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Abstract-Tbe appearance of cellular resistance to antitumor drugs is a major problem in cancer 
chemotherapy. This results from the overexpression of the mdr 1 gene which encodes the 170 kDa P- 
glycoprotein or multidrug transporter. The uptake and release of 4’-0-tetrahydropyranyladriamycin by 
drug-sensitive and drug-resistant K562 cells in the different phase of the cycle have been determined. 
Synchronized cells were obtained by centrifugal elutriation. The kinetics, as well as the amount of drug 
intercalated inside the nucleus and free in the cytoplasm, have been determined using a spec- 
trofluorometric method that we have developed and that does not compromise cell viability. The kinetics 
of active efflux of the drug under the effect of P-glycoprotein has been determined. We have calculated 
that the number of 4’-O-tetrahydropyranyladriamycin molecules, which are actively effluxed per cell 
and per second, is constant whatever the cell cycle phase. 

The appearance of cellular resistance to antitumor 
drugs is a major problem in cancer chemotherapy. 
The problem is that the tumor cells become resistant 
not only to the drug which has been used during the 
treatment but also to other drugs which are 
structurally and functionally unrelated [l, 21. This 
results from expression of the mdr 1 gene which 
encodes the 170 kDa P-glycoprotein or multidrug 
transporter [3,4]. It has been shown that the purified 
protein exhibits ATPase activity [5], suggesting that 
P-gly~oprotein may function as an energy-dependent 
drug efflux pump [6,7]. Cells exhibiting the multidrug 
resistance phenotype can be made more sensitive to 
the cytotoxic effects of drugs by treatment with 
calcium channel blockers such as verapamil [S, 91. 
The search for agents which can potentiate drug 
sensitivity at clinically achievable concentrations 
is a very impo~ant point. This requires the 
determination of the precise role of P-glycoprotein 
and of cellular factors regulating its activity. In this 
context we wondered whether P-glycoprotein 
overexpression and functionality could be associated 
with any specific phase of the cell cycle. 

The present study is devoted to P-glycoprotein 
functionality i.e. to the determination of the kinetics 
of active efflux of drug by cells in the different cycle 
phase. For this purpose we have determined the 
uptake and release of 4’-O-tetrahydropy- 
ranyladriamycin (THP-ADR) by drug-sensitive and 
drug-resistant IS562 cells in the different phase of 
the ceil cycle. Viable synchronized cells were 
obtained using the method of elutriation. This 
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method, which does not use exogenous compounds 
for synchronization, avoids effects. The kinetics, as 
well as the amount of drug intercalated inside the 
nucleus and free in the cytoplasm, have been 
determined using a spectrofluorometric method that 
we have developed and that does not compromise 
cell viability [lO-141. We have thus determined the 
active efflux of the drug under the effect of P- 
glycoprotein in the different phase of the cell cycle 
and shown that the number of THP-ADR molecules, 
which are actively effluxed per cell and per second, 
is constant whatever the cell cycle phase. 

MATERIALS AND METHODS 

Drugs and chemicals. Purified THP-ADR was 
kindly provided by Laboratoire Roger Bellon 
{France). concentrations were determined by 
diluting stock solutions to approximately lOA5 M and 
using e4Ro = 11,500 M-r cm-r. As anthracycline 
solutions are sensitive to light and oxygen, stock 
solutions were prepared just prior to use. All other 
reagents were of the highest quality available, and 
deionized double-distilled water was used throughout 
the experiments. Unless otherwise stated buffer 
solutions were 9.5 mM Hepes buffer (plus 132 mM 
NaCl, 3.5 mM KCl, 1 mM CaC12, 0.5 mM MgClz, 
with 5 mM glucose) at pH 7.15. In order to provide 
better conditions for the cell survival, a pH, 
(extracellular pH) lower than 7.4, which is more 
currently used for this type of experiment, was 
chosen. 

Absorption spectra were recorded on a Hewlett 
Packard 8452A diode array spectrophotometer and 
fluorescence spectra on a Jobin Yvon, JY3CS 
spectrofluorometer. 

Cell lines and cultures. K.562 cells (see the 
American Type Culture Collection catalogue of cell 
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lines and hybridomas, Rockeville, MD, U.S.A.) 
were a gift of Dr Tapiero (Departement de 
Pharmacologic Cellulaire, ICIG, 94800 Villejuif, 
France). They were grown in RPM1 medium (Sigma), 
containing 10% heat-inactivated fetal calf serum 
(Sigma), 2 mM L-glutamine (Sigma), streptomycin 
(0.1 mg/mL) and penicillin (100 U/mL) at 37” in a 
humidifier atmosphere with 5% COz. Cultures 
initiated at a density of lo5 cells/mL grew expo- 
nentially to about 106cells/mL in 3 days. For the 
assays and in order to have cells in the exponential 
growth phase, cultures were initated at 5 X 10” cells/ 
mL and the cells were used 24 hr later; they were 
then at about 8 x 105cells/mL. Cell viability was 
assessed by Trypan blue exclusion, and cell counting 
and cell diameter were determined using a Coulter 
channelyzer 256. 

Synchronization of cell cultures. Cells were 
separated by centrifugal elutriation carried out with 
a Beckman JE-6 elutriation rotor using a 52-21 
centrifuge. The separation medium was pumped 
through the system using a Cole Parmer Masterflex 
pump with a No. 7016-20 pump head. Fractionation 
of the cell suspension was performed, with some 
modifications, by the method described by Zhu and 
Paul [15]. 

Briefly, 1OmL of Ca2+/Mg2+ depleted Hepes 
buffer containing exponentially growing cells (1.3- 
1.8 X lO’cells/mL), were gently injected through 
the afferent flow tube while the rotor was running 
at 2000rpm. The cells concentrated in the rotor 
chamber were submitted to a counterflow of 
increasing flow rates from 14 to 28, 36,40.5,44,46, 
50 and 60.5mL/min. During elutriation, the 
centrifuge chamber was maintained at 15”. Elution 
of the cells was monitored at 280 nm using a 
continuous flow spe~trophotometer UA 5 (ISCO). 
The cells collected in centrifuge tubes (50 mL) were 
concentrated by centrifugation at 15Og for 10min 
at 4”. All the fractions eluting at the same flow rate 
were pooled. 

Determination of cellsynchrony. The DNA content 
of cells from each fraction was determined by FACS 
(Becton Dickinson) analysis after staining the nuclei 
with propidium iodide. One mililiter of a staining 
mixture prepared extemporaneously (0.5 mg of 
propidium iodide, 10 mg of sodium citrate, 15 yL of 
20% Triton X-100,5 mg of RNAse, diluted in 20 mL 
of distilled water) was added to the pellet obtained 
after cent~fugation of one ahquot of each fraction 
containing about 5 x lo5 cells. Preparations were 
kept in the dark at 0“ until FACS analysis procedure. 

Determination of the initial rate of uptake of THP- 
ADR by the cells. Anthracycline uptake by the ceils 
was followed using a fluorometric method that we 
have developed [lO-141. Using this method it is 
possible (i) to accurately quantify the amount of 
anthracychne intercalated inside the nucleus at the 
steady-state and at the equilibrium state and (ii) to 
follow the kinetics of drug uptake as incubation of 
cells with the drugs proceeds without compromising 
cell viability. This method, which takes S-10 hr less 
than procedures currently in use [l&17], is based 
on the observation that fluorescence of anthracycIine 
is only quenched when intercalated between the 
base pairs of DNA and that transport across the cell 
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Fig. 1. Uptake of THP-ADR by dug-resistant KS62 cells 
in phase Gi and G2, respectively. F, fluorescence intensity 
at -590 nm (d,, = 480 nm) was recorded as a function of 
time. Cells (2 X 109 were susnended in a cuvette filled 
with 2 mL buffer at pH, = 7.2 under vigorous stirring. At 
t = 0, 2OyL of a l(X)-PM stock THP-ADR solution was 
added to the cells yielding a C, = 1 PM THP-ADR solution; 
the fluorescence intensity was then F,,. The slope of the 
tangent to the curve F =f(t) at 1 = 0 was (dF/df),=,, and 
the initial rate of uptake V, = (dF/dr),=,,.(Cr/F,,). Once 
the steady state was reached, the fluorescence was F, and 
the concentration of drug intercalated between the base 
pairs in the nucleus was C, = C_XF,, - F&/F,,. When the 

steady state was reached 10 PM verapamil were added. 

membrane is the rate-limiting step [IO]. The 
measurements were done using an excitation 
wavelength at 480nm and slit widths of 10, 10, 2 
and 2 nm. The fluorescence emission was measured 
at 590 nm. 

All experiments were conducted in l-cm quartz 
cuvettes containing 2 mL of buffer at pH, 7.15. The 
temperature was maintained at 37” using a circulating 
thermostated water bath. In a typical experiment, 
2 x 10’ cells were suspended in 2 mL of glucose 
containing Hepes buffer under continuous stirring. 
Stock anthracycline solution (20 @L) were quickly 
added to this suspension yielding an anthracycline 
concentration equal to Cr ,uM. The decrease of 
fluorescence intensity (F) at 590nm, was followed 
as a function of time. The initial rate of uptake (V,) 
was determined using the following equation: 

V+),=, = WW),=o. CT/&, 

where (dF/dt),=, is the slope of the tangent to the 
curve F = f(t) as shown in Fig. 1, F0 is the 
fluorescence intensity at t = 0 of a Cr yM 
anthra~~Iine solution. 

It has been previously shown that anthracycline 
derivatives, which are weakly basic, are transposed 
across bilayers as the deprotonated species 
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[lo, 12,13,17,18]. The initial rate of uptake (V,),,, 
can be written as: 

(V,),=” = P”,.SJZ.([D”],),=“, (I) 

where P$ is the permeability constant for the neutral 
form of the drug, S is the membrane exchange 
area per cell, n is the number of cells in 1 cm3 and 
([D”]&+ the neutral drug concentration at t = 0. 
[Do], is easily calculated using the Henderson- 
Hasselbach equation and taking into account 
that the initial drug concentration is 1 PM, 
the extracellular pH, = 7.15 and the pK, of 
deprotonation equal to 7.7 at 37”. 

Determination of the amount of THP-ADR 
intercalated between the base pairs in the nucleus at 
the steady state and at the equilibrium state. After 
about 10 min, the curve F = f(t) reached a plateau 
and the fluorescence intensity was equal to F,, (Fig. 
1). The drug cell system was thus in a steady state 
and the drug concentration C,, intercalated between 
the base pairs in the nucleus was C, = Cr. (F, - F,)/ 
Fo. Once the steady state was reached, cell 
membranes were permeabilized with 0.05% Triton 
X-100 yielding the equilibrium state which was 
characterized by a new value of the fluorescence 
intensity, FN which depends on the value of pH,, 
[ll-131. The concentration C, of drug intercalated 
between the base pairs in the nucleus at the 
equilibrium was C, = Cr. (F,, - F,)/F,,. 

Under our conditions Triton-X100 was not able 
to release anthracycline from its intercalative binding 
site to DNA and the quenching of anthracycline 
fluorescence, by the interaction of the drug with 
cells was not due to the formation of non-fluorescent 
drug metabolites [lo]. 

Determination of the free THP-ADR concentration 
in the cytosol at the steady state. For this determination 
the following points have been taken into account: 
(i) the free drug in the cytosol is in thermodynamic 
equilibrium with the drug bound to the nucleus, (ii) 
the binding constant for the drug-nucleus interaction 
is the same for drug-sensitive and drug-resistant cells 
[6,12], (iii) pHi (intracellular pH) is equal to 7.25 
for both drug-sensitive and drug-resistant cells [12]. 

In the case of drug-sensitive cells, the free drug 
concentration in the cytosol is easily calculated. At 
the steady state, the free drug concentration in the 
buffer outside the cells is: 

c, = CT - c, [lo, 121 

C, = [DH,+], + [D$ 

where [DH:], and [DzlS are the concentration of 
drug in the protonated and neutral form, respectively. 
Using the Henderson-Hasselbach relation, [Of], can 
be expressed as a function of C,, the pH, and the 
pK, of deprotonation of the drug: 

[D’& = CJO P”, - ~“a/( 1 + lop”, - P%). 

At the steady state there is a transmembrane 
equilibrium of the neutral form of the drug: 
[D!& = [Dy], where [Dy], is the free neutral drug 
concentration in the cytosol, 

[Dy], = Ci 10 P”, -p&/(1 + 10~5 - ~6,) 

and then the free drug concentration in the cytosol 
of drug-sensitive cells can be expressed as 

Ci = C, 10PHc - PKa (1 + lOpHi - P”a)/ 

lopHi - P&s (1 + lop”, - P’b). (2) 

The drug-nucleus interaction can be represented by 
the simple equilibrium: 

Drug (free in the cytoso~) + DNA (nucleus) + 

Drug (bound 10 :he nuc~eus) 

with a “stability constant” 

“K” = ~;,/[DNA]. Ci (3) 

where [DNA] = Q/NV is the DNA (b.p.) con- 
centration in the nucleus (Q is the total amount of 
DNA present, V the volume nucleus and N the 
number of cells in 1 L), Y& is the local molar 
concentration of drug bound to the nucleus, x,, = 
C,/N.V (C, is the overall molar concentration of 
drug bound to the nucleus). 

If Q, is the amount of DNA present in phase 
cells Gl, the amount of DNA present in cells in 
phase G2 will be 2 x Q, and in phase S a mean 
value of 1.5 X Q, can be used. For each cell fraction, 
the amount of DNA present can be written as Q = 
LYQ, where 1 < LY< 2 and “K” = C,/(U.N.Q,.Ci. 
Within our experimental conditions, SC = 
“K”.N.Q, = C,,/a: C, must be a constant and the 

same for drug resistant- and drug-sensitive cells. It 
follows that Yt = (Cn/(YCi)R = (C”/LuCi)s. We used 
this relation to determine the free drug concentration 
in the cytosol of resistant cells. 

Determination of the kinetics, V,, of P-glycoprotein- 
mediated effrux of THP-ADR at the steady state. At 
the steady state, whatever the type of cells i.e. either 
drug-sensitive or drug-resistant, the kinetics of 
drug influx is equal to that of drug efflux. We have 
already proposed that for the drug-resistant cells, 
the efflux should be composed of two terms: a 
passive efflux of the neutral form of the drug and 
an active efflux of the drug due to P-glycoprotein 
[13]. The kinetics are (V-), and (V,),, respectively. 
It follows that: 

(V+), = (V-), + (V,), 

where (V,), and (V-), stand for the passive influx 
and efflux of the neutral form of the drug at the 
steady state, respectively, and (V,), for the active 
efflux at the steady state. In the following we will 
make the reasonable assumptions: (i) that the 
permeability coefficients are the same for the passive 
influx and efflux: P’: = P! , (ii) that these values are 
the same at t = 0 and at the steady state. It follows 
that, 

(V,), = P’:.S.n.([D”], - [D”]i),. (4) 

Using Eqn (l), (V,), can be written as: 

(V& = (V+)r=~([D”lc - [D”Ii),/([D”Ic),=(,. (5) 

Direct determination of the P-glycoprotein- 
mediated efflux of THP-ADR. Cells (106per mL) 
were incubated for 30 min in the presence of 10 mM 
NT and in the absence of glucose. In these conditions, 
there was no ATP synthesis and the P-glycoprotein 
mediated active efflux of THP-ADR was blocked 
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Fig. 2. Flow cytometric analysis of selected fractions after 
centrifugal elutriation of K562 cells. Abscissa; DNA 

content; ordinate: relative cell number. 

[19], The incorporation of THP-ADR in these 
energy-depleted resistant cells thus compared to that 
observed in sensitive cells. At the steady state the 
fluorescence signal was FA and the concentration of 
drug bound to the nucleus CA = CT(Ftr - F;)/Fo. 
The subsequent addition of 5 mM glucose gave rise 
to the ATP synthesis via the glycolysis pathway [20] 
and, after about 30 set, one observed an increase of 
the fluorescence signal due to the release of drug 
from the cells. At the new steady state, the 
fluorescence intensity was F,,. At the equilibrium 
state, after the addition of Triton X-100, the 
fluorescence intensity was FN. The rate of active 
efflux V, was dete~ined as V;, = (dF/d~)~,~. Cr/F(,, 
where (dF/d~)*~” was the slope of the tangent to the 
curve F =f(t) at the time corresponding to the 
glucose addition. 

RESULTS 

Fractionation of K562 ceils 

During the loading of the separation chamber, 
performed at the flow rate of 14mL/min, a 
preliminary fraction containing most of the cellular 
debris and damaged cells was collected. Eight 
subpopulations (Fractions I-VIII) were isolated after 
increasing the flow rate from 28 to 60.5 mL/min. 
For each fraction, cell volume and DNA content 
was estimated using a Couher counter and a flow 
cytometer, respectiveIy. 

The flow cytometric analysis of the successive 
elutriated subpopulations, obtained after frac- 
tionation of the resistant KS62 cell population, is 
illustrated in Fig. 2. The first fraction elutriated at 

THP-Adriamycin 

Scheme 1. 

28 mL/min, is composed of a fairly pure Gl 
population presenting a mean diameter value of 
13.4 * 0.3 iurn. Fractions II-IV show a preferential 
enrichment of cells in S phase. From fraction V, a 
progressive increase of percentage of cells in G2 is 
observed until a value of about 80% obtained in 
fraction VIII. This last fraction corresponds to the 
pool of the first four tubes collected with the flow 
rate 60.5 mL/min. The mean value of the G2 cell 
diameter is estimated to be 16.8 rt 0.3 pm. 

Comparison of the uptake of THP-ADR by drug- 
resistant cells in the Gl and G2 phases, respectively 

The structure of THP-ADR used in the present 
study is shown in Scheme 1. The visible absorption 
spectrum exhibits a maximum absorbance at 480 nm. 
The fluorescence spectra are obtained by excitation 
at 480 nm. 

The kinetics of uptake of THP-ADR by Gl and 
G2 phase cells, respectively, was recorded in the 
following conditions: a constant initial concentration 
of drug equal to 1 ,uM was added to lo6 cells/ml 
suspended in a glucose containing Hepes buffer at 
pH, = 7.15 and 37”. Figure 1 shows the records of 
two typical experiments. Once the steady state was 
reached, 10 PM verapamil were added. After some 
minutes a new steady state was reached. As can be 
seen, the initial rate of uptake (I’,) of THP-ADR 
by G2 phase cells, is about twice that of cells in 
phase Gl. The overall concentration of drug (C,,) 
intercalated between the base pairs of DNA at the 
steady state is also twice as important in G2 compared 
to Gl. The subsequent addition of 0.05% Triton X- 
100 yielded the equilibrium state [lo]. 

Comparison of the uptake of THP-ADR by drug- 
resistant and drug-sensitive Gl phase cells 

Figure 3 shows the uptake of THP-ADR by drug- 
sensitive and drug-resistant cells in phase Gf . As 
can be seen, the initiai rates of uptake are, within 
the limit of experimental errors, the same for both 
types of cells. However, whereas in the case of drug- 
sensitive cells the fluorescence intensity at 590nm 
decreased smoothly as a function of time to reach a 
steady state, in the case of drug-resistant cells, the 
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Fig. 3. Uptake of THP-ADR by drug-resistant (R) and 
drug-sensitive (S) K562 cells in phase Gl. F, fluorescence 
intensity at 59Onm (& = 480 nm) was recorded as a 
function of time. The ex~rinlental conditions are the same 
as in Fig. 1. Once the steady state was reached, 1OpM 
verapamil were added to drug-resistant cells and 5 PL 20% 

Triton X-100 to drug-sensitive and drug-resistant cells. 

decrease of fluorescence intensity appeared to be 
biphasic with a sudden stop of the uptake of the 
drug. As it is well known, at the steady state, the 
amount of drug in the nucleus is lower for drug- 
resistant cells than for drug-sensitive cells. The 
subsequent addition of 10pM verapamil to drug- 
resistant cells gave rise immediately to an increase 
of the uptake, and a new steady state was reached 
in which the amount of drug incorporated into the 
nucleus was close to that obtained for sensitive cells. 
After the addition of Triton, the same amount of 
drug was incorporated inside the nucleus of both 
sensitive and resistant cells. 

Uptake of THP-ADR by drug-sensitive and drug- 
resistant cells as a function of phase 

The uptake of the THP-ADR was measured for 
the different elutriated fractions. For each fraction, 
the following parameters were determined: (i) the 
percentage of cells in phase Gl, S and G2, 
respectively, (ii) the mean radius of cells, (iii) the 
initial rate of uptake (V+),=“, (iv) the overall molar 
concentration C, of drug bound to the nucleus at 
the steady state, (v) the overall molar concentration 
CE of drug bound to the nucleus after addition of 
10 ~Mverapamil, (vi) the overall molar concentration 
C, of drug bound to the nucleus at the equilibrium 
state i.e. after permeabilization of the plasmic 
membrane by addition of Triton X-100. 

The data of two typical experiments performed 
with drug-sensitive and drug-resistant cells are shown 
in Tables 1 and 2 and Fig, 4. We can already notice 
that, in drug-resistant cells, the C, value in G2 phase 
is twice that in Gl phase. This is not the case for 
drug-sensitive cells where the C, value is multiplied 
by a factor of 1.4 only. 

Free drug concentration Ci in the cytosof of sensitive 
and res~tant cells as a function of phase 

The free drug concentration in the cytosol of drug- 
sensitive cells was determined as indicated in 
Materials and Methods. The values obtained for the 
different fractions are reported in Table 1. In order 
to determine Ci in the cytosol of drug resistant cells, 
we have first determined the amount Q of DNA 
present in each fraction and then (Y = Q/Q, where 
Q, is the amount of DNA present in phase cells Gl. 
The LY value calculated for each fraction of drug- 
sensitive cells are reported in Table 1 together with 
the value of x = C,,/(Y.C~. As was expected, the YC 
value did not depend on the phase and a mean value 
of 1.0 2 0.1 was obtained (Table 1). C, and LY were 
also measured for the drug-resistant cells and C, was 
calculated using the relation Ci = Yt. aiCn (Table 2). 

Passive eflru of THP-ADR by drug-sensitive cells 
at the steady state 

At the steady state, the kinetics of passive 
efflux of THP-ADR are (V_), = (V+),=. ([D”]i)S/ 

Table 1. Uptake of THP-ADR by drug-sensitive KS62 cells in different phases of cell cycle 

% Cells in phase 
Fraction G , S GJ 

(V+),=,, 
lx (nM/sec) x 

I 86 14 0 1.07 3.9 0.44 0.47 0.88 
II 49 
III 32 

2: 0 1.25 4.8 0.51 0.41 0.99 
0 1.34 6.4 0.50 0.42 0.89 

IV 15 47 38 1.61 7.9 0.59 0.34 1.06 
V 10 54 1.72 8.6 0.57 0.36 0.92 
VI 13 

:; 
52 1.69 

VII 7 21 72 1.82 10.6 0.63 0.31 1.11 
VIII 25 24 51 

(Y: coefficient characteristic of the amount of DNA present in cell nucleus. 
(I’,),=,,: initial rate of uptake at I = 0 (210%). 
C,: overall molar concentration of drug bound to the nucleus at the steady state. 
C,: molar concentration of free drug in the cytoplasm. 
SI: C,/W.Ci. 
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Table 2. Uptake of THP-ADR by drug-resistant K562 cells in different phases of cell-cycle 

% Cells in 
phase cp (V+),=,, 

Fraction G, S Gz ac PM nM/sec 
(Va)s 

(2) &I) (nM/sec) a x 10-h 

I 19 21 0 1.10 13.4 3.5 0.23 0.38 0.21 1.81 1.1 
II 47 53 0 1.26 14 3.4 0.25 0.44 0.20 1.74 1.0 
III 34 63 3 1.36 14.6 4.2 0.27 0.44 0.20 2.02 1.2 
IV 20 50 30 1.55 15.2 4.7 0.30 0.46 0.19 2.20 1.3 
V 11 40 49 1.69 15.8 5.7 0.42 0.55 0.25 2.17 1.3 
VI 15 29 56 I.70 16.4 
VII 9 30 63 1.80 16.6 7.5 0.48 0.59 0.27 1.45 0.9 
VIII 8 15 77 1.84 16.8 6.7 0.45 0.59 0.24 1.75 1.0 

ey: coefficient characteristic of the amount of DNA present in cell nucleus. 
tp: mean cell radius (+0.3 pm). 
(V,), =“: initial rate of uptake at I = 0 (?lO%). 
C, and CV,: overall molar concentration of drug in the nucleus at the steady state in the absence and 

presence of 10 PM verapamil, respectively (+5%). 
C,: molar concentration of free drug in the cytoplasm of the steady state. 
(V& kinetics of active efflux. 
a: number of molecules actively efflux per cell and per second. 

12345711234578 
Fractions Fractions 

X 62-b X62-+ 

tXGI 4--XGf 

Fig. 4. Overall molar concentration of drug inside the nucleus in the different cell fractions obtained 
after elutriation. C, (II) and C, (Uli) are the overatl molar concentration of drug at the steady state and 
equilibrium state (after the addition of 0.05% Triton X-100) respectively, when lO*cells/mL of either 
drug-sensitive (left) or drug-resistant (right) are incubated wtih 1 PM THP-ADR, at pH, 7.15 and 37’. 
The proportion of cells in phase Gl decreases from Fraction I to VIII whereas, the proportion of cells 

in phase G2 increases from Fraction I to VIII. 

([DO~,)r,O. Mean values of 2.2 * 0.1 and 
3.7 * 0.2 nM/sec were determined for celis in phase 
Gl and G2, respectively. This means that the number 
of molecules which are passively effluxed per cell 
and per second is 1.8 higher in G2 phase than in 
Gl. As the membrane exchange area per cell is only 
1.4 higher in G2 than in Gl, this data suggests that 
the permeability constant for the neutral form of the 
drug is slightly higher in G2 than in Gl. 

Kinetics of P-glycoprotein-mediated eflzux of THP- 
ADR in the different phase 

The kinetics of P-glycoprotein-mediated efflux 

were determined by two different methods: (i) at 
the steady state, (ii) directly after the addition of 
glucose to cells which were previously incubated 
with 1 @VI THP-ADR in the presence of NY and 
absence of glucose. We have first checked that there 
was a good correlation between the data obtained 
by both methods, However, the method dealing with 
the steady state was preferred because it cannot give 
rise to metabolic perturbation. The data of a typical 
experiment in which V, has been determined at the 
steady state are shown in Table 2. 

DISCUSSION 

Multidrug-resistant cells are characterized by 
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THP-ADR which are actively effluxed per cell 
and per second. A constant value equal to 
(1.1 * 0.2) x lo6 molecules/cell/set is found. 

By analogy with the expression of the kinetics of 
passive diffusion equation [l], the kinetics of active 
efflux at the steady state can be expressed as: 

(Va), = Pa.S.n.Ci (6) 

0,006 

1 

0,oooJ I 
I.0 1.2 I,4 1.6 I.8 2.0 

Gl 

Fig. 5. Variation of the permeability coefficient for the 
active efflux of THP-ADR as a function of cell phase. P, = 
(V,JS/n. C,.S, (V&: kinetics of active efflux at the steady 
state; n: cell number/ml; C,: free drug concentration in 
the cytoplasm at the steady state; S: membrane exchange 
area per cell; a: coefficient characteristic of the amount of 
DNA present in cell nucleus. Results are the mean of two 

experiments 2 SD. 

impaired drug accumulation associated with an 
increase expression of a 170-kDa glycoprotein 
termed P-glycoprotein, which removes various 
lipophilic drugs from the cells in an ATP-dependent 
manner [2,20-241. Despite the amount of work 
which has appeared on that subject, the mechanism 
of outward transport of drug by P-glycoprotein is 
still poorly understood. In this study, we have 
compared the active outward transport of an 
anthracycline derivative, THP-ADR, under the 
effect of P-glycoprotein, in the different phases of 
the drug-resistant cell cycle. For this purpose, 
centrifugal elutriation, that allows the isolation of 
cell subpopulation according to specific cell cycle 
phases in a short time and with minimal metabolic 
perturbation, was used [25]. Different studies dealing 
with KS62 cells have already appeared that used 
this fractionation method [15,26,27]. THP-ADR 
(Scheme 1) has a relatively low pK, (7.7) of 
deprotonation [ll] and consequently, enters the cell 
very rapidly [ 131. Its uptake and release by cells can 
be easily followed using the spectrofluorometric 
method that we have developed [lO-141. We have 
assessed efflux indirectly by measuring the kinetics 
of uptake of drug at the initial time and at the 
steady state and by calculating the intracellular 
concentration of free drug, taking into account that 
the major binding site for anthracycline inside the 
cell is the nucleus. The active efflux was also 
determined directly after the preliminary incubation 
of THP-ADR with energy-depleted cells and the 
subsequent addition of glucose to yield ATP synthesis 
and reactivation of P-glycoprotein. Both methods 
gave similar results. 

As can be seen in Table 2, the value of (V& 
calculated for the different fractions is nearly 
constant whatever the cycle phase. This data can 
also be expressed as the number of molecules of 

where P, is the permeability coefficient for the active 
efflux of THP-ADR, S the membrane exchange area 
is taken equal to the total plasmic area. As can be 
seen in Fig. 5, where P, has been plotted as a 
function of CY, the value of Pa for G2 phase cells is 
only 50% of the value of Pa for cells in phase Gl. 

These data show that the amount of P-glycoprotein, 
which is functionally active at the beginning of cell 
cycle and pumped out THP-ADR, is not modified 
during cell cycle. To account for this observation 
the following mechanisms can be evoked: (i) like 
the vast majority of the many different proteins and 
RNA molecules present in a cell, P-glycoprotein is 
synthesized continuously throughout interphase but 
the newly synthesized P-glycoprotein is not functional 
before mitose, (ii) P-glycoprotein is synthesized late 
in G2. Experiments have been undertaken to 
quantify the amount of P-glycoprotein present in the 
different phases. 
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