopy (H-NMR) and gas chromatography coupled

with mass spectrometry (GC–MS). Predominant peaks

characteristic of each molecule are identified and peaks

related to interferences are reduced to a minimum.

The pure compounds, Sal A and TNP, were dissolved in

ethanol at concentrations of 27.7 and 35.2 mg/mL. Con-

centrations ranging between 3 and 20 lg/mL were

obtained by dilution in the cells’ respective media. Unless

otherwise specified, all cells were seeded at a density of

1 9 105 cells/mL and 24 h later, at 50 % confluency,

treated with the desired concentrations for 0.5, 1, 2, 4, 8 or

24 h as indicated. The final ethanol concentration on the

cells was less than 0.1 %.

Cytotoxicity and viability assays

Cells were plated in 96-well plates and treated in triplicate

with the different concentrations. In some experiments,

5 mM of the antioxidants N-acetyl cysteine (NAC) or

vitamin C (Sigma) were added to the medium 2 h prior to

treatment, while in others, 20 lM of the pharmacological

inhibitors MEK-1 (PD98059) (Cell Signaling Technology,

Beverly, MA, USA), p38 (SB203580) (Biosource), JNK

(SP600125) (Selleck Chemicals, Houston, TX, USA) or
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caspase-9 (Z-LEHD-fmk) (Calbiochem, CA, USA) were

added 1 h prior to treatment. Cytotoxicity measured by

lactate dehydrogenase release was recorded 6 h post-

treatment at 492 nm using the Cell Titer 96 non-radioactive

cytotoxicity kit, while viability, as measured by the ability

of cells to metabolize tetrazolium salt (MTT), was recorded

24 h after treatment at 570 nm using the Cell Titer 96 non-

radioactive cell proliferation assay kit according to the

manufacturer’s instructions. Both kits were purchased from

Promega Corp (WI, USA). The combination indices (CI)

and normalized isobolograms were obtained using the

CalcuSyn software from Biosoft (Cambridge, MA, UK).

The CI formula is: CI = Da/Dax ? Db/Dbx, where D indi-

cates the doses of combined Sal A (Da) and TNP (Db)

inhibiting x % of the cells viability and Dax and Dbx indi-

cate the doses of Sal A and TNP alone, respectively,

inhibiting x % of the cells viability, as calculated from

the equation: Dx = Dm[fa/(1 - fa)]/m, where Dm is the

median-effect dose of the drug (determined from the

x-intercept of the median-effect plot), fa is the fraction

affected by the dose, and m is the slope of the median-

effect plot.

Cell cycle analysis

Detached cells in the supernatants in addition to the

attached cells were collected 24 h after treatment. The

pellets were washed with phoosphate-buffered saline (PBS)

(Gibco), fixed with 70 % ice-cold ethanol and stored at

-20 �C overnight. Cells were then washed twice with PBS

and incubated with 200 lg/mL RNAse A (Sigma) for 1.5 h

at 37 �C before staining with 0.625 lg/mL of propidium

iodide (PI) (Molecular Probes, OR, USA) for 30 min. The

fluorescence intensity was measured by flow cytometry

using a Fluorescence Activated Cell Sorter (FACS) flow

cytometer (Becton–Dickinson, Research Triangle Park,

NC, USA). Cell cycle analysis was performed using the

Cell Quest program.

TUNEL assay

Fragmented DNA was quantified by the terminal deoxy-

transferase-mediated dUTP nick-end labeling assay

(TUNEL). Detached and attached cells were collected 24 h

post-treatment, washed twice with PBS, resuspended in

4 % formaldehyde and incubated at room temperature for

30 min. Cells were then pelleted, washed with PBS,

resuspended in 100 lL solution containing PBS, 0.1 %

sodium citrate, and 0.1 % Triton X-100 and incubated for

2 min on ice. A second wash of the cells with PBS was

followed by suspension in 50 lL TUNEL reaction mixture

consisting of 45 lL of the labeling solution and 5 lL of the

enzyme solution. After 1 h incubation in the dark in a

humidified atmosphere at 37 �C, the mixture was washed

and the suspension with 450 lL of PBS was used for flow

cytometry analysis.

DCFH assay

Generation of intracellular H2O2 was measured using

5-(and-6)-chloromethyl-20,70-dichlorodihydrofluorescein

diacetate, acetyl ester (CM-H2DCFDA) kit (Invitrogen

Molecular Probes, Eugene, OR, USA), a derivative of the

DCFDA but with an additional thiol reactive chloromethyl

group that enhances the ability of the compound to bind to

intracellular components. CM-H2DCFDA is non-fluores-

cent until removal of the acetate groups by intracellular

esterases and oxidation by H2O2 to form the highly fluo-

rescent derivative 20-70-dichlorofluorescein (DCF). At

50 % confluency, the growth medium (10 % FBS) was

replaced by low serum (2 % FBS) media. The cells were

treated with the respective drug concentrations (also pre-

pared in low serum media) for 30 min. The medium was

subsequently removed and the cells were washed twice and

resuspended in 500 lL of PBS, after which CM-

H2DCFDA (10 lM) was immediately added, and samples

were analyzed with a FACS scan flow cytometer on the

FL-1 channel with excitation set at 488 nm and emission at

530 nm.

Rhodamine staining

The mitochondrial membrane potential was measured

using rhodamine 123 (Invitrogen), a green fluorescent dye

that accumulates in active mitochondria with high mem-

brane potential. The cells were plated at a density of

2 9 105 cells/mL and 24 h later treated with the drugs for

6 h before harvesting. The pellets were washed twice in

Fig. 1 The chemical structures of Sal A and TNP. a Salograviolide A

(3b-acetoxy-8a,9b-dihydroxy-1aH,5aH,6bH,7aH-guaian-4(15),10(14),

11(13)-trien-6,12-olide) with molecular formula C17H20O6 (320 g/mol).

b Iso-seco-tanapartholide [(4S,5S)-5-[(3S)-3-hydroxy-2-methyl-5-oxo-

cyclopenten-1-yl]-3-methylidene-4-(3-oxobutyl)oxolan-2-one] with

molecular formula C15H18O5 (278 g/mol)
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rhodamine buffer and stained for 30 min at 37 �C by

adding 5 lM rhodamine 123 dye. Finally, the cells were

washed and resuspended in the rhodamine buffer before

reading by flow cytometry.

Protein extraction and Western blotting

The p-ERK (E-4), p-JNK (G-7) and p-p38 (D-8) antibodies

and the antimouse and antirabbit IgG-HRP were obtained
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from Santa Cruz (CA, USA). Bax and Bcl-2 antibodies

were from Biosource and the GAPDH was from Biogenesis

(Poole, UK). Briefly, cells were seeded in 100 mm dishes,

treated with the corresponding concentrations and collected

at different time intervals after treatment. Cells were lysed

and protein concentrations were determined using the DC

BioRad protein assay kit (CA, USA) according to the

manufacturer’s instructions. The proteins were then

resolved by SDS-PAGE on a 12 % denaturing polyacryl-

amide gel and transferred onto a PVDF membrane at 30 V

overnight. The membrane was immunoblotted with the

appropriate primary and secondary antibodies, reacted with

enhanced chemiluminescence reagent and exposed to

X-ray films for different time periods.

Results

The combination of Sal A and TNP enhances

their antitumor activity

Three human colon cancer cell lines (HCT-116, DLD-1

and HT-29) and two normal intestinal cell lines (FHs 74 Int

and Mode-K) were treated for 24 h with Sal A or TNP at

concentrations ranging between 1 and 20 lg/mL. At these

concentrations, both compounds are non-cytotoxic to the

aforementioned normal cells (data not shown). Figure 2a, b

shows no significant reduction of the viability of normal

cells in response to increasing concentrations of Sal A or

TNP for up to 15 lg/mL. In contrast, both drugs inhibited

the viability of all colon cancer cells in a dose-dependent

manner, with DLD-1 having the highest sensitivity. The

IC50 value of Sal A against DLD-1 and HCT-116 was

around 8 lg/mL and that of TNP was around 10 lg/mL.

The same trend was found with Trypan Blue assay (data

not shown). These results highlight an important aspect of

Sal A and TNP, which is their tumor specificity that

enables them to differentially target cancer cells.

We next aimed at assessing the effect of the drug

combination against DLD-1 and HCT-116 cells, as they

were the most sensitive to the treatment. We combined

different concentrations of Sal A and TNP and found a

clear enhancement of the anticancer potential when the

cells were subjected to the drug combination compared to

the separate treatments. As indicated, Sal A (3 lg/mL) and

TNP (5 lg/mL) alone decreased the viability of both

DLD-1 and HCT-116 cells by approximately 20 %

whereas the combination treatment caused an 80 %

decrease of viability in both cell lines (Fig. 2c). In order to

confirm that this outcome is greater than the additive

effects of each drug alone, we assessed for drug synergism

by the Sal A (3 lg/mL) and TNP (5 lg/mL) combination

in both cell lines using the CalcuSyn software. As shown in

the overlayed normalized isobolograms (Fig. 2d), the

combination index values (CI) which measure the degree

of drug interaction were \1, indicating drug synergism.

Cell cycle changes in response to the different treat-

ments were subsequently investigated. As shown in

Fig. 2e, the separate treatments with Sal A (3 lg/mL) and

TNP (5 lg/mL) caused a 50 % increase of DLD-1 cells in

G2/M while separate treatments of HCT-116 cells caused

39 and 46 % increases of cells in G2/M, respectively. The

combination treatment, however, induced massive cell

death as evidenced by the Pre-G1 accumulation of 65 % of

treated DLD-1 and 50 % of treated HCT-116 cells. Clearly,

the combination treatment synergistically enhanced the

anticancer potential of the individual compounds.

ROS generation following the combination

treatment leads to apoptosis

To determine whether the Pre-G1 accumulation of treated

DLD-1 and HCT-116 cells is due to apoptosis, we per-

formed TUNEL assays. Separate SLs treatments caused

less than 5 % of TUNEL-positive DLD-1 and HCT-116

cells, while the combination treatment caused at least 60 %

TUNEL positivity (Fig. 3a).

Interestingly, the apoptotic response was completely

eliminated after pre-treatment of the cells for 2 h with

5 mM of the strong antioxidant NAC. This suggests an

involvement of ROS in the mechanism of cell death

induced by the combination treatment. We investigated the

Fig. 2 Sal A and TNP combination enhances their growth-suppres-

sive effects in colon cancer cell lines. Normal intestinal cells (FHs 74

Int and Mode-K) and colon cancer cells (HCT-116, DLD-1 and HT-

29) were plated in triplicate in 96-well plates at a density of

1 9 105 cells/mL. At 50 % confluency, all cells were treated for 24 h

with different concentrations (1–20 lg/mL) of Sal A (a) and TNP (b).

DLD-1 and HCT-116 were treated with Sal A (3 lg/mL), TNP (5 lg/

mL) and their combination (Comb) (3 lg/mL Sal A with 5 lg/mL

TNP) (c). Cell viability (expressed as percentage of control non-

treated cells) was determined at 24 h after treatment using the Cell

Titer 96 non-radioactive cell proliferation kit as described in

‘‘Materials and methods’’. HCT-116 and DLD-1 were plated in

6-well plates at a density of 1 9 105 cells/mL. At 50 % confluency,

they were treated with Sal A (3 lg/mL), TNP (5 lg/mL) and their

combination (3 lg/mL Sal A with 5 lg/mL TNP). Overlayed

normalized isobolograms showing the combination indices (CI) for

Sal A (3 lg/mL) and TNP (5 lg/mL) at 24 h after combination

treatment of DLD-1 and HCT-116 cells (d). The CI and normalized

isobolograms were obtained using CalcuSyn software with CI \ 1

suggesting synergism between Sal A and TNP in both HCT-116 and

DLD-1 cell lines. Cell cycle distribution of treated HCT-116 and

DLD-1 in Pre-G1, S and G2/M was analyzed by flow cytometry of

PI-stained DNA 24 h after treatment (e). The FL2-A signal recorded

corresponds to the emitted fluorescent light of the DNA dye FL2

measured as pulse area of the samples. Representative histograms

from one of the two separate experiments are shown; each value

represents the mean of two independent experiments each done in

triplicate. Statistical significance: *P \ 0.05 and **P \ 0.01 with

respect to control using Dunnett’s multiple comparison test

b
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oxidative potential of the drugs using the DCFH assay.

Cells were treated with Sal A, TNP or their combination

and comparisons were made to control cells or 500 lM

H2O2-treated cells. As shown in Fig. 3b, Sal A and TNP

alone did not cause significant ROS production in any of

the cell lines, whereas the combination resulted in a major

oxidative stress. Compared to the control, the combination

treatment increased the intracellular levels of ROS by

about 25 times in both cell lines. This pro-oxidant shift was

comparable to that induced by 500 lM H2O2, pointing out

the important oxidative potential of the combination

treatment in targeting colon cancers.

To further assess the role of ROS in cell death, we

measured the viability of DLD-1 and HCT-116 cells and

analyzed their cell cycle profiles in the presence of the

antioxidants NAC, dithiothreitol (DTT), vitamin C and

J Nat Med (2013) 67:468–479 473
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SLs. Pre-treatment of the cells with NAC reversed the

combination-induced inhibition in cell viability from 80 to

8 % in DLD-1 cells and from 80 to 13 % in HCT-116 cells

(Fig. 3c). Vitamin C and DTT also reversed the inhibition

in cell viability but to a lesser extent than NAC. The

combination of Sal A and TNP caused 65 % death in

DLD-1 cells and 50 % in HCT-116 cells; however, NAC

pre-treatment eliminated the accumulation of DLD-1 and

HCT-116 cells in Pre-G1 phase and resulted in a similar

cell cycle distribution to control cells (Fig. 3d), which

confirms the implication of ROS in cell death.

Mitochondrial membrane permeabilization and

MAPKs activation mediate cell death

The mitochondrion is the major site for ROS generation.

High ROS production is generally considered a sign of

mitochondrial dysfunction [19]. In an attempt to decipher

the mechanisms implicated in cell death, we tested the

effect of Sal A and TNP combination on the mitochondrial

membrane potential using rhodamine 123. As shown in

Fig. 4a, Sal A and TNP treatment alone had no effect on

the mitochondrial membrane potential of DLD-1 and HCT-

116 cells. However, the combination induced a major

disruption of the mitochondrial membrane potential as

measured by the reduced accumulation of the fluorescent

rhodamine dye. As expected, pre-treatment of the cells

with NAC totally reversed the permeabilization of the

mitochondrial membrane, which confirms the role of ROS

in the induction of cell death. Consistently, the expression

level of pro-apoptotic Bax was increased in a time-

dependent manner when treated with the combination,

while Bcl-2 protein expression was decreased (Fig. 4b),

which further confirms the involvement of mitochondria in

drug-induced apoptosis [20].

The involvement of the MAPKs pathway in ROS-

induced cell death is well established [21]. Consequently,

we studied the expression levels of p-ERK (Tyr 204),

p-p38 (Tyr 182) and p-JNK (Thr 183, Tyr 185) (Fig. 4b).

The protein levels of all tested MAPKs in treated DLD-1

cells increased starting 4 h post-treatment. Densitometry

analysis showed that the maximal induction was 2.5-,

2- and 2-fold for p-JNK, p-ERK and p-p38 proteins,

respectively, at 8 h after treatment. Interestingly, the

increased expression of p-JNK protein in response to the

combination treatment appeared to heavily rely on TNP,

while the activation of ERK and p38 was observed only

when the two compounds were combined (Fig. 4b).

To evaluate whether the activation of the MAPK path-

way was implicated in the cell death mechanism induced

by the combined drugs, we performed cell viability assays

after pre-treatment of cells with 10 lM of the specific ERK

inhibitor (PD98059), p38 inhibitor (SB203580) or JNK

inhibitor (SP600125) (Fig. 4c, d). The viability in the

presence of the specific ERK and p38 inhibitors was

reduced by only 15 % (HCT-116) and 20 % (DLD-1),

versus an 80 % reduction when Sal A was combined with

TNP in the absence of inhibitors (Fig. 4c). The viability of

HCT116 was significantly higher when cells were pre-

treated with the JNK inhibitor prior to combination treat-

ment (Fig. 4d). These results suggest the involvement of

the MAPKs in the antitumor mechanism of the combined

drugs. Cell cycle analysis in the presence of the ERK and

p38 inhibitors also showed a reversal of the Pre-G1 accu-

mulation of DLD-1 cells treated with Sal A and TNP

(Fig. 4e).

Cell death mechanism is caspase-independent

Caspases are known to be major mediators of apoptosis,

mainly through the activation of caspase-8 which triggers

the extrinsic apoptosis pathway or through the activation of

caspase-9 which triggers the intrinsic pathway [22]. We

investigated the involvement of caspase-9 because its

activation is stress-induced and mediates the mitochondrial

Fig. 3 Sal A and TNP combination treatment induces ROS and

apoptosis in colon cancer cells. The induction of apoptosis in HCT-

116 and DLD-1 cells 24 h after treatment with Sal A (3 lg/mL), TNP

(5 lg/mL), the combination (3 lg/mL Sal A with 5 lg/mL TNP) or

pre-treatment with NAC (5 mM for 2 h) followed by the combination

was assayed using TUNEL as described in ‘‘Materials and methods’’.

Percent TUNEL positive cells was determined using Cell Quest (a).

ROS levels in response to treatment for 30 min with Sal A (3 lg/mL),

TNP (5 lg/mL) or the combination (3 lg/mL Sal A with 5 lg/mL

TNP), or 5 min with 500 lM H2O2 were determined by DCFH assay

and were expressed as percentage increase over the untreated control

(b). DLD-1 and HCT-116 cells were kept at low serum (2 % FBS) at

the time of treatment and 10 lM of dye were used. The results

represent the median fluorescence of 10,000 counts of each condition.

The antioxidants NAC, vitamin C (Vit C) and DTT were all applied at

5 mM for 2 h and followed or not with the combination treatment as

indicated. The effect of antioxidant pre-treatment on cell viability was

assessed at 24 h (c) and the effect of the NAC antioxidant on cell

cycle changes after 24 h of treatment was further assessed (d).

Representative histograms from one of the two separate experiments

are shown; each value represents the mean of two independent

experiments each in triplicate. Statistical significance: *P \ 0.05 and

**P \ 0. 01 with respect to control using Dunnett’s multiple

comparison test. DLD-1 and HCT-116 cells were kept at low serum

(2 % FBS) at the time of treatment and 10 lM of dye were used. The

results represent the median fluorescence of 10000 counts of each

condition. The anti-oxidants NAC, vitamin C (Vit C) and DTT were

all applied at 5 mM for 2 h and followed or not with the combination

treatment as indicated. The effect of antioxidants pre-treatment on

cell viability was assessed at 24 h (c) and the effect of the NAC

antioxidant on cell cycle changes after 24 h of treatment was further

assessed (d). Representative histograms from one of the two separate

experiments are shown; each value represents the mean of two

independent experiments each in triplicates. Statistical significance:

* P\0.05 and **P\0. 01 with respect to the control using Dunnett’s

multiple comparison test

b
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apoptotic intrinsic pathway. To this aim, we determined the

effect of the specific inhibitor of caspase-9 (Z-LEHD-fmk)

on cell viability and cell cycle regulation of HCT-116 and

DLD-1 cells. Figure 5a indicates that pre-treatment of both

cell lines with 20 lM of caspase-9 inhibitor did not reverse

the inhibition in cell viability induced by the combination

treatment, although linalyl acetate and terpeniol combina-

tion-induced cell death was reversed by 20 lM of caspase-
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9 inhibitor in HCT116 cells in a previous study by our

group [23]. The same result was obtained with respect to

cell cycle progression of DLD-1 cells (Fig. 5b). Further-

more, Western blot analysis showed that, in response to the

combination treatment, not only pro-caspase-9 but also its

downstream effecter pro-caspase-3 were not cleaved (data

not shown). Therefore, these experiments rule out the

involvement of caspases in apoptosis induced by Sal A and

TNP .

Discussion

The most popular anticancer drugs today are plant-derived

[4, 24]. SLs are promising anticancer agents known to

differentially modulate cancer-related pathways [24]. Here,

we show that the two SLs, Sal A and TNP, respectively

isolated from C. ainetensis and A. falcata, selectively

inhibited the viability of several human colon cancer cells

but had limited effect on normal cells.

The main advantage of combination treatments is the

possibility of limiting the non-specific toxicity that is often

observed with high-dosage single-treatment modalities. In

the present study, we found that the treatment of cells with

low doses of Sal A or TNP alone did not affect cell via-

bility, whereas their combination at the same concentra-

tions synergistically sensitized human colon cancer cell

lines and triggered massive cell death by apoptosis. Our

results indicating that the cell death caused by the combi-

nation treatment is related to their ability to produce ROS

are in accordance with previous studies showing that SLs

generate high levels of ROS which positively correlate

with the degree of cytotoxicity [21].

The anticancer effects of many plant-derived and clini-

cally used chemotherapeutic agents, including parthenolide,

are mediated, at least in part, by increasing intracellular ROS

levels [16, 25, 26]. Sal A and TNP combination treatment

significantly increased ROS and could therefore be an

attractive strategy for sensitizing tumor cells to cell death.

ROS production may be attributed to the drugs’ ability to

directly interact with glutathione and other thiol-bearing

enzymes, disrupt the cellular redox balance by depleting the

intracellular thiols and induce oxidative stress, leading

subsequently to cell death [4, 21, 27].

Apoptosis, the predominant mechanism of cell death

triggered by SLs [21], is an effective anticancer mechanism

[24, 28]. Consistently, Sal A and TNP in combination

triggered cell death by apoptosis. Apoptosis in malignant

cells is triggered by either targeting the mitochondrial or

the receptor pathways of apoptosis [28–30]. An early event

in the mitochondrial apoptotic cascade is the reduction of

mitochondrial membrane potential, which may be a sign of

mitochondrial swelling and membrane permeabilization

[19]. Both Bcl-2 and Bax are apoptosis-related proteins

implicated in the apoptotic mitochondrial pathway [20].

We found that the combination of Sal A and TNP induced a

collapse in mitochondrial membrane potential and signifi-

cantly increased the ratio of Bax to Bcl-2 proteins. The

accumulation of intracellular ROS accounted for the dis-

ruption of the mitochondrial membrane and apoptosis, as

supported by the reversal of these effects in the presence of

several antioxidants including NAC, which is able to

inhibit oxidative stress by scavenging ROS and replenish-

ing glutathione (GSH). Elimination of pro-oxidation by

NAC significantly suppressed the cytotoxic effects of Sal A

and TNP, indicating that the drug-induced apoptosis may

be partially mediated by pro-oxidation.

The MAPKs pathway plays an important role in the

transduction of apoptotic signals initiated by toxic stimuli

or stress [31, 32]. Currently, there are three known

Fig. 4 Cell death mechanism induced by the combination treatment

involves mitochondrial membrane permeabilization and MAPKs

activation. DLD-1 and HCT-116 cells were treated with Sal A

(3 lg/mL for 6 h), TNP (5 lg/mL for 6 h), the combination (3 lg/mL

Sal A with 5 lg/mL TNP for 6 h), the antioxidant NAC (5 mM for

2 h), or NAC (5 mM for 2 h) followed by the combination (3 lg/mL

Sal A with 5 lg/mL TNP for 6 h). The effect of the different

treatments on the mitochondrial membrane potential was assessed

using rhodamine assay as described in ‘‘Materials and methods’’ (a).

The FL1 signal recorded corresponds to the fluorescent light emitted

by the rhodamine dye. The expression levels of the MAPKs proteins

p38, ERK and JNK and of the pro-apoptotic Bax and anti-apoptotic

Bcl-2 proteins were assessed by Western blotting of DLD-1 cells

treated, at the indicated time points, with Sal A (3 lg/mL), TNP

(5 lg/mL), their combination (3 lg/mL Sal A with 5 lg/mL TNP) or

with 2 h NAC (5 mM) followed by the combination (3 lg/mL Sal A

with 5 lg/mL TNP). Representative Western blots from one of two

independent experiments (b). DLD-1 and HCT-116 cells were treated

with Sal A (3 lg/mL for 24 h), TNP (5 lg/mL for 24 h), the

combination (3 lg/mL Sal A with 5 lg/mL TNP for 24 h), the p38

inhibitor PD98058 (PD) (10 lM for 1 h), the ERK inhibitor

SB203580 (SB) (10 lM for 1 h), PD (10 lM for 1 h) followed by

the combination treatment or SB (10 lM for 1 h) followed by the

combination treatment, and the effects of the different treatments on

cell viability was assessed (c). HCT116 were treated with the

combination (3 lg/mL Sal A with 5 lg/mL TNP for 8 h), the JNK

inhibitor SP (SP) (10 lM for 1 h) or SP (10 lM for 1 h) followed by

the combination treatment and the effects of the different treatments

on cell viability was assessed (d). Each value represents the mean

?/- SD of two independent separate experiments each in duplicates.

Statistical significance: **P \ 0.01 comparing combination alone

with combination ? SP600125 using t test. DLD-1 and HCT-116

cells were treated with Sal A (3 lg/mL for 24 h), TNP (5 lg/mL for

24 h), the combination (3 lg/mL Sal A with 5 lg/mL TNP for 24 h),

the p38 inhibitor PD98058 (PD) (10 lM for 1 h), theERK inhibitor

SB203580 (SB) (10 lM for 1 h), PD (10 lM for 1 h) followed by the

combination treatment or SB (10 lM for 1 h) followed by the

combination treatment, and the effects of the different treatments on

cell cycle distribution (e) were assessed as described. Representative

histograms from one of the two separate experiments are shown; each

value represents the mean ± SD of two independent experiments

each in triplicates. Statistical significance: **P \ 0.01 and *P \ 0.05

with respect to the control using Dunnett’s multiple comparison test

b
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MAPKs: the extracellular signal-regulated kinase (ERK1/2),

the c-Jun N-terminal kinase/stress-activated protein kinase

(JNK), and p38. The activation of ERK, JNK and p38 is a

key event in the induction of cell death triggered by SLs

[32]. In addition, recent evidence indicates that ROS accu-

mulation results in sustained JNK and p38 activation, lead-

ing to cell death [33–35]. Our study demonstrates that the

protein expression levels of p-JNK, p-ERK and p-p38

increased in cells treated with the drug combination,

reaching its maximum 8 h after treatment. p-JNK expression

levels were modulated by TNP and not by Sal A. The

alleviation of the combination-mediated antitumor effects in

the presence of the ERK and p38 specific inhibitors

emphasizes a critical contribution of the MAPKs pathway in

Sal A and TNP combination treatment-induced cell death.

Interestingly, the SL thapsigargin, which has reached the

clinic, causes cell death by specifically activating ERK and

p38 in response to ROS [36]. Additionally, the maximal

activation of the MAPKs that was observed at the same time

as Bcl-2 reduction suggests a putative involvement of the

MAPKs in Bcl-2 inhibition.

The regulation of p-JNK by TNP but not by Sal A

highlights the drugs’ ability to differentially target mem-

bers of the same pathway. Therefore, it would be inter-

esting to determine how TNP affects well-known targets of

Sal A in order to elucidate the similarities and differences

in the drugs’ mechanisms of action. In fact, three major

pathways are reported in SLs’ sensitization of cancer cells

to clinical chemotherapeutic agents, namely ROS produc-

tion, regulation of the MAPK family of proteins and NF-

jB inhibition [21]. While none of the drugs generated ROS

separately at the concentrations used, TNP differentially

modulated the MAPK pathway and Sal A was previously

shown to regulate NF-jB [16]. This suggests that Sal A and

TNP can be attractive candidates for adjuvant therapy with

other clinically used drugs.

Fig. 5 Cell death mechanism

induced by Sal A and TNP

combination treatment is

caspase-independent. HCT-116

and DLD-1 cells were treated

with the combination (3 lg/mL

Sal A with 5 lg/mL TNP for

24 h), control solvent DMSO,

caspase-9 inhibitor Z-LEHD-

FMK (Casp-9) (applied at

20 lM for 1 h) and caspase-9

inhibitor applied at 20 lM for

1 h prior to the combination

treatment (3 lg/mL Sal A with

5 lg/mL TNP for 24 h) and the

effects of the different

treatments on cell viability

(a) and cell cycle changes

(b) were determined. In b,

representative histograms from

one of the three separate

experiments are shown; each

value represents the mean of

three separate experiments each

in duplicate. Statistical

significance: **P \ 0.01 with

respect to control using

Dunnett’s multiple comparison

test
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Conclusions

In conclusion, our study provides the first evidence that the

combination of the two SLs, Sal A and TNP, enhanced

apoptosis in human colon cancer cells through ROS pro-

duction, disruption of mitochondrial membrane potential,

activation of ERK, JNK and p38, and upregulation of the

Bax/Bcl-2 ratio. The similarity between the mode of action

of the Sal A and TNP combination with the clinical SLs

parthenolide and thapsigargin suggests that combining Sal

A and TNP may be an effective approach for cancer

therapy. Future experiments are underway to further

understand the mechanism of action of these combined

drugs as well as to assess their effects in animal models.
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