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Abstract-We have used a new methodology to measure the activity of P-glycoprotein (P-gp) in multidrug- 
resistant (MDR) tumor cells. This activity leads to a lower cytosolic concentration and a lower cytotoxicity of 
the classical anthracyclines, daunorubicin (DNR), and doxorubicin (DOX). It has been reported that the anthra- 
cycline idarubicin (IDA), which is more lipophilic, has a higher clinical efficacy in acute myeloid leukemias 
(AML) than DNR and DOX. In our study, the aim was to determine for a series of anthracyclines how variations 
in the passive drug influx rate as well as the P-gp-mediated drug pumping rate affect their cytosolic free drug 
concentrations and how these parameters are related to drug cytotoxicity. We selected six anthracyclines: DOX, 
DNR, epidoxorubicin (EPI), IDA, cyano-morpholino-doxorubicin (CMD), and carminomycin (CAR), ordered 
according to their increasing octanol/PBS buffer concentration ratios, respectively. To measure the passive 
permeation coefficient, the P-gp-mediated drug pumping rate, and the cytosolic free drug concentration, we used 
a flow-through system in which cells were exposed to a flowing medium containing drugs. We used the MDR 
P-gp-containing cell line KB8-5. It was shown that the passive drug permeation coefficient as well as the drug 
pumping rate of P-gp increased with increasing lipophilicity in this series of anthracyclines. The cytosolic free 
drug concentration was lowered by P-gp to a similar extent in KB8-5 cells for all drugs tested (40-50% of the 
extracellular drug concentration). CMD, IDA, and CAR had lower IC,, values and lower resistance factors in 
comparison to DOX, DNR, and EPI. Verapamil reversed the resistance for all anthracyclines tested. In conclu- 
sion, for several anthracyclines the activity of P-gp leads to a similar relative decrease in the cytosolic free drug 
concentration; consequently, the reported lower resistance factor of IDA compared to that of DNR is not due to 
the inability of P-gp to export IDA from cells. 
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Chemotherapy in the treatment of cancer patients is 
mainly limited by the presence of tumor cells resistant to 
cytotoxic agents. In vitro selected MDR_F cell lines in- 
sensitive to a variety of cytotoxic agents [l] often re- 
vealed the presence of plasma membrane-associated 
drug transport proteins, such as P-glycoprotein (P-gp) 
[l-3]. The activity of P-gp is ATP-dependent, and leads 
to a lowered intracellular drug content [4]. In an earlier 
study, we provided evidence that P-gp pumps the cyto- 
toxic anthracycline DNR out of the cell across the 
plasma membrane against a drug concentration gradient 
[5]. Clinical interest in P-gp stems from observations 
that in some malignancies, after relapse from chemother- 
apy, P-gp or P-gp-encoding MDRl mRNA is present at 
higher levels, especially in hematologic malignancies 
such as AML, and myeloma [6]. These observations have 
led to clinical trials attempting to increase the chemo- 
therapeutic efficacy of some major P-gp substrates 
(DNR, etoposide, vincristine) by administering drug 
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pump inhibitors such as verapamil and cyclosporins, to 
patients. When P-gp is active, the intracellular free drug 
concentration becomes a function of both the activity of 
the drug efflux pump and the passive membrane perme- 
ation coefficient [7]. In consequence, an alternative ap- 
proach to reducing the effect of the drug efflux pump is 
to increase the passive permeation coefficient. Accord- 
ingly, more lipophilic drugs, such as IDA, have been 
implemented [8, 91. Indeed, it has now been shown that 
IDA is active in AML, [lo]. Moreover, the resistance of 
MDR cell lines to IDA appeared to be lower than their 
resistance to DNR [ 11, 121. One possible explanation for 
its high clinical efficacy is that the amount of cellular 
drug is only marginally controlled by P-gp, because of 
the rapid passive uptake of IDA across the cellular 
plasma membrane [ 131. This explanation may be too 
simplistic. Earlier reports suggested that the affinity of 
drugs for P-gp also increased with increasing hydropho- 
bicity of the substrate. Friche et al. established that the 
circumvention of anthracycline resistance increased with 
the lipid solubility of the analogs of the resistance mod- 
ulator [ 141. However, no specific correlation was found 
between the lipid solubility of these analogs and their 
ability to inhibit specific photolabeling of P-gp using 
azidopine [15]. Zamora et al. [16] and Facchetti et al. 
[13] report that lipid solubility is, indeed, an important 
physical property for modulators of MDR. Nogae et al. 
also report that several compounds that reverse drug re- 
sistance and inhibit P-gp-mediated vincristine efflux are 
relatively highly hydrophobic [ 171. Accordingly, the 
P-gp-mediated pumping activity of IDA may also be 
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increased. To date, the question whether the P-gp-medi- 
ated relative decrease in the cytosolic free drug concen- 
tration is lower for IDA than for DNR has not been 
adequately addressed. 

In the present study, it was our aim to determine for a 
number of anthracyclines that differ in lipophilicity 
(DOX, DNR, and IDA) the extent to which variations in 
the P-gp-mediated drug pumping rate and the passive 
drug permeation rate affect the cytosolic free drug con- 
centration. Cytosolic free drug is freely exchangeable 
between the cell and the extracellular medium. This cy- 
tosolic pharmacokinetic compartment is probably in 
rapid equilibrium with other cellular compartments, such 
as the nucleus, cytosolic vesicles, internal membranes, or 
a part of the plasma membrane. All these compartments 
contribute to the total cellular distribution volume of the 
drug, but at steady state they do not affect the cytosolic 
free drug concentration. In addition, the relation between 
these parameters and drug cytotoxicity was studied. We 
selected the anthracyclines DOX, EPI [ 181, DNR, CMD 
[19], IDA, and CAR [20] (in ascending order of li- 
pophilicity, Fig. 1). To study the cellular pharmacoki- 
netics, we used the human epidermoid MDR KB8-5 cell 
line [21], which contained P-gp and was derived from 
the drug-sensitive cell line KB3-1 by selection with col- 
chicine. 

The cellular pharmacokinetics was measured using a 
flow-through system in which cells, attached to a glass 
plate, were exposed to a flowing medium containing 
drugs [22]. The advantage of this system is that within 
one experiment all the pharmacokinetic parameters can 
be determined at once, and can be related to each other 
using the same cells. Moreover, for the first time a quan- 
titative approach to the relation between the P-gp drug 
pumping rate and the lipophilicity of the drug could be 
established. Previously the flow-through system had 
been used: 

Fig. 1. Chemical structures of the anthracyclines doxorubicin 
(DOX), 4’-epidoxorubicin (EPI), daunorubicin (DNR), cyano- 
morpholino-doxombicin (CMD), idarubicin (IDA, 4’- 

demethoxy-daunorubicin), and carminomycin (CAR). 

RI R2 R3 R, R, 

DOX OCH, OH NH, H OH 
EPI OCH; OH NH; OH H 
DNR OCH, H NH, H OH 
CMD OCH; OH C.,I-i,OCN* H OH 
IDA H H NH, H OH 
CAR OH H NH, H OH 

* Cyano-morpholino-group. 

1. to demonstrate DNR efflux against a concentration 
gradient in both P-gp- and non-P-glycoprotein-me- 
diated MDR cells [5, 231; 

2. to demonstrate saturation of the P-gp-mediated and 
non-P-glycoprotein-mediated DNR efflux activity 
123, 241; 

3. to study the kinetics of DNR fluxes across the 
plasma membranes of P-gp-containing MDR cells 
[71; and 

4. to verify a model in which verapamil inhibits DNR 
pumping by P-gp in a non-competitive manner 
WI. 

Here, the flow-through system was used to compare 
the pharmacokinetics of several anthracyclines in P-gp- 
containing cells. The data may be important for obtain- 
ing a rationale for the treatment of cancer patients with 
alternative anthracyclines, and to indicate the pharmaco- 
logical manipulation of P-gp-mediated active drug ef- 
flux. 

MATERIALS AND METHODS 

Chemicals 

Doxorubicin hydrochloride was obtained from Labo- 
ratoire Roger Bellon (France), 4’-epidoxorubicin from 
Farmitalia (Milan, Italy), and daunorubicin hydrochlo- 
ride from Specia (Paris, France). Cyano-morpholino- 
doxorubicin was kindly provided by the Chemothera- 
peutic Agents Repository (Rockville, MD, U.S.A.). 
Idambicin (4’-demethoxy-daunorubicin) was kindly pro- 
vided by Dr. J. W. Scheeren (Catholic University of Nij- 
megen, the Netherlands). Carminomycin was obtained 
from Bristol Laboratories (Syracuse, NY, U.S.A.). Ve- 
rapamil hydrochloride, colchicine, and MIT were pur- 
chased from Sigma (St. Louis, MO, U.S.A.). Cell culture 
media and supplements were obtained from Flow (Irv- 
ine, U.K.), and culture plastics from Nunc (Roskilde, 
Denmark). HEPES (4-(2-hydroxy-ethyl)-I-piperazine 
ethanesulfonic acid) was obtained from Serva (Heidel- 
berg, Germany), phosphoric acid (H,POJ and 1 -o&u101 
from Baker Chemicals b.v. (Deventer, the Netherlands), 
and acetonitril from Merck (Darmstadt, Germany). 

OctanollPBS drug concentration ratios 

To determine the lipophilicity of the anthracyclines 
selected for this study (Fig. l), we measured the l-oc- 
tanol/PBS concentration ratios. We added each drug to 
3 mL I-octanol (drug concentration 2 @I), and mea- 
sured the fluorescence on a spectrofluorometer (Fluoro- 
MaxTM, SPEX Industries Inc., Edison, NJ, U.S.A.). The 
excitation and emission wavelengths were 480 and 560 
nm, respectively. Then, an equal volume of PBS (pH 
7.4) was added and, after 30 min of strong whirling, the 
mixtures were centrifuged at 14,000 g for 5 min. The 
fluorescence of the upper 1-octanol layer was measured 
again. From the difference in the fluorescence of the 
drug in 1-octanol before and after the addition of PBS, 
the 1-octanol/PBS drug concentration ratio was calcu- 
lated. 

Cells 

The human epidermoid carcinoma cell line KB3-1 
was obtained from Dr. I. B. Roninson (Department of 
Genetics, University of Illinois at Chicago, IL, U.S.A.). 
Its MDR P-gp-containing subline KB8-5 was obtained 
from the American Type Culture Collection (Rockville, 
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MD, U.S.A.). This cell line was cultured under the con- 
tinuous presence of 25 nM colchicine [21]. The MDR 
cells were cultured in the presence of drug until 3-5 days 
prior to the experiment. Cells were cultured in (bicar- 
bonate-buffered) Dulbecco’s minimal essential medium 
(Eagle’s modification) with 20 mM Hepes buffer and 
10% heat-inactivated fetal calf serum (FCS; 30 min, 
56°C) in a 5-6% carbon dioxide atmosphere, at pH 7.4. 
The cells were negative for mycoplasma, as verified with 
the mycoplasma T.C. rapid detection system with a ‘H- 
labeled DNA probe from Gen-Probe Inc. (San Diego, 
CA, U.S.A.). The viability was usually greater than 95%, 
as determined by Trypan Blue exclusion before and after 
the experiments. 

The flow-through system 

In this system [7, 22-251, cells (usually l&15. lo6 
cells, unless mentioned otherwise) were seeded on a 
glass plate within a silicone glue rim. By putting an 
upper glass plate on this bottom plate, a chamber was 
created with a volume of approximately 500 & The 
cells were exposed to a flowing medium of 37°C con- 
taining drugs, via an inlet and an outlet tube at both ends 
of the system (schematic representation of the flow- 
through system in Fig. 2). An HPLC pump (Gilson, Vil- 
liers, France, model 302, 5.S pump head) was used to 
pump the medium over the cells. The perfusion medium 
was usually growth medium containing HEPES (but not 
bicarbonate) with 10% FCS (medium A), and the flow 
rate was usually 100 or 200 @/min. The fluorescence of 
the drugs was detected at the system’s outlet by a fluo- 
rescence monitor (type 821-FP, Jasco, Hachioji City, 
Japan), and monitored in time using a recorder. For all 
the anthracyclines, the excitation and emission wave- 
lengths were 480 and 560 nm, respectively. 

Passive permeation coejficient (kj 

The passive permeation coefficient (k) of the anthra- 
cyclines was determined as described earlier [7: method 
43. In short, the initial cellular drug uptake rate was 
determined just after the ceils had been exposed to the 
drug. Before this exposure the cytosolic free drug con- 
centration was zero. The drug-free medium above the 
cells caused an initial decline in fluorescence. After pas- 
sage of the front of the medium-containing drug, a sharp 
bend in the increasing fluorescence signal was indicative 
of initial cellular drug uptake (illustrated in Fig. 3). The 
passive permeation coefficient was determined by the 

medium 

Fig. 2. Schematic representation of the flow-through system. 
Cells seeded on a glass plate are exposed to medium (37’C) 
containing drug, which is pumped over the glass plate by an 
HPLC pump. Putative MDR modulators can be injected into the 
system via an injection valve. The fluorescence of the drug is 

detected at the outlet of the system. 

mslsllation of the flow-through system 

time - - 5 min 

Fig. 3. Determination of thegassive permeation coefficient of 
IDA in KB8-5 cells. 1.2 . 10 cells were exposed to a flowing 
medium containing 0.15 @I IDA. The initial decline in fluo- 
rescence was caused by medium without drug but with some 
phenol red of the Dulbecco’s medium, which was above the 
cells before being exposed to the drug. Medium drug concen- 
tration was determined at the sharp bend in the curve, repre- 
senting initial cellular drug intake. The passive permeation co- 
efficient was determined using Eqn 6. The flow rate was 200 

@Jmin. 

medium drug concentration at the outlet at the time of 
the bend in the signal. The equations used to calculate 
the passive permeation coefficient will be given below. 
To exclude an effect of the activity of P-gp on the mea- 
surement of initial drug uptake, the medium contained 
50 plkl verapamil for the first 5 min of drug exposure to 
inhibit the P-gp-mediated drug flux. This concentration 
of verapamil had no effect on the fluorescence of the 
anthracyclines, the intracellular pH, cellular viability, or 
the passive permeation coefficient, as measured under 
energy-depleting conditions. 

Cytosolic free drug concentration (C,) 

The cytosolic free drug concentration was determined 
when the steady state had been attained in the flow- 
through system. Verapamil, which inhibits P-gp-medi- 
ated drug pumping, was injected into the system via an 
HPLC injection valve at a concentration of 250 p.M. 
Series of six pulse injections of 15 p.L (dilution factor of 
3-10 during migration over the cells) were given at time 
intervals of 30 set at a medium flow rate of 200 wrnin 
and 60 set at a medium flow rate of 100 @/min. The 
resulting net cellular uptake of the drug was recorded as 
a dip in the fluorescence signal. The maximum dip depth 
corresponds to a maximum inhibition of drug pumping. 
An illustration of the determination of the cytosolic con- 
centration of free IDA in KB8-5 cells is given in Fig. 4. 
The medium flows over the glass plate at a flow rate F 
(m3/sec). If the cross section area within the silicone glue 
rim of the glass plate of the system is denoted by A (m’), 
this implies that the medium flows over the cells at a 
velocity of F/A (m/set). For a volume element that 
moves with this velocity over the cells in the presence of 
verapamil, the change in the medium drug concentration 
in time can be described by 

dDldt = P/h . (D - Ci,,) (1) 

where P, h, D, and C, represent the passive plasma 
membrane permeability of the drug (n&c), the height 
of the medium column above the cells, the extracellular 
medium drug concentration, and the cytosolic free drug 
concentration. Here, it is assumed that the P-gp-medi- 
ated DNR efflux is completely inhibited by verapamil. 



970 H. S. MOLDER et al. 

verapamil 
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jD 

time - = 5 min 

Fig. 4. Determination of the cytosolic concentration of free IDA 
in KB8-5 cells. When a steady state with 0.15 @l IDA and 
1.2. lo6 cells was attained in the flow-through system, vera- 
pamil (250 p.M) was injected into the flowing medium, leading 
to a net cellular uptake of the drug and a decrease in medium 
fluorescence. The cytosolic free drug concentration was deter- 
mined at the maximum dip depth using Eqn 5. The medium 

flow rate was 200 @min. 

At the front of the medium containing verapamil, the 
cytosolic free drug concentration is constant (C,), due to 
the steady state attained before exposure to verapamil. 
For this front then, integration of Eqn 1 gives the drug 
concentration in the volume element as a function of 
time, D(f), after verapamil began to travel over the cells: 

D(t) = C, + (D, - C,,) . eP” t/h (2) 

where D, represents the input concentration of the drug 
in the medium. The surface A of the flow-through cham- 
ber is n . s, where II and s represent the number of cells 
on the glass plate and the surface per cell. Consequently, 
the volume of the flowing medium in the flow-through 
chamber is n . s . h, and the time spent by the medium in 
the flow-through chamber is n - se h/F. The drug con- 
centration at the front of the medium containing vera- 
pamil is therefore: 

D(r) = Ci, + (D, - C,) . e-WF (3) 

where k represents the passive permeation coefficient of 
the drug: 

k=sen.P (4) 

Using Eqn 3, the steady-state cytosolic free drug con- 
centration, which existed before the injection of vera- 
pamil, can be calculated: 

C, = (D - D, . eWUF)I(l - emWF) (5) 

The passive permeation coefficient k was determined at 
the start of each experiment as described above. Here, 
the initial cytosolic free drug concentration C, was 0. 
Using Eqn 5 it can be deduced that 

k = -F . In [D/D,] (6) 

Equation 6 was used to determine the passive perme- 
ation coefficient k, which was used to determine the 
cytosolic free drug concentration (Eqn 5) in the same 

experiment. For some anthracyclines, especially the rel- 
atively lower lipophilic drugs such as DOX and DNR, 
the passive permeation coefficient k is much smaller 
than the medium flow rate F. Equation 5 can then be 
simplified to 

Ci, = D, + (F . (D - DJlk) 

and at Ci, = 0, 

(7) 

k=F.(D,-D)/D, (8) 

Equations 7 and 8 have been used for DNR in previous 
studies [7, 231. 

Since we used different extracellular concentrations 
for the drugs, the cytosolic free drug concentration was 
expressed as a percentage of the extracellular drug con- 
centrations: 

R = CJD, . 100% (9) 

where R represents the relative cytosolic free drug con- 
centration. 

P-glycoprotein-mediated drug pumping rates (V) 

At a maximum inhibition of P-gp-mediated drug 
pumping activity, the passive influx of the drug is de- 
termined by the drug concentration gradient across the 
cellular plasma membrane and the passive permeation 
coefficient. Since drug leakage is not affected by vera- 
pamil and because the cytosolic free drug concentration 
has not yet had the time to change, the influx rate just 
after inhibition of P-gp-mediated drug pumping equals 
the inhibited P-gp-mediated drug pumping rate (V): 

V=k.(D,-C,,)=k~(D,-D)/(l -emwF) (10) 

To make a comparison between P-gp pumping rates for 
several drugs at equal cytosolic free drug concentrations, 
the drug pumping rates were divided by the cytosolic 
free drug concentrations: 

v,,, = v/c, (11) 

in which V,,, represents the relative P-gp drug pumping 
rate. V,,, also represents the ratio between the V,, and 
the KM of P-gp, if we assume Michaelis-Menten kinet- 
ics, and that the cytosolic free drug concentration re- 
mained much lower than the K,,,g 

Vrel = VMGJKM (12) 

Cellular steady-state drug content 

The cellular steady-state drug content was determined 
by incubating trypsinized cells at a cell density of 0.15- 
0.25 . lo6 cells/ml in drug-containing medium A with 
and without 50 pM verapamil at 37°C for 90 min. The 
drug concentration was the same as that used for the 
flow-through experiment. The cells were then washed 
twice with ice-cold Hanks Buffered Salt Solution/me- 
dium A (1: 1; v/v). Pellets were suspended in lysis buffer 
containing 15% acetonitril, 30% phosphoric acid, and 
55% PBS [26]. The cellular fragments were largely dis- 
persed by sonification for 30 min. The fluorescence of 
the suspensions was measured using a spectrofluorom- 
eter (FluoroMaxTN, SPEX Industries Inc.) at 37°C. Ex- 
citation and emission wavelengths were 480 and 560 nm, 
respectively. The drug fluorescence of drug-sensitive 
KB3-1 cells incubated with the same drug medium con- 
centration as the MDR cell line KB8-5 was normalized 
to 1.0, and all measurements were related to that level. 
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Drug cytotoxicity 

The cytotoxicity of the drugs was measured using an 
MTT method as described previously [27,28]. In short, 
1200-1500 cells per well were seeded in a 96-well mi- 
crotiter plate (100 pL culture medium/well) on day 1. On 
day 2, drug solutions of 125 pL were added with or 
without verapamil (final medium concentration 6 @I). 
On day 5, the medium was removed and 50 pL MTT in 
PBS (0.4 mg/mL) was added. The plates were incubated 
with MTT at 37°C for 4 hr and then 150 pL DMSO was 
added to dissolve the formazan. The absorption at 540 
nm was measured using a microtiter plate-reader (Titer- 
tek Multiskan MCCY340). Data are expressed as IC,, 
values (nM). All drug concentrations were tested in four 
replicate wells, and each experiment was performed 
three times. 

RESULTS 

I -0ctanoNPBS drug concentration ratio 

The 1 -octanol/PBS drug concentration ratio as a mea- 
sure for lipophilicity of the drugs was determined for the 
six anthracyclines selected for this study. The ratios var- 
ied between 2 and 23. The lipophilicity of the drugs 
increased in the following order: DOX, EPI, DNR, 
CMD, IDA, and CAR. This sequence was in line with 
data reported previously [ 13, 291. 

Passive permeation coeficient 

The passive permeation coefficient (k) of the anthra- 
cyclines in KB8-5 cells was calculated according to Eqn 
6. Since the variation in k was approximately two orders 
of magnitude, the optimal concentration was used for 
each drug to enable us to record the bend in the medium 
fluorescence trace (Fig. 3). For DOX, DNR, and EPI we 
used extracellular drug concentrations of 0.5 PM. For 
DOX we decreased the flow rate from 200 pumin to 50 
@/min. For the relatively highly lipophilic drugs CMD, 
IDA, and CAR, the cellular drug influx rate was too high 
to detect a bend in the fluorescence curve. Therefore, we 
decreased the number of cells to fl . lo6 cells. More- 
over, for these drugs the extracellular concentration was 
decreased to 0.15 FM because of an increased verapam- 
il-induced desorption of the drugs from the glass plates 
at extracellular drug concentrations of 0.5 @I and 
higher. The flow rate used for these drugs was 200 pL/ 
min. For all drugs we verified that the initial cellular 
drug uptake rate was linear with the extracellular drug 
concentration by measuring this parameter at extracellu- 
lar drug concentrations twice as high or twice as low as 
the optimal extracellular drug concentrations used. The 
measured passive permeation coefficient increased with 
the increasing lipophilicity of the drug (Fig. 5). 

Cytosolic free drug concentration 

The cytosolic free drug concentration was determined 
from the difference in medium drug concentration with 
and without P-gp-mediated drug pumping activity. 
When a steady state was attained in the flow-through 
system, injections of verapamil induced a fluorescence 
dip, which indicated a net cellular influx of the drug 
caused by an inhibition of the drug pumping of P-gp 
(illustrated in Fig. 4). After passage of the verapamil 
pulse, fluorescence increased above the steady state flu- 
orescence signal, indicating an efflux of drugs against a 
BP 50:,-D 

JO c CAR 

0 s 10 15 20 25 

1 -Octanol/PSS drug concentration ratio 

Fig. 5. Passive permeation coefficient (k) against the I-octanol/ 
PBS drug concentration ratio. Using the flow-through system, 
the passive permeation coefficient (Umin. 10” cells) of six an- 
thracyclines was determined for KB8-5 cells and plotted against 
the I-octanoYPBS drug concentration ratio of the anthracy- 
clines. Bach point represents the outcome of an independent 
experiment. The means of the k of JIOX, DNR, and CAR are 
significantly different, P c 0.05 according to Student’s t-test. 

drug concentration gradient. This was caused by the re- 
stored activity of P-gp. The area below the steady state 
concentration was of magnitude similar to the signal 
above the steady state concentration, indicating that the 
surplus influxed after inhibiting the drug pump was sub- 
sequently effluxed. At the end of each experiment cells 
were counted and the viability tested. Viability was usu- 
ally greater than 95%. 

The cytosolic free drug concentration was determined 
using Eqn 5. The passive permeation coefficient k in this 
equation had been measured in the same experiment by 
following the medium drug concentration after first ex- 
posure of the cells to the drug. The concentration of 
verapamil used (injection of 250 m, dilution factor 
3-10) induced a maximum inhibition of the P-gp-medi- 
ated drug flux, since higher concentrations of verapamil 
did not further amplify the fluorescence dips. This was 
verified for all drugs tested. Moreover, for all drugs a 
continuous infusion of 50 @I verapamil led to a similar 
maximum decrease in the drug fluorescence signal when 
compared to that of the maximum pulse-induced dip. For 
DOX we useci a flow rate of 50 @Jmin, and verapamil 
plllse injections at intervals of 2 min. For all other drugs 
we used a flow rate of 200 pL/min and verapamil pulse 
injections at intervals of 30 sec. The extracellular drug 
concentration used was the same as that employed for 
the determination of the passive permeation coefficient. 
The relative cytosolic free drug concentrations (R) in 
KB8-5 cells, set off against the passive permeation co- 
efficients, are shown in Fig. 6. In this figure the data 
represent independent experiments. The cytosolic free 
drug concentration was lowered by P-gp by a similar 
factor for all drugs tested. From a linear fit of all data, an 
increase in the relative cytosolic free drug concentration 
with an increasing passive permeation coefficient was 
inferred from 40 to 50% of the extracellular drug con- 
centration. 

Cellular steady-state drug content 

We determined the intracellular drug content of DOX, 
DNR, and IDA in drug-sensitive KB3-1 and MDR 
KB8-5 cells with or without 50 pM verapamil (complete 
inhibition of P-gp-mediated drug flux) at 37’C for 90 
min. After incubation, the cells were lysed, and the rel- 
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Fig. 6. Relative cytosolic free drug concentrations against the 
passive permeation coefficient. Using the flow-through system, 
the relative cytosolic free drug concentmtion of several anthra- 
cyclines was determined for KB8-5 cells using Eqn 5 and plot- 
ted against the passive permeation coefficient. Each point rep- 
resents the outcome of an independent experiment. The dotted 

line represents a linear fit of the data. 

ative cellular drug content calculated from the fluores- 
cence. The drug content of KB3-1 cells without vera- 
pamil was normalized to 1.0. For all drugs, the total 
amount of cellular drug in KB8-5 cells was 40-50% of 
that in KB3-1 cells (see Table 1). Incubation of KB8-5 
cells with drugs in the presence of verapamil resulted in 
an increase of cellular drug. This increase almost 
reached the level of drug in drug-sensitive cells. The 
effect of verapamil on the amount of drug in drug-sen- 
sitive cells was less than 20%. 

P-glycoprotein-mediated drug pumping rate 

The P-gp pumping rate of the anthracyclines was cal- 
culated using Eqn 10. For each individual experiment we 
determined the passive permeation coefficient and the 
cytosolic free drug concentration, from which we could 
calculate the drug pumping rate. The P-gp-mediated 
drug efflux rate was linear with the extracellular drug 
concentration. This was determined by measuring this 
parameter at extracellular drug concentrations twice as 
high and twice as low as the optimal extracellular drug 
concentrations used. The V,,,&K,,,, values (assuming S 
Q KM) representing the relative P-gp drug pumping rates 
(V,,J and calculated using Eqns 11 and 12 are plotted 
against the passive permeation coefficient for all drugs 
tested in Fig. 7. It was apparent that the relative drug 

Table 1. Cellular drug steady-state contents in KB3-1 and 
KB8-5 cells 

DOX DNR IDA 

KB3-1 1.0 1.0 1.0 
+VP 1.1 kO.2 1.2fO.l l.OkO.1 
KB8-5 OS?O.l 0.5 f 0.2 0.4kO.l 
+VP 0.9fO.l 0.8kO.l 0.9kO.l 

Cells were incubated with DOX (0.5 p.M), DNR (0.5 pM), or 
IDA (0.15 ph4) with or without 50 @VI verapamil at 37’C for 90 
min. then washed and suspended in a lysis buffer. The fluores- 
cence of the suspensions was measured and normalized to 1.0 
for the wild-type KB3-1 cells. Data represent the average of 
three independent experiments (*SD, n = 3). 
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Fig. 7. VM&KM values representing the relative P-gp drug 
pumping rate (V& against the passive permeation coefficient 
(k) of anthracyclines for KBS-5 cells. The data were calculated 
using Eqn 10. Bach point represents the outcome of an inde- 
pendent experiment. The means of the VM,,x/KM of DOX, DNR, 
and CAR are significantly different, P < 0.05 according to 

Student’s I-test. 

pumping rate increased with the drug permeation coef- 

ficient. 

Drug cyroroxicity 

The cytotoxicity of the six anthracyclines for KB3-1 
and KBS-5 cells was measured to compare them with the 
cytosolic free drug concentrations. The results are given 
in Table 2. IC,, values were somewhat lower for IDA, 
CMD, and CAR than for DOX, DNR, and EPI. Drug 
resistance factors varied between 2.0 and 6.3, and were 
lower for IDA, CMD, and CAR than for DOX, DNR, 
and EPI. Verapamil (6 p&l) reversed the resistance in 
KB8-5 cells for all anthracyclines. 

DISCUSSION 

The aim of our study was to investigate the cellular 
phannacokinetics of several clinically important anthra- 
cyclines in MDR tumor cells containing P-gp. In partic- 
ular, the effect of P-gp on the cellular pharmacoklnetics 
of the ‘classical’ anthracyclines, DOX and DNR, was 
compared with the presently advocated lipophilic anthra- 
cycline IDA. In addition, EPI, CMD, and CAR were 
studied, the latter two not being routinely in clinical use. 
Using the flow-through system, the intracellular free 
drug concentrations and P-gp pumping rates could be 
calculated for these drugs. It was found that the P-gp 
drug pumping rate, normalized with respect to differ- 
ences in the cytosolic free drug concentration, increased 
with the lipophilicity and the passive permeation coef- 
ficient of the drug. The increased passive leak across the 
plasma membrane with increasing lipophilicity did not 
lead to a significant increase in the cytosolic free drug 
concentration. Apparently, the increased efflux largely 
compensates for the increased passive permeation coef- 
ficient. In fact, the relative decrease in the cytosolic free 
drug concentration in P-gp MDR KB8-5 cells was sim- 
ilar for all six compounds. The dotted line of Fig. 6, 
representing the relative cytosolic free drug concentra- 
tion R (C,JD,) against the passive permeation coe.fG- 
cient k, was obtained with linear regression, and showed 
only a slight ascent from 40 to 50%. This increase was 
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Table 2. IC, values (nM) of the anthracycline analogs on KB3-1 and KB8-5 cells 
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Go 

KB3-1 KB8-5 

Drug -VP +VP -VP +VP RF DMF 

DOX 14 f2 9 +2 52 +4 15 f2 3.7 3.5 
EPI 15 f3 10 +1 94 f6 18 f3 6.3 5.2 
DNR 12 fl 11 f4 53 f3 14 lt2 4.4 3.8 
CMD 0.1 f. 0.02 0.1 f 0.02 0.2 * 0.01 0.1 f 0.03 2.0 2.0 
IDA 2.3 * 0.3 2.0 f 0.2 4.7 * 0.5 2.2 f 0.2 2.0 2.1 
CAR 3.0 f 0.5 2.0 f 0.2 8.1 f0.9 4.0 f 0.4 2.7 2.0 

Cells were incubated with the drugs with or without 6 @I verapamil (- or + VP) for 72 hr. The resistance factor (RF) is defmed 
by the ratio of the I&, of the KB8-5 cells and the IC, of the KB3-1 cells. The dose modifying factor (DMF) is defined by the 
ratio of the ICY,, of the KB8-5 cells without verapamil and the IC,, of the KB8-5 cells with verapamil. Data am the means f SD 
of three independent experiments. 

insufficient to explain the observed differences in drug 
resistance (Table 2). The classical approach to measur- 
ing the effects of P-gp on cellular drug content is to 
measure the total amount of cellular drug in the cells at 
steady state. In this approach, the amount of drug in 
KB8-5 was also similar (4&50%) when related to the 
total amount of cellular drug in drug-sensitive cells at 
steady state. However, assuming the ratio of total cellu- 
lar drug contents to be similar to the ratio of the cytosolic 
free drug concentrations (minus and plus verapamil) re- 
quires that verapamil not affect the intracellular drug 
distribution volume. We confirmed that verapamil did 
not have such an effect (data not shown) by measuring 
its effect on the ratio of the amount of drug bound to 
DNA to the amount of drug in the rest of the cell [30]. 

Previously, Berman and McBride also measured the 
effect of verapamil on the cellular content of IDA and 
DNR, using flow cytometry [l 11. They found that vera- 
pamil had less effect on the content of IDA in MDR cells 
than on the DNR content. However, the authors did not 
consider that these findings could also be explained by a 
40% decrease in extracellular IDA concentration during 
the incubation of the cells, leading to an apparently 
lesser effect of verapamil. The cytosolic free drug con- 
centration most likely contributed to the drug resistance 
to the anthracyclines tested in this study. Both the IC,, 
values and drug resistance factors were lower for CMD, 
IDA, and CAR than for DOX, EPI, and DNR, in agree- 
ment with earlier reports. However, these drug resistance 
factors were always higher than 2, which corresponds to 
the decreasing effect of P-gp on the cytosolic free drug 
concentration. This indicates that the resistance to all the 
drugs can at least be explained by an effect of P-gp. 
Moreover, the resistance to all drugs could be reversed 
by verapamil (for IDA corresponding to the results from 
ref. [31]). The higher resistance factors for the less li- 
pophilic drugs cannot be. explained by an effect of P-gp 
on the cytosolic free drug concentration alone. Other 
mechanisms of drug resistance might play a role for the 
less lipophilic drugs. It is unclear why verapamil was 
able to reverse drug cytotoxicity completely. The limi- 
tations of our experimental set-up make it difficult to 
speculate on such mechanisms, since the concentrations 
of drug at IC,, levels are too low for sensitive kinetic 
measurements or for studies on mechanisms of drug re- 
sistance. 

To explain the higher drug pumping activity of P-gp 

with respect to the more lipophilic drugs, we assume that 
a main characteristic of the substrate binding site on 
P-gp is a hydrophobic environment. The routing of the 
drug molecules from the cytosol to outside may be via 
cytosolic binding sites on the drug pump or via plasma 

membrane binding sites [32]. Presently, we cannot dis- 
criminate between these two possibilities. Indications for 
the second routing have been obtained with P-gp func- 
tioning as a hydrophobic ‘vacuum cleaner’ [33,34]. For 
a non-P-glycoprotein-mediated MDR cell line, we found 
an example of a typical ‘vacuum cleaner’ [35]. 

In summary, we compared six anthracyclines having 
differing lipophilicity with respect to pharmacokinetics 
and cytotoxicity in P-gp-containing MDR cells. We 
found that the P-gp drug pumping rate increases with 
increasing lipophilicity of the drug. The P-gp-mediated 
relative decrease in the cytosolic free drug concentration 
is similar for the anthracyclines tested. At equal cyto- 
solic free drug concentrations, drug cytotoxicity was 
higher and the drug resistance factors were lower for the 
more lipophilic drugs. We conclude that the lower resis- 
tance factor of IDA in comparison with that of DNR and 
DOX is not due to a lower effect of P-gp on the cytosolic 
free concentration of IDA. 
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