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Abstract

Overcoming MDR (multidrug resistance) phenomena is a crucial aspect of
cancer chemotherapy research. Artemisinin and its derivatives have been found to
inhibit the proliferation of cancer celis in the pM range. They poorly inhibited the
function of P-glycoprotein and did not inhibit the function of MRP1-protein. The
concentrations required to inhibit by 50% the function of P-glycoprotein are 110 +
S5uM. Artemisinin, artesunate and dihydroartemisinin efficiently decreased the
mitochondrial membrane potential, leading to a decrease in intraceflular ATP in all
cell lines tested: by 30 to 50% at 5 uM. Artemisinin, artesunate and
dihydroartemisinin increased cytotoxicity of pirarubicin and doxorubicin in P-
glycoprotein—overexpressing K562/adr, and in MRPl-overexpressing GLC4/adr,
with the 8¢5 ranging from 200 to 860 nM, but not in their corresponding drug-
sensitive cell lines. In this range of concentrations these compounds did not decrease
the function of P—glycoprotein, suggesting a mechanism by which the drugs did not
reverse MDR. phenomenon at the P—glycoprotein level but at the mitochondrial level.
Key words multidrug resistance (MDR) reversing agent; P—glycoprotein; MRP1-
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I. INTRODUCTION concentration in comparison with their
corresponding drug sensitive cells. This

principle cause of failure in human drug is frequently associated with protein
membrane  transporters, such as

treatment. MDR  phenomena are : 3
intensively studied in anti-cancer, anti- P;glygicop ri:%? P gnd d l\illRPl—prc;tegl,
bacterial, anti-paludism, and human whiei —tepent en fY HEXE e
immunodeficiency virus—1 (Bradley et cytotoxic agents out ol Ccells, thus
al, 1988, Borst & Ouellette, 1095,  reducing their efficacy. To overcome
Le,vy 199’2, van Veen & K(jning,s 199,}_ MDR phenomena, the direct interaction
Save; & Ii/Iasson 1998). The ’MDR, between inhibitors and proteins has
’ ' been researched by many groups. A

phenotype is characterized by a low .
free intracellular  cytotoxic  drug variety of smail molecules, such as

Multidrug resistance (MDR) is a



verapamil, dihydropyridines, forskolin
and cyclosporin were found to bind to
P—glycoprotein and inhibit its ability to
pump out antitumor drugs. (Tsuro ef al.,
1981; Slater et al., 1986; Tasaka ef al.,
2001, Wadler & Wiernik,1988). All
compounds cited are difficult to use in
vivo due to their toxicity. As a
consequence, the clinical utility of non-
toxic derivatives of these and other
molecules as chemosensitizing agents
has been extensively studied (Teodori
et al., 2002; Lehne, 2000). It was
reported that in MDR plasmodium
Jalciparum strains, the pfmndr-1 gene
and pgh-I were characterized, which
has about 54% homology to mdr-1 gene
of MDR cancer cells (Karcz &
Cowman, 1991; Foote er al, 1989;
Hasson ef al., 1992; Reed ef al., 2000).
However, its function is still not clear.
Recently, it was reported that qinghaosu
is an effective compound against MDR
plasmodium falcipqrum strains, (Kain,
1995; Olliaro ef al, 2001) but studies
regarding its effect on protein
transporters have not been performed,
neither in erythrocytes infected by
MDR plasmodium falciparum straing
nor in cancer MDR cells. Qinghaosu
drugs such as artemisinin  and
artesunate are now in widespread use,
particularly in Southast Asia, and are
used as a prophylaxis in China
{(Wongsrichanalai et al., 2002; Labbe ef
al., 2001).

In this study we have
demonstrated that artemisinin, artesu-
nate and dihydroartemisinin poorly
inhibited P-glycoprotein and did not
inhibit MRPI1 protein function in
multidrug resistant K562/adr cells,
overexpression P-glycoprotein, or in
GLC4/adr cells overexpression of
MRP1—-protein, respectively. However,
they increased in cytotoxic -effect
induced by pirarubicin or doxorubicin
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only in MDR cell lines. We also
demonstrated that these qinghaosu
modulate  mitochondrial  function,

leading to a decrease in intracellular
ATP content in all cell lines tested.

2. MATERIALS AND METHODS

2.1 Cell Culture and Cytotoxicity
Assay

The erythromyelogenous leuke-
mic, K562, and its P—glycoprotein—-
overexpressing KS62/adr,(Lozio &
Lozio, 1975; Tsuro et al., 1986) and the
human small cell lung cancer, GLC4
and its MRP1-overexpressing GLC4/
adr, (Muller et al., 1994; Versantvoort
et al., 1995; Zijistra ef al., 1987) were
kindly provided by Professor Arlette
Garnier—Suillerot,  Laboratoire  de
Chimie Physique, Biomoleculaire et
Cellulaire, UFR Sante Medecine
Biologie Humaine, Universite de Paris
Nord, France. These cells were
routinely cultured 1m RPMI 1640
medium supplemented with 10% fetal
calf serum (Gibco Biocult, Ltd.). The
resistant K562/adr and GLC4/adr cells
were cultured with 100 nM doxorubicin
two weeks before the experiments. For
the assays, a culture was initiated at
5x10° cells per ml to have cells in the
exponential growth phase; the cells
were used 24 h later, when the culture
had grown to approximately 8x10° cells
per ml. Cell viability was assessed by
Trypan blue exclusion. The number of
cells was determined by hemocyto-
meter.

The cytotoxicity assay was
performed as follows: 5x10* cells per
ml were incubated in the presence of
various concentrations of artemisinin,
artesunate or dihydroartemisinin. Co—

treatment  using  pirarubicin  and
ginghaosu  or  doxorubicin  and
qinghaosu were performed. Cells

(5x10* per ml) were incubated in the



presence of various pirarubicin or
doxorubicin concentrations and a fixed
concentration of qinghaosu ranging
from 20 to 1000 nM. The viability of
cells was determined by 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT)-reduction
assay. The ICsy was determined by
plotting the percentage of cell growth
inhibition  versus the pirarubicin
concentration: ICsg 1s the pirarubicin or
doxorubicin concentration that inhibits
cell growth by 50% when measured at
72 h. A resistance factor (RF) was
defined as the ICsq of resistant cells

divided by the ICso of the sensitive cells.

2.2 Drugs and chemicals

Rhodamine B and Tetrazolium
salt (3-(4,5-Dimethyl-2-thiazolyl)-2,5-
diphenyi-2H-tetrazolium bromide
(MTT)) were from  Amresco.
Cyclosporin A (CsA) was from Sandoz.
Artemisinin, ATP (K* salt), and
luciferin-luciferase 'were from Sigma.
Artesunate was kindly provided by
Professor Ruchanee Udomsangpetch,
Faculty of Science, Mahido! University,
Thailand.  Dihydroartemisinin =~ was
synthesized and provided by Professor
Yodhathai Thebtaranonth, Department
of Chemistry, Faculty of Science,
Mahidol University, Thailand. Purified
doxo-rubicin and pirarubicin (4-Q-tetra-
hydropyrayl-doxorubicin} were kindly
provided by laboratoire Roger Bellon
(France). Deionized double distilled
water was used throughout the
experiments for solutions and buffers.

Experiments were performed at
37 °C using a HEPES-Na" medium
consisting of 132 mM NaCl, 3.5 mM
KCl, I mM CaCl,, 0.5 mM MgCl,, 5
mM glucose, 20 mM HEPES, pH 7.25.

A stock solution of 0.012 M
MTT was prepared in HEPES-Na'
buffered solution, filtered through a
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0.22 pm filter, and stored at 4 °C.
Solutions of qinghaosu and pirarubicin
and doxorubicin were freshly prepared
before being used. The concentration of
anthracyclines was spectrophotometric-
ally determined using €x-4g0 nm €qual to
11,500 M'.cm™ (Shimadzu UV2501-
PC).

Dihydroartemisinin
CH
Hi®

Artemisinin
(Qinghaosu)

Artesunate

Fig 1. Chemical Structure of Qinghaosu

2.3 Cellular drug accumulation

The rationale and validation of
our experimental set-up for measuring
the kinetics of the active transport of
anthracyclines from tumor cells has
been extensively described (Frezard &
Garnier-Suillerot, 1991; Mankhetkorn
ef al, 1999; Frezard & Garnier—
Suillerot, 1991).

Briefly, 2x10° cells were
incubated in 2 ml of HEPES—Na' in 1
cm quartz cuvettes, vigorously stirred at
37 °C, then 1 puM anthracycline was
added to the cells. The fluorescence
intensity of anthracycline at 590 nm



(excited at 480 nm) was followed as a
function of time (Perkin—Elmer model
LS 350B  spectrofluorometer). A
decrease in fluorescence intensity was
observed during incubation with cells,
due to quenching of fluorescence after
the intercalation of anthracycline
between the base pairs of DNA.

The drug influx was measured
by the decrease in fluorescence
intensity  that  occurred  during
incubation with the cells. The initial
rate of uptake (V:) (passive influx) was
determined from the equation

Vi=\dr/di = ol (Cp/ Fp)

where [(dF / df); = ¢l and Fy are the

slope (in absolute value) of the tangent
of the curve F = f? and the
fluorescence intensity at t = 0,
respectively, and Cy is 1 uM. The

initial rate rate of uptake can be written
as

Vi=ken (Ce 1=0

where k. is the mean influx coefficient
for the drug, and (C.)-o, the
extracellular free drug concentration at
t =0, is equal to Cr. After a stable
fluorescent signal was obtained, the
fluoresence intensity was termed F,. At
the steady state, the kinetics of P—
glycoprotein— and MRPI1-mediated
efflux of anthracycline derivatives is

V=V, +V.

where V. and V. are the kinetics of
passive mflux and efflux of a drug,

respectively. In  this  expression,
V.=k.nC, and V. = k-n.C; where C,
and C; are the extracellular and

intracellular free drug concentration at
the steady state, respectively; n is the
number of cell concentration; and k.
and k. are the passive coefficients of
influx and  efflux, respectively.
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Assuming that k. is equal to A, it
follows that

Va=k+ - n'(Ce— C.)

On the other hand, one can write in a
first approximation that:

Ifa “a ka R Ci
where k, is the active (P—gp— or MRP1-

mediated) efflux coefficient for the
drug. &, can be written as

ka=ki-n - (Co—C)/C

where Ce= C1—C, and C; = Cg/(Cn-Ca ).

At the steady state, the addition
of MDR modulators verapamil or
ginghaosu yielded a decrease in
fluorescence intensity to reach a new
steady state F',,. The overall intracellular
anthracycline  concentration  was
expressed in the absence of modulator,
Cu = Cr(Fo~Iy) / Fo and in the presence
of modulators, C', = Cp(Fy-F',) / Fo.
At the end of the experiments, cell
viability was assessed using trypan blue
exclusion. _

In the following, (k') and (k")
stand for the P-gp— and MRPI-
mediated active efflux of drug in the
presence and absence of qinghaosu,
respectively. The ability of qinghaosu
to inlibit the P-gp—and MRPI-
mediated efflux of a drug can be
determined using the ratio

k1 kS
which is equal to 1 when there 1s no

inhibition of the active efflux, and to O
when the P—gp—mediated active efflux

- is completely blocked.

2.4 Determination of mitochondrial
membrane potential (A'F,)

The mitochondrial membrane
potential (A ¥,) was measured using a
non—invasive functional study, which
can be used to determine and to monitor



a spontaneous change in mitochondrial
function in drug-sensitive and drug-
resistant cells (Reungpatthanaphong &
Mankhetkorn, 2002). The method is
simple and direct and can be easily
empioyed using a standard
spectrofluorometer. Rhodamine B was
used as a probe to estimate A%, in
drug—sensitive and, particularly, in
drug-resistant cells because its rate of
uptake by cell is four times higher than
the rate of P—glycoprotein—mediated
efflux and it is not a substrate of MRP1
protein (Reungpatthanaphong &
Mankhetkorn 2002). The accumulation
of rhodamine B in cells follows
Nernstain distribution, but the plasma
membrane potential does not contribute
to rhodamine B uptake by cells. The
estimation of AW, was done by using
Nernst equation:

' 1C =10

(A ¥ FT2.303RT)

Where Com is the mitochondrial matrix

thodamine B concentration, Co,. is the
cytosolic rhodamine B concentration at
steady state, and F, R and T have their
usual meanings.

The  mitochondrial  matrix
rhodamine B concentration can be
determined as follows. Cells (2x10°)
were incubated in 2 ml of HEPES—Na"
buffer with 40 oM rhodamine B in 1 cm
quartz cuvette and vigorously stirred at
37 °C. The rhodamine B fluorescence
(F) at 582 nm (excited at 553 nm) was
monitored as a function of time. After
20 minutes of incubation, 200 uM MTT
was added to the solution, yielding a
progressive decrease in rhodamine B
fluorescence.

To simplify the system, cells
were divided into three compartments:
extracellular, cytoplasmic and
mitochondrial, respectively. At steady
state, rhodamine B was equilibrated
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between the  extracellular (C:),

cytoplasmic (Cio) and mitochondrial

compartments (Cmo). The progressive
decrease in rhodamine B fluorescence
intensity was due to the translocation of
rhodamine B molecules from outside to
inside  mitochondria. Indeed, the
reduction of MTT to produce formazan,
a rhodamine B quencher, was located
exclusively in the mitochondrial matrix,
therefore only the rhodamine B located
in this compartment was quenched. In
this process, the limiting step is the
passage of rhodamine B through the
mitochondrial membrane because it is
tighter than the plasma membrane.
Under these conditions, the kinetics of
uptake into the mitochondrial matrix
can be written as:

Vipor =P Cio

where P is a permeability coefficient
which depends on rhodamine B and on
the membrane of the mitochondria.
When 1 mole leaves the extracellular
medium to go to cytosol and then to the
mitochondria at A ¥, at the steady state
the fluorescence intensity F, is equal to
F;, and the variation of the fluorescence
per mole is:

SF=F.-F,

where F, F; and F_ are the rhodamine
intensity the
extracellular, cytoplasmic and
mitochondrial compartments,
respectively. When MTT is added to
the cells, the F_ becomes F, ., and
during Az, n moles of rhodamine B
move from the extracellular medium to
the mitochondrial compartment,
yielding a modification AF of the
fluorescent signal:

n =VypAl

B flucrescence in



which can be written as:

n =PC Al
AF = ndF
AF = PC AGF

AFiAt=PC (F.~F.,)

P does not depend on the A ¥,
and the sign of AF/Af does not depend
on C,.o. The accumuiation of rhodamine
B in the mitochondrial matrix is
augmented in a A¥,driven maner
which is predicted by the Nernst
equation. During a very small Ar (50
seconds) after the addition of MTT,
AFJAt was determined by (d(F)/df), .
the slope of the tangent of the F = f{¥),
as  demonstrated in  Figure 2,
corresponding to V,, the initial rate of
the decrease of rhodamine B
fluorescence intensity:

V= PC(F,~ Fpp)

In 50 seco;lds, the change in
extracellular rhodamine B concentra-
tion is negligible compared with that
before the addition of MTT, but the
AF/At is easily determined. This
signifies that the V, should reflect the
(A ¥), value which is nearest to the in
situ, AYW,. This method has its
foundation in the quantification of the
Nernstain distribution of dye across the
mitochondrial membrane; ¥, is largely
empirical 1 design, representing the
mitochondrial dye concentration. ¥, can
be used to estimate measurement of the

AY¥.:
A%, =-61.51 log V,— 258.46

where ¥; is in nM.s™",

To determine the A%, change,
which is due to the effect of qinghaosu,
after 20 minutes of cell incubation with
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40 nM rhodamine B the sequential
addition of various concentrations of
qinghaosu and 200 uM MTT was
performed. Using this technique, it is
possible to monitor the alteration of
mitochondrial function in intact cells
because the cells can be incubated with
the drug without compromising cell
viability.

2.5 Measurement of ATP in cell
extracts

Quantitative determination of
ATP was performed by a chemi-
lluminescent technique. (Kimmich ef al.,
1975). Briefly, luciferase produces light
by  ATP—dependent oxidation of
luciferin  enhances the emission
maximum at 560 nm at pH 7.8. Cells (5
x10”) were incubated in the presence or
absence of ginghaosu or oligomycin at
37 °C for 10 minutes to I hour. The
cells were pelleted and then
permeabilized by 500 pl lysis solution
containing 0.1% Triton X-100, 20 mM
Tris, 0.1 mM EDTA, and 5 mM MgSQ,.
The intensity of light was recorded by
Perkin—Elmer LS 50B spectrofluorome-
ter after the addition of 50 ul luciferin—
luciferase (20 mg/ml).

3. RESULTS AND DISCUSSION

3.1 Co-treatment using pirarubicin
and ginghaosu or doxorubicin and
ginghaosu

Artemisinin,  artesunate  or
dihydroartemisinin (see Figure 1 for
their  chemical structures) alone

exhibited anticancer properties In a
micromolar concentration range, with
the same efficacy in MDR cells and
their corresponding sensitive cell lines
(Table 1). Artesunate and dihydro-
artemisinin showed 15-fold greater
efficacy than artemisinin in K562 cells
and 60—fold greater efficacy in GLC4



cells. Anthracyclines are well known as
MDR agents. The efficacy of
anthracycline drugs depends on the
concentration of molecules localized in
their intracellular targets (Mankhetkorn,
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ef al, 1996). The concentrations of
pirarubicin and doxorubicin that inhibit
50 % of cell growth are indicated in
Table 1.

Table 1. Pattern of Cytotoxicity of Artemisinin, Artesunate and Dihydroartemisinin

Compounds ICso (K562), uM | RF. | ICsp (GLC4), uM RF.
Artemisinin 15+£5 1.9 34%6 0.9
Artesunate 1+03 1 0.6+03 L5
Dihydroartemisinin 1+0.2 1.4 0.5+02 1
Pirarubicin 0.017+0.006 [235 0.022 + 0.007 33
Doxorubicin 0.020 £ 0.006 118 0.023 +0.004 39.6

¥ ICso (K562) and ICso(GLC4) are the drug concentrations required to inhibit 50% of
sensitive cell growth. The resistance factor value was calculated as resistant cell
ICso/sensitive cell ICs. The value represents the mean + standard deviation of triplicate

experiments.
[

Table 2. MDR reversing pattern of artemisinin, artesunate and dihydroartemisinin.

8 0.5, UM (pirarubicin) 8 0.5, UM (doxorubicin)
Compounds K562/adr | GLC4ladr | K562/adr | GLC4/adr
Artemisinin 0.86 0.18 0.8 0.87
Artesunate 0.083 0.065 0.19 0.1%
Dihydroartemisinin 0.16 0.056 0.17 0.17

* 8gsis the artemisinin, artesunate or dihydroartemisinin concentration required to decrease
resistant cell ICs; by 50 % when the MDR cells were treated with pirarubicin or

doxorubicin.
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Figure 2. The efficacy (8) of molecules to enhance the cytotoxicity of pirarubicin and
doxorubicin for K562/adr and GLC4/adr. § was calculated as described in
the text. Values are presented as mean + SD (n=3).

Co-treatment using pirarubicin
or doxorubicin with various concentra-
tions of artemisinin, artesunate or
dihydroartemisinin did not affect the
ICsp for both of the drug—sensitive cell
lines. But it obviously increased the
efficacy of both pirarubicin and
doxorubicin when a similar series of
experiments was performed with their
corresponding MDR cell lines. These
results suggest that each of the three
molecules can efficiently reverse the
MDR phenomena. The efficacy of
qinghaosu (0) in increasing the efficacy
of pirarubicin or doxorubicin on MDR
cells was calculated by the following
expression:

& = [1Cso(R) ~IC50(RQ)]
[ICs0(R)-1Cs0(S)]

where ICso(R) is the concentration of

drug that inhibits 50% of MDR cell
growth, ICs5o(RQ) is the concentration
of drug that inhibits 50% of MDR cell
growth in the presence of ginghaosu,
and ICsq(S) is the concentration of drug
that inhibits 50% of drug—sensitive cell
growth.

The efficacy of artemisinin,
artesunate, and dihydroartemisinin in
reversing MDR phenomena and/or
resensitizing the MDR cells to
pirarubicin and doxorubicin = was
indicated in Figure 2. The & varied from
0 to 1, where & = 0 when the MDR

_cells are treated with ptrarubicin alone

or doxorubicin alone and 6 = 1 when
artemisinin, artesunate or dihydro-
artemisinin can reverse 100 % of MDR
phenomena, resulting in the same
ICso(RQ) as that of drug—sensitive cell
lines. The qinghaosu concentration



which 1ncreases the efficacy of
pirarubicin or doxorubicin by 50% is
defined as 8ps. Artesunate and
dihydroartemisinin were more effective
than artemisinin as MDR reversing
agents (Table 2). We would like to
stress that artemisinin, artesunate and

D

/

Fluorescence intensity at 390
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dihydroartemisinin are more effective
in increasing the cytotoxicity of piraru-
bicin than doxorubicin in GLC4/adr. In
the case of pirarubicin, only 200 nM
artesunate and dihydroartemisinin can
cause a reversal of 100% in GLC4/adr
and 80% in K562/adr cell.

Qinghaost 1 on X-100

!
F 5 FiLT
U SIS S S
0 10 20 30 40 50

Time, minutes

Figure 3. Effect of qinghaosu on pirarubicin (THP) accumulation in KS62/adkr cells.
Cells (2><106 cells) were suspended in HEPES-Na' buffer at pH 7.25,

37 OC in a cuvette under vigorous stirring. At t = 0, 10* M stock THP
solution was added to the cells, yielding a C = 1 pM THP solution. The

fluorescence intensity was then Fy,. Once the steady state was reached, the

fluorescence intensity was /7, and the concentration of drug intercalated

between the base pairs in the nucleus was C ;= Cp (Fg— F )/ Fyy. When the

steady state was reached, qinghaosu was added, leading to a new steady

state in which the fluorescence intensity was 7!, and the concentration of

drug intercalated the base pairs in the nucleus was C'ni = CpFy- Fni)/ Fy.

The addition of 0.02% Triton X-100 yielded an equilibrium state. The
overall concentration Cyy of drug intercalated between the base pairs in the

nucleus was then Cy; = Cy(Fp— Fpp/Fy.



3.2 Influence of  artemisinin,
artesunate, and dihydroartemisinin on
cellular drug accumulation

In order to gain further insight into the
mode of action of these molecules and
how they increase the efficacy of
pirarubicin and doxorubicin in MDR
cell lines, we investigated the aptitude
of these molecules to inhibit the
kinetics of P-glycoprotein and MRP1-
protein-mediated efflux. The uptake of
pirarubicin  or  doxorubicin  was
performed in both MDR cell lines. A

typical experiment is shown in Figure 3.

The ability of ginghaosu to inhibit the
P-gp—and MRP1-mediated efflux of a
drug, with the ratio &, / £,° as a function
of ginghaosu concentration added, was
demonstrated in Figure 4. Artemisinin,
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artesunate  and  dihydroartemisinin
poorly inhibited the P—glycoprotein—
mediated pirarubicin efflux compared
to cyclosporin A and verapamil. It
should be noted that the percentage of
cell death was significantly increased
when the concentrations of drugs used
were higher than 150 pM. The efficacy
of drugs to inhibit the P—glycoprotein—
mediated  pirarubicin  efflux  was
determined. The concentrations of drug
required to inhibit by 50% the
functionality of P- glycoprotein were
115 puM, 110 uM, 120 uM, 1 uM and 2
uM  for  artemisinin, artesunate,
dihydroartemisinin, cyclosporin A, and
verapamil, respectively. None of them
were able to inhibit the functionality of
MRP 1—protein.

T —r— Artemisinin
; —e+— Artesunate
: - —— Dihydroartemisinin
.
: 1\_.5%%\
‘-\,_"!-‘ I\
ST - .
‘-—.._::;___i__"‘::..qq.g
+ ““‘“‘———{
02t
ﬂ.o I ] 1 1 1 i
0 25 50 75 100 125

[Qinghaosu], pM

Figure 4. Efficacy of artemisinin ([1), artesunate (o) and dihydroartemisinin (A) to
inhibit the P—glycoprotein—mediated THP efflux. The ratio k,/k," is plotted
as a function of the ginghaosu concentration added. Values were presented

as mean = SD (n=3).
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Figure 5. (a) Typical kinetics of the
uptake of rhodamine B by cells.
Fluorescence intensity, F, at 582 nm
(Aex = 553 nm) was recorded as a
function of time. 2x10° cells were
suspended in 2 ml of HEPES-Na
buffer at 37 °C and vigorously stirred.
A small volume of rhodamine B stock
was added to the solution, yielding a
final concentration ?f 40 nM rhodamine
B, and the corresponding fluorescence
intensity F, was recorded for 20
minutes, then various concentrations of
ginghaosu and 200 puM MTT were
sequentially added. The slope of the
tangent to the curve, F = f{t), after the
addition of MTT was ~dF/d¢, and the
initial rate of decrease of rhodamine B
fluorescence was equal to: (W =
(dFId(Cr/Fy). A¥, was determined
using the expression: A %, =-61.51 log
V.—258.46.

3.3Effect of artemisinin, artesunate,
and dihydroartemisinin on
mitochondrial function

It should be noted that the three
molecules affected the cytotoxicity of
pirarubicin and doxorubicin, even at
very low concentrations, compared to
that required to inhibit by 50% the
functionality of P—glycoprotein or by
50% cell growth. This suggests another
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mechanism to explain their ability in
reversing the MDR phenotype. The
mitochondrial function can be studied
by following the change in A¥,. It is
also well established that a slight
decrease in the A ¥, even in a very
narrow window, can affect the cellular
energetic state, leading to cell death. As
mentioned in Materials and Methods,
the AY¥, of drug-sensitive and drug—
resistant cells can be determined using
rhodamine B. A typical experiment is
shown in figure 5. Indeed, the three
molecules were able to decrease the
A¥, i all cell lines used in our
experiments. The aptitude of molecules
to induce a decrease in the A ¥, (Figure
6), as well as a decrease in intracellular
ATP concentration, was quantitatively
measured (Figure 7).

The three molecules were found
to significantly decrease both A ¥, and
intracellular ATP concentration in the
four cell lines in a dose—dependent
manner. However, artemisinin, artesu-
nate and dihydroartemisinin did not
affect the cytotoxicity of pirarubicin or
doxorubicin in sensitive cell lines.

These results suggest that in
drug-sensitive cell lines, in comparison
with drug-resistant cell lines which
need more ATP concentration to assure
their ATPase activity, the decrease in
intracellular ATP does not produce a
deleterious effect, as it does in drug—
resistant cell lines. It was clearly shown
by electron microscope that in NB2a
neuroblastoma cells, (Fishwick et al,
1998) as well as in plasmodium
infected erythrocytes, (Maeno ef al,
1993) dihydroartemisinin (2 uM)
caused damage to mitochondrial cristae
and the endoplasmic reticulum, but
affected neither the cellular
cytoskeleton nor the plasma membrane

The same authors proposed that
artemisinin and its derivatives react



with mitochondria and the endoplasmic
reticulum. In addition, these drugs are
now in widespread use, particularly in
Southast Asia, and are used as a
prophylaxis in China. And the results of
various clinical trials suggest that
artemisinin derivatives are relatively
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safe drugs (Sidu ef al., 1998; Ashton e/
al., 1998). Our results clearly show for
the first time that artemisinin and its
derivatives are very potent compounds
that can be used in combination with
anticancer drugs to overcome MDR
phenomena.
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Figure 6. Variation of A ¥, (% of control) as a function of artemisinin (J), artesunate
(o) and dihydroartemisinin (A) concentration in (a) K562, (b) K562/adr, (c) GLC4
and {d) GLC4/adr cells. The results were obtained from the series of experiments
described in figure 6, and the A ¥, values are presented as mean £ SD (n= 3).
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