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trypsin/EDTA and resuspended in 1 ml of PBS. 10 µl of 20% (w/v) trypan blue were added to each 

sample. After a 1 min incubation at room temperature, 10 µl of each cellular suspension were 

analyzed under a light microscope and the trypan blue-positive cells were counted as percentage of 

dead cells on a total number of 200 cells. 

Annexin V/propidium iodide (PI) assay. Cells were incubated for 6 h in the experimental 

conditions described under the Results section, then they were washed and cultured for other 24 h in 

fresh medium. After this incubation time, cells were rinsed twice with fresh PBS, detached with the 

Cell Dissociation Solution (Sigma Chemical Co) and incubated for 10 min at room temperature in 1 

ml of binding buffer (100 mM Hepes/NaOH, 140 mM NaCl, 25 mM CaCl2, pH 7.5) containing 10 

µM annexin V-fluorescein isothiocyanate conjugate (FITC) and 5 µM PI. The cell suspensions were 

washed three times with fresh PBS and rinsed with 1 ml of binding buffer. The fluorescence of each 

sample was recorded using a FACSCalibur system (Becton Dickinson). For each analysis 10,000 

events were collected; the green fluorescence (for annexin V-FITC) was selected using a 530 nm 

band pass filter, while the red fluorescence (for PI) was obtained with a 640 nm longpass filter. The 

percentage of cells positive for annexin V, PI or both was calculated by the Cell Quest software 

(Becton Dickinson). 

Cell cycle analysis. Cells, incubated for 6 h in the experimental conditions described under the 

Results section and cultured for the subsequent 24 h in fresh medium, were washed twice with fresh 

PBS, detached with the Cell Dissociation Solution (Sigma Chemical Co) and re-suspended in 100 

µl of ice-cold PBS. Samples were incubated for 1h at 4°C in presence of 500 µl of 70% ethanol, 

then centrifuged at 1,200 x g for 5 min and rinsed with 300 µl of Citrate buffer (50 mM Na2HPO4, 

25 mM sodium citrate, 0.1% Triton X-100), containing 10 µg/ml PI and 1 mg/ml RNAse (from 

bovine pancreas). After a 15 min incubation in the dark, the intracellular fluorescence was detected 

by a FACSCalibur system (Becton Dickinson). For each analysis 10,000 events were collected and 

a gate was drawn on the forward scatter/side scatter dot plot to exclude dead cells and debris. The 

results of the cell cycle analysis were elaborated by the Cell Quest software (Becton Dickinson). 
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baseline within 30 min (Figure 2A) and looked to be stable during a further 30 min period (not 

shown). When HT29 cells were pre-loaded with the Ca++ chelator BAPTA, none of these drugs was 

able to increase [Ca++]i (Figure 2B). None of the drugs exerted a cytotoxic effect, since the release 

of LDH in the supernatant was not modified throughout the assay time in all the experimental 

conditions analysed (data not shown). To assess whether the increase of [Ca++]i elicited by 

parthenolide and artemisinin was associated to the activation of an intrinsic pathway of apoptosis, 

we measured the realease of cytochrome c from mitochondria into the cytosol in HT29 cells 

incubated with artemisinin and parthenolide for different times (Figure 2C). In untreated cells, as 

well as after a 10 min incubation with the sesquiterpene lactones, cytochrome c was not released 

from mitochondria. Only after 30 min artemisinin and parthenolide induced a weak increase of 

cytosolic cytochrome c, which was still present after 1 h, but was no longer detectable after 3 h. 

When cells were pre-loaded with BAPTA, the release of cytochrome c was completely prevented 

(Figure 2C).  

Artemisinin and parthenolide increase Pgp levels and reduce doxorubicin accumulation and 

toxicity in HT29 cells. 

An increase of [Ca++]i has been observed to potentiate the ouabain-induced expression of the 

mdr1/Pgp gene in a human lung cancer cell line (Baudouin-Legros et al., 2003). In HT29 cells, 

artemisinin and parthenolide significantly increased the Pgp mRNA as a function of time. 

Significantly higher mRNA levels were detectable after a 3 h incubation with each drug and 

increased further after a 6 h incubation (Figure 3A). A 3 h incubation with either artemisinin or 

parthenolide induced a slight increase of the amount of Pgp protein; a stronger induction was 

detected after a 6 h incubation (Figure 3B and Figure S1). The pre-incubation with BAPTA-AM 

prevented the increase of both Pgp mRNA and protein elicited by the drugs, without changing the 

basal expression of Pgp (Figure 3 and Figure S1). In parallel, a 6 h incubation with the drugs caused 

a significant decrease of intracellular doxorubicin accumulation and of doxorubicin toxicity 

(assessed as release of LDH) (Figure 4A): a 1 h pre-incubation with BAPTA-AM completely 
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prevented both the effects elicited by the drugs. In the absence of doxorubicin none of these agents 

exerted a significant increase of LDH activity in the culture medium (data not shown). In the 

presence of the drugs, the number of trypan blue-positive or annexin V- and PI-positive cells was 

strongly reduced in comparison with the HT29 cells treated with doxorubicin alone (Figure 4B and 

Figure S2); however, the pre-incubation with BAPTA-AM prevented the effects of SERCA 

inhibitors on cell viability and apoptosis (Figure 4B and Figure S2). We then investigated whether 

artemisinin or parthenolide might affect the cell-cycle arrest induced by doxorubicin. HT29 cells 

were incubated for 6 h in the presence of doxorubicin, with or without one of the sesquiterpene 

drugs, then washed and let grow for further 24 h in fresh medium. After this incubation time, cells 

were permeabilized and assessed for the cell cycle phases by FACS analysis. Doxorubicin lowered 

the percentage of cells entering the S phase toward the untreated cells, as shown in Figure 4C and in 

Figure S2. When doxorubicin was co-incubated with either artemisinin or parthenolide, the 

percentage of cells in S phase remained significantly higher than that found in cells treated with 

doxorubicin alone (Figure 4C). Again, the cell loading with BAPTA completely abrogated the 

effect of the drugs on cell cycle. The number of cells in G0/G1 and G2/M phase did not change under 

any experimental conditions (Figure 4C and Figure S2). 

The inhibition of calmodulin kinase II (CaMKII) reverts the effect of artemisinin and 

parthenolide on Pgp expression and doxorubicin accumulation and toxicity. 

In order to investigate the mechanism which may associate the increase of [Ca++]i to the Pgp 

induction, we incubated HT29 cells with KN93, which is known to inhibit the calmodulin-

dependent kinase II (CaMKII) (Kuhn et al., 1980; Zhu et al., 2003). KN93 prevented the increase of 

Pgp gene transcription (Figure 5A) and of Pgp protein expression (Figure 5B and Figure S1) 

elicited by artemisinin and parthenolide at each time point. In parallel, the reduction of 

doxorubicin's accumulation, cytotoxicity and pro-apoptotic effect exerted by the different drugs was 

completely blunted in the presence of KN93 (Figure 6 and Figure S2). Similarly, the CaMKII 

inhibitor abrogated the effects of the sesquiterpene drugs on the cell cycle progression, measured in 
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The cytochrome c is usually degraded by proteasome (Ferraro et al, 2008), allowing the activation 

of the anti-apoptotic programs and the cell survival. Indeed we did not detect any significant 

increase of LDH activity in the extracellular medium in the presence of either parthenolide or 

artemisinin alone: this result may suggest that the increase of [Ca++]i levels elicited by the 

sesquiterpene drugs triggers a weak activation of the intrinsic pro-apoptotic pathway, which does 

not lead to a significant cell death of HT29 cells. 

The increase of [Ca++]i levels has been correlated to mdr1/Pgp gene expression: in human lung 

cancer cells, thapsigargin enhances the ouabain-dependent Pgp expression and this effect is blunted 

by the calcium chelator BAPTA (Baudouin-Legros et al., 2003). Untreated HT29 cells express very 

low amounts of Pgp mRNA and protein: artemisinin and parthenolide increased the level of 

cytosolic [Ca++]i and enhanced the Pgp gene transcription and protein expression. The effects on 

both mRNA and protein were time-dependent for both drugs. These sesquiterpene lactones also 

reduced the intracellular accumulation of doxorubicin and the cytotoxic effects of doxorubicin in 

HT29 cells, as far as LDH release, decrease of cell viability, induction of apoptosis and cell cycle 

derangement were concerned. 

Recently, a great interest has grown about the possibility of using natural terpenes in the treatment 

of MDR. For instance, it has been shown that some natural terpenes reduce rhodamine efflux in 

mouse lymphoma cells and in multidrug resistant human breast cancer cells (Molnár et al., 2006). 

Different sesquiterpenes modulate the activity of Leishmania tropica Pgp, which shows 37% 

homology with mammalian Pgp (Cortés-Selva et al., 2005). However, no data are available as to a 

direct effect of sesquiterpenes on Pgp mRNA levels and protein expression. 

We hypothesize that Ca++ mobilization may be responsible for the increase of Pgp gene 

transcription. Indeed, in the presence of BAPTA, artemisinin and parthenolide did not induce a 

significant [Ca++]i change in HT29 cells and did not increase the Pgp expression. The [Ca++]i levels 

seem to play a key role in regulating doxorubicin efficacy in HT29 colon cancer cells, as no 
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FIGURE LEGENDS 

Figure 1. Effects of thapsigargin, parthenolide, artemisinin and cyclopiazonic acid on SERCA 

activity in HT29 cells. 50 µg of purified SERCA protein (see Materials and Methods) were 

incubated in the absence or presence of of thapsigargin (thaps, open square), parthenolide (part, 

open circle), artemisinin (art, solid circle), cyclopiazonic acid (cpa, triangle), at different 

concentrations. SERCA activity was measured as described under the Materials and Methods 

section. Measurements were performed in duplicate and data are presented as means + SE (n = 4). 

SERCA activity in control cells was 4.82 + 0.13 µmol ATP hydrolyzed/min /mg prot (n = 4; not 

shown in the figure). Significance vs CTRL: * p < 0.001. 

 

Figure 2. Effects of parthenolide and artemisinin on [Ca++]i. 

A. Cells were grown on sterile glass coverslips for 24 h, washed with PBS and incubated for 10 min 

in Hepes-Ca buffer containing 10 µM FURA-AM, in the absence (ctrl) or presence of either 

parthenolide (part, 10 µM) or artemisinin (art, 10 µM). Fluorescence was detected throughout the 

first 30 min, as described under Materials and Methods. Measurements were performed in duplicate 

and data are presented as means + SE (n = 6). Significance of each drug vs CTRL: * p < 0.005.  

B. Cells were grown on sterile glass coverslips as described previously, incubated for 1 h with 10 

µM BAPTA-AM, then washed with PBS, and subjected to the same experimental procedure 

described in panel A. Measurements were performed in duplicate and data are presented as means + 

SE (n = 4). 

C. Cells were incubated for different times in the absence (CTRL) or in the presence of either 

parthenolide (PART, 10 µM) or artemisinin (ART, 10 µM). When indicated, cells were pre-loaded 

with the Ca++ chelator BAPTA (BAP) (see above). As a positive control, several samples were 

previously incubated for 24 h with the pro-apoptotic drug camptothecin (CP, 10 nM). Cytosolic and 

mitochondrial fractions were separated and subjected to Western blotting analysis for cytochrome c, 
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as described under Materials and Methods. The figure is representative of three experiments with 

similar results.  

 

Figure 3. Effects of parthenolide and artemisinin on Pgp expression. HT29 cells were incubated for 

1, 3 and 6 h in the absence (CTRL) or presence of either parthenolide (PART, 10 µM) or artemisinin 

(ART, 10 µM). When indicated, cells were pre-incubated for 1 h with BAPTA-AM (BAP, 10 µM), 

then washed in PBS and incubated in the absence or presence of one of the drugs as described 

above. 

A. Total RNA was extracted and retro-transcribed by RT-PCR, performed at 1 h (open bars), 3 h 

(hatched bars) and 6 h (solid bars) as indicated under the Materials and Methods section. 

Measurements were performed in triplicate and data are presented as means + SE (n = 3). Vs CTRL: 

* p < 0.05. Vs PART or ART respectively: ° p < 0.05. 

B. To detect the Pgp protein, cells were lysed and the whole cellular lysate was immunoprecipitated 

with an anti-Pgp polyclonal antibody. The immunoprecipitated proteins were subjected to Western 

blotting, using the same antibody (see Materials and Methods). The expression of GAPDH, the 

product of an housekeeping gene, was used as a control of equal protein loading. The figure is 

representative of three experiments with similar results. 

 

Figure 4. Effects of parthenolide and artemisinin on doxorubicin accumulation and cytotoxicity 

(detected as: LDH release, trypan blue staining, percentage of apoptotic cells, percentage of cells in 

cycle). HT29 cells were cultured in the absence (CTRL) or in the presence of doxorubicin (5 µM, 

DOX) for 6 h, together with parthenolide (PART, 10 µM) or artemisinin (ART, 10 µM); when 

indicated, cells were pre-incubated for 1 h with BAPTA-AM (BAP, 10 µM), then washed in PBS 

before the incubation with the other drugs. A. Doxorubicin intracellular accumulation (open bars) 

and release of LDH activity in the culture supernatant (hatched bars) were measured as described 
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under Materials and Methods. Measurements were performed in duplicate and data are presented as 

means + SE (n = 4). The significance of DOX vs CTRL was p < 0.001 (not reported in the figure). 

Vs DOX: *  p < 0.001. Vs DOX+PART or DOX+ART respectively:° p < 0.02. B. Trypan blue 

staining (open bars) and FACS analysis of annexin V-FITC and PI-positive HT29 cells (hatched 

bars) were performed as reported in the Materials and Methods section. Measurements were 

performed in duplicate and data are presented as means + SE (n = 3). The significance of DOX vs 

CTRL was p < 0.001 (not reported in the figure). Vs DOX: *  p < 0.001. Vs DOX+PART or 

DOX+ART respectively: ° p < 0.001. C. Cells were incubated for 6 h as indicated above, then 

washed and let grow for further 24 h in fresh medium; after this time, cells were permeabilized and 

treated with PI, as described under Materials and Methods. Cell cycle analysis of G0/G1 phase (open 

bars), S phase (hatched bars) and G2/M phase (solid bars) was obtained by the FACSCalibur 

system using the Cell Quest software (see Materials and Methods for details). The measurements 

were performed in duplicate and data are presented as means + SE (n = 3). Concerning the 

percentage of cells in S phase, the significance of DOX vs CTRL was p < 0.05 (not reported in the 

figure). Vs DOX: *  p < 0.05. Vs DOX+PART or DOX+ART respectively:° p < 0.05. 

 

Figure 5. Effect of the CaMK II inhibitor KN93 on Pgp mRNA and protein expression. HT29 cells 

were incubated for 1 h, 3 h or 6 h in the absence (CTRL) or presence of either parthenolide (PART, 

10 µM) or artemisinin (ART, 10 µM), alone or together with KN93 (KN, 10 µM). At the end of the 

incubation time, cells were subjected to the following investigations. 

A. Total RNA was extracted and RT-PCR was performed at 1 h (open bars), 3 h (hatched bars) and 

6 h (solid bars) as indicated under the Materials and Methods section. Measurements were 

performed in triplicate and data are presented as means + SE (n = 3).Vs CTRL: * p < 0.05. Vs PART 

or ART respectively: ° p < 0.05. 
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B. Pgp was immunoprecipitated from the whole cellular lysate using an anti-Pgp antibody, then 

subjected to Western blotting as described under Materials and Methods. The expression of 

GAPDH was used as a control of equal protein loading. The figure is representative of three 

experiments with similar results. 

 

Figure 6. Effect of the CaMK II inhibitor KN93 on doxorubicin accumulation and cytotoxicity 

(detected as: LDH release, trypan blue staining, percentage of apoptotic cells, percentage of cells in 

cycle). HT29 cells were in the absence (CTRL) or in the presence of doxorubicin (5 µM, DOX) for 6 

h, together with either parthenolide (PART, 10 µM) or artemisinin (ART, 10 µM), alone or together 

with KN93 (KN, 10 µM). A. The cells were tested for the intracellular doxorubicin accumulation 

(open bars), while the extracellular culture medium was checked for LDH activity (hatched bars) as 

previously indicated (see Materials and Methods). Measurements were performed in duplicate and 

data are presented as means + SE (n = 3). The significance of DOX vs CTRL was p < 0.001 (not 

reported in the figure). Vs DOX: * p < 0.05. Vs DOX+PART or DOX+ART respectively: ° p < 0.05. 

B. Cells were stained with trypan blue (open bars) and assessed for the positivity of annexin V and 

PI by FACS analysis (hatched bars), as reported in the Materials and Methods section. The 

measurements were performed in duplicate and data are presented as means + SE (n = 3). The 

significance of DOX vs CTRL was p < 0.001 (not reported in the figure).Vs DOX: *  p < 0.001. Vs 

DOX+PART or DOX+ART respectively: ° p < 0.001. C. Cells were incubated for 6 h as indicated 

above, then washed and let grow for further 24 h in fresh medium; after this time, cells were 

permeabilized and stained with PI, as described under Materials and Methods. The percentage of 

HT29 cells in G0/G1 phase (open bars), S phase (hatched bars) and G2/M phase (solid bars) was 

measured by the FACSCalibur system using the Cell Quest software (see Materials and Methods 

for details). The measurements were performed in duplicate and data are presented as means + SE 

(n = 3). As far as the percentage of cells in S phase is concerned, the significance of DOX vs CTRL 
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