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Summary. The effect of tumor cell density on the cellular 
pharmacokinetics of doxorubicin (DXR) and cisplatin 
(CDDP) was studied using MOLT-3 hmnan acute lympho- 
blastic leukemia cells. As determined by the MTI" assay, 
the growth-inhibitory effect of DXR was approx. 40 times 
lower when cell density was increased from 106 to 
108 cells/ml (positive inoculum effect), whereas little or no 
influence of cell density was observed in CDDP-induced 
cell-growth inhibition. As measured by high-performance 
liquid chromatography using a fluorescence detector, the 
cellular accumulation of DXR showed 6- and 18-fold 
decreases after 1 h incubation when the cells were concen- 
trated from 106 to 107 and 108 cells/ml, respectively. Only 
at low cell density (106 cells/ml) did the amount of DXR in 
the cells increase with increasing exposure times of up to 
6 h. The DXR concentration in the supernatant that was 
separated from a cell suspension showing a density of 108 
cells/ml fell to 20% of that obtained at 106 cells/ml. The 
metabolites of DXR, including Adriamycinol and Adri- 
amycinone, were not detectable in the cell extracts or su- 
pernatants at any cell density examined. In contrast, the 
cellular accumulation of CDDP calculated from the plati- 
num concentration, which was measured with a flameless 
atomic absorption spectrophotometer, was essentially 
identical at all cell densities examined; moreover, exten- 
sion of the exposure period resulted in a linear increase in 
the amount of CDDP in the cells. CDDP concentrations in 
the superuatants were equally retained, irrespective of cell 
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densities. These observations indicate that the positive in- 
oculum effect shown in DXR-induced cell-growth inhibi- 
tion results from the decreased cellular accumulation of the 
drug at high cell densities. We found no influence for cell 
density on the cellular accumulation of CDDP that might 
be relevant to the therapeutic potentiation of this drug at 
high tumor-cell density. 

Introduction 

Certain chemotherapeutic agents such as doxorubicin 
(DXR) are progressively less efficacious in vitro when 
tumor-cell density is increased (positive inoculum effect), 
whereas the effects of platinum compounds are not in- 
fluenced by cell density [19]. It has been shown that prein- 
cubation of DXR in the presence of cells at high density 
results in the loss of the drug's efficacy [19]. In addition, 
DXR produced lower lethality in cells cultured in multi- 
cellular tumor spheroids than in those raised in monolayer 
culture [12, 20]. Although several studies have indicated 
that DXR-induced cytotoxicity is related to the degree of 
intracellular uptake of the drug [2-5] ,  the exact mecha- 
nism of the inoculum effect seen in DXR-induced cell 
killing remains unclear. In contrast to DXR, cisplatin 
(CDDP) proved to lack this inoculum effect [19, 21] and 
retained its therapeutic potentiation against tumor 
spheroids [12]. The pharmacokinetics of CDDP in cells at 
high densities has not yet been clearly demonstrated. 

In the present study, we investigated the influence of 
cell density on the cellular pharmacokinetics of DXR and 
CDDP. An attempt was made to elucidate the mechm:ism 
of the inoculum effect by measuring not only DXR but also 
its major metabolites using HPLC with a fluorescence 
detector. We analyzed intra- and extracellular concentra- 
tions of these drugs after their incubation with cell suspen- 
sions at various densities so as to clarify their pharmaco- 
logical disposition at high rumor-cell density. 
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Materials and methods 

Drugs and chemicals. Doxorubicin hydrochloride was generously sup- 
plied by Kyowa Hakko Kogyo Co. (Tokyo, Japan). Daunombicin hy- 
drochloride, Adriamycinol and Adriamycinone were kindly provided by 
Farmitalia Carlo Erba (Milan, Italy). The anthracyclines were dissolved 
in 10 mM phosphate-buffered solution (PBS, pH 3) or methanol and were 
further diluted with D-PBS (Gibco, Grand Island, N.Y.) to the desired 
concentrations. The stock solutions of anthracyclines were stored at 
-20 ~ C for a maximum of 1 month. CDDP was generously provided by 
Bristol-Myers, K. K. (Tokyo, Japan) as a reconstituted solution for injec- 
tion. Solutions of CDDP diluted in D-PBS were prepared just before the 
experiments. Formic acid, methanol and chloroform were purchased 
from Wako Pure Chemical Industries (Tokyo, Japan) and were of ana- 
lytical grade. 

Exposure of cells to drugs. MOLT-3 cells, established from a patient 
with acute lymphoblastic leukemia [17], were maintained in RPMI-1640 
medium (Gibco) supplemented with 10% (v/v) heat-inactivated fetal 
bovine serum (FBS, Gibco) and nourished with fresh medium twice a 
week. Cells in exponential growth with >90% viability were used for all 
experiments. Suspensions of MOLT-3 cells were diluted or concentrated 
to various cell densities ranging from 106 to 108 viable cells/ml RPMI- 
1640 medium in either 15-ml culture tubes (Falcon 3033, Becton-Dick- 
inson, Oxnard, Calif.) or 50-ml centrifuge tubes (Falcon 2098). At differ- 
ent densities, ceils were exposed to graded concentrations of DXR or 
CDDP for 1 h at 37~ in a humidified atmosphere comprising 5% 
CO2/95% air. At the end of the incubation period, cells were washed 
twice with culture medium and their density was readjusted to 
5 • 104 cells/ml RPMI-1640 medium supplemented with 10% FBS. Each 
200-gl volume of cell suspension was placed in a 96-well flat-bottomed 
plate (Coming Glass Works, Coming, N.Y.) and then incubated for 
3 days at 37 ~ C in a humidified atmosphere consisting of 5% CO2/95% 
air. Following incubation, viable ceils were quantified using the MTT 
assay as described below. For the determination of DXR or CDDP 
concentrations in the cells or supernatants, 106- l0 s cells/ml RPMI-1640 
medium were incubated with DXR or CDDP for 30 rain to 6 h at 37 ~ C in 
an almosphere containing 5% CO2. For exposures lasting for >1 h, cell 
suspensions were shaken at 1-h intervals. After incubation, cell suspen- 
sions were centrifuged at 200 g for 10 min at room temperature for the 
separation of supematants. The cell pellets were then washed twice with 
D-PBS and 1 x 107 or 5 • 107 cells were analyzed for cellular DXR or 
CDDP content, respectively. 

MTT assay. The in vitro sensitivity of MOLT-3 cells at various densities 
to DXR and CDDP was determined using the MTT assay [7, 18]. This 
assay is dependent on the cellular reduction of MTT (Sigma Chemical 
Co., St. Louis, Mo.) by the mitochondrial dehydrogenases of viable cells, 
but not those of dead cells, to a blue formazan product that can be 
measured spectrophotometrically. After the cells had been incubated in 
the 96-well plate for 3 days, 10 gl MTT solution (4 mg/ml) and 10 gl 
0.1 M sodium succinate were added to each well and the plate was further 
incubated at 37 ~ C for 4 h. Next, the plate was centrifuged at 650 g for 
5 min and supematants were removed. The formazan crystals produced 
were solubilized by the addition of 150 gl dimethylsulfoxide (DMSO), 
following which the contents of the wells were thoroughly mixed on a 
plate shaker for 5 min and the absorbance of each well was measured at 
540 nm using a multi-well spectrophotometer (Bio-Rad, Richmond, 
Calif.). Dose-response curves were drawn by plotting the absorbance at 
540 nm, expressed as a percentage of the untreated control value, against 
drug concentrations. 

Extraction procedure and HPLC analysis for DXR in cells and super- 
natants. After the cells had been incubated with DXR, supematants were 
obtained by centrifugation at 200 g for 10 rain. Cell pellets were washed 
twice with D-PBS and resuspended in 0.2 ml D-PBS. Cell suspensions 
containing 1 x 107 cells and supplemented with 1.8 ml 10 mM PBS 
(pH 7.8) and internal standard (daunombicin) were extracted by shaking 
for 15 miu with 6 ml chloroform/methanol (4 : 1, v/v). Following centri- 
fugation at 1,250 g for 10 rain, the lower organic phase was collected and 

evaporated under vacuum at 35 ~ C. The dry residue was dissolved in 1 ml 
100 mM PBS (pH 3)/methanol (1 : 1, v/v) by sonication for 30 s, and a 
100-gl volume of clear supematant was injected into the chromatograph 
using a 500-gl Hamilton syringe (Reno, Nev.). Samples of 0.5 ml super- 
natants were extracted in a similar way after the addition of 1.5 ml 10 mM 
PBS (pH 7.8) and internal standard. 

The chromatographic system consisted of a Hitachi model L-6000 
double-head pump (Hitachi, Ltd., Tokyo, Japan) and a sampling valve 
(Rheodyne, model 7125, Cotati, Calif.) with a sampling loop of 100 gl. 
The analytical column (250 x 4 mm, inside diameter) was packed with 
spherical silica gel Nucleosil 100-C18 (particle size, 10 gin; Macherey- 
Nagel, FRG). DXR fluorescence from the extracts was measured using a 
fluorescence detector (Hitachi, model F-1050) with an excitation 
wavelength of 475 nm and emission detection at 585 nm. The column 
was eluted with 1 N formic acid/methanol (40 : 60, v/v) at a flow rate of 
1 ml/min. The integration of the peaks was performed using a Hitachi 
model D-2500 integrator. Quantification of drag concentration in the 
cells and supernatant was achieved by measuring the peak-area ratio of 
the drug and internal standard and was calculated from a calibration 
curve for peak-area vs concentration. 

Measurement of platinum concentration in cells and supernatants. Pel- 
lets containing 5 x 107 cells were digested by the addition of a 0.5-ml 
volume of nitric acid (Wako Pure Chemicals) to yield homogeneous 
samples [13]. Platinum concentrations in acid-digested cells and super- 
natants were analyzed using a Varian Spectra AA-30 atomic absorption 
spectrophotometer (Varian Instruments, Victoria, Australia) fitted with a 
Varian GTA 96 microprocessor-controlled graphite-tube atomizer and a 
programmable auto-sampler (Varian). A constant lamp current of 10 mA 
was used and absorbance was monitored at 265.9 nm. Samples were 
atomized flamelessly at 2,700 ~ C in a heated graphite atomizer. A three- 
stage heating program was used [16]: 95~ for 35 s (dry), 1,200~ C for 
20 s (ash) and 2,700 ~ C for 1 s (atomize), with a ramp rate of 500 ~ C/s. 
Depending on the drug concentration used, samples of 2 -20  gl were 
injected onto the carbon-graphite atomizer by the auto-sampler. Platinum 
concentrations were quantified from a calibration curve for absorbance 
vs concentration obtained from the platinum standard solution (Wako 
Pure Chemicals). Total CDDP concentrations in the cells and super- 
natants were calculated from the platinum concentrations measured. 

Results 

T h e  in v i t ro  sens i t iv i t i es  o f  M O L T - 3  cel ls  at va r ious  dens i -  
t ies to D X R  and C D D P  are  s h o w n  in Fig .  1. S ince  there  
was  a l inea r  r e l a t i onsh ip  b e t w e e n  M T T - f o r m a z a n  p roduc -  
t ion  and ce l l  n u m b e r  up  to 1 x 105 ce l l s /we l l  (data  no t  
shown) ,  1 x 104 ce l l s  in 200 g l  cu l ture  m e d i u m  w e r e  ini-  
t ia l ly  s e e d e d  in each  w e l l  f o l l o w i n g  two  w a s h e s  in m e d i u m  
and  w e r e  then  incuba ted  fo r  3 days.  U n d e r  these  cond i -  
t ions,  the  m a x i m a l  g r o w t h  o f  the  un t r ea t ed  con t ro l  ce l ls  
was  <1 • 105 ce l l s /we l l  at the  end  o f  the  i ncuba t i on  per iod.  
A n  inc rease  in ce l l  dens i ty  f r o m  106 to 108 ce l l s /m l  re-  
su l ted  in an  approx.  40 - fo ld  d e c r e a s e  in the  g r o w t h - i n h i b i -  
tory  e f f ec t  o f  D X R  on  M O L T - 3  cel ls  as d e t e r m i n e d  by  
c o m p a r i s o n  o f  IDs0 va lues  f o l l o w i n g  incuba t ion  for  1 h, 
thus d e m o n s t r a t i n g  the  pos i t i ve  i n o c u l u m  e f f ec t  (Fig.  1 A) .  
In  contras t ,  d o s e - r e s p o n s e  c u r v e s  for  C D D P - i n d u c e d  ce l l -  
g r o w t h  inh ib i t ion  v i r tua l ly  o v e r l a p p e d  e a c h  other ,  ind ica t -  
ing  that  ce l l  dens i ty  had  lit t le,  i f  any,  i n f l u e n c e  on  C D D P -  
induced  inh ib i t ion  o f  M O L T - 3  cel l  g r o w t h  (Fig.  1 B).  

T h e  e f f ec t  o f  ce l l  dens i ty  on  the  ce l lu l a r  a c c u m u l a t i o n  
o f  D X R  is i l lus t ra ted  in Fig .  2 A .  B e c a u s e  the  v iab i l i ty  o f  
h i g h l y  c o n c e n t r a t e d  ce l l s  (108 ce l l s /ml )  fe l l  to 5 0 % - 7 0 %  
o f  that  m e a s u r e d  at a dens i ty  o f  106 or  107 c e l l s / m l  w h e n  
the  ce l ls  had  b e e n  i n c u b a t e d  at 37 ~ C fo r  >6  h ( even  in the  
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Fig. 1 A, B. Growth inhibition of MOLT-3 cells at densities of 106 ( e ) ,  
107 ( �9 ) and 108 cells/ml ( �9 ) induced by A DXR and B CDDR Cells at 
different densities were exposed to graded concentrations of drug for 1 h 
at 37 ~ C in a humidified atmosphere comprising 5% CO2/95% air. After 
cells had been washed twice with culture medium, 1 x 104 cells in 200 gl 
medium supplemented with 10% FBS were placed in each well of a 
96-well plate and then incubated for 3 days. Viable cell number was 
determined by MTT assay and defined as the absorbance at 540 nm, 
expressed as a percentage of the control value. Data points and bars 
represent the means _+ SD 
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Fig. 2 A, B. Cellular contents of A DXR and B CDDP after exposure of 
MOLT-3 cells at densities of 106 (0 ) ,  107 (A) and 108 cells/ml ( � 9  to 
1 gg/ml DXR or CDDR The amounts of cellular DXR or CDDP were 
measured using HPLC with a fluorescence detector or flameless atomic 
absorption spectrophotometer, respectively. Data points and bars repre- 
sent the means + SD of 3 -  6 measurements 

absence of drug), the accumulation of drug was not mea- 
sured in cells at a density of 108 cells/ml that had been 
incubated for >3 h. The cellular accumulation of DXR 
showed 6- and 18-fold decreases following 1 h incubation 
with 1 gg/ml DXR when the cells were concentrated from 
106 to 107 or 108 cells/ml, respectively. Only at low cell 
density (106 cells/ml) did the amount of DXR in the cells 
increase with increasing exposure periods of up to 6 h. In 
contrast, the cellular accumulation of CDDP at high cell 
densities was, if not identical, virtually the same as that 
observed at low cell density; moreover, extension of the 
exposure period resulted in a linear increase in the cellular 
content of CDDP, irrespective of cell density (Fig. 2 B). 

Following the exposure of cells to either drug, super- 
natants were separated from cell pellets by centrifugation. 
The DXR concentration in the supernatant obtained from a 
suspension containing 108 cells/ml that had been exposed 
to 1 gg/ml DXR for 1 h fell to 20% of that measured at 
106 cells/ml (Fig. 3A). Stepwise decreases in the DXR 
concentration in supernatants were more clearly demon- 
strated at 106 cells/ml than at 107 or 108 cells/ml with 
increases in the incubation time, corresponding with in- 
creases in the cellular content of DXR. Figure 3 B shows 
that CDDP concentrations in supernatants after exposure 
of the cells to 1 gg/ml drug were equally retained at all cell 
densities examined. Only slight decreases in CDDP con- 
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centrations in supernatants were observed with increasing 
incubation time. 

In addition to the measurement of DXR concentrations 
in the ceils and supematants, we analyzed the metabolism 
of  DXR by tumor cells. Figure 4 shows typical chromato- 
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Fig. 4 A - E .  Typical chromatograms of A a mixture of the authentic 
samples containing 1 gg/ml each of Adriamycinol (1), DXR (2), dauno- 
mbicin (3) and Adrimnycinone (4), B, D the extracts of supernatans and 
C, E 1 x 107 cells following the exposure of B, C 106 or D, E 108 cells/ml 
to 1 gg/ml DXR for 3 h. Daunorubicin served as the internal standard 

graphic profiles for a mixture of  the authentic samples 
containing DXR, Adriamycinol, Adriamycinone and dau- 
norubicin (A) and for supernatant (B, D) and cell extracts 
(C, E). As demonstrated in Fig. 4A, DXR, its major meta- 
bolites, and daunorubicin which served as an internal 
standard were elnted with sufficient separation under the 
chromatographic condition used. We could not detect 
peaks for DXR metabolites, including Adriamycinol and 
Adriamycinone, in supematant or cell extracts at any cell 
density or exposure period tested (Fig. 4 B - E ) .  

Discussion 

In the present study, we demonstrated differences in the 
disposition of DXR and CDDP at high tumor-cell density. 
The higher the cell density, the lower the antitumor effect 
and cellular accumulation of DXR. Since no detectable 
peaks for DXR metabolites were observed, this result 
clearly indicated that the positive inoculum effect seen in 
DXR-induced cell-kill kinetics [19, 21] resulted from the 
decreased cellular accumulation of the drug at high cell 
density rather than from the inactivation of DXR by tumor 
ceils. In contrast, even when the cell density had been 
increased from 106 to 108 cells/ml, the cellular accumula- 
tion of CDDP remained essentially identical, in correspon- 
dence with previous findings of the similar antitumor effi- 
cacy of CDDP irrespective of cell densities [19, 21], 

Several investigations have demonstrated that the ratio 
between cell number and total available drug is important 
in cell lethality induced by DXR in single cells [2, 4, 5, 
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19, 21] and in tumor spheroids [3, 12, 15, 20] in vitro. In 
the latter culture, cells became progressively more resistant 
to DXR when the size of  tumor spheroids increased and 
DXR was poorly taken up by cells in the core of spheroids 
[12]. The present study showed that cells in suspension 
culture also exhibited prominent DXR resistance, concom- 
itant with a decrease in the cellular content of  DXR with 
increasing cell density. Vaupel et al. [23] reported that 
tumor masses measuring 1 cm in diameter could exhibit 
extracellular pH as low as 6 -6 .5 ;  when cells had been 
concentrated at l0 s cells/ml, extracellular pH would fall 
with increasing incubation time, interfering with drug up- 
take across the cell membrane [1, 10, 22]. In fact, Hinden- 
burg et al. [11] demonstrated that the decrease in the cyto- 
static effect of daunorubicin on HL-60 cells at lower pH 
(pH 5) occurred parallel to a decrease in the amount of 
drug retained by the ceils and to the sequestration of drug 
within the membrane of the cells. These data suggest that 
the anthracyclines failed to pass through membranes and 
bind to cytoplasmic and nuclear structures at lower pH; 
instead, most of the drug was taken up by the Golgi appara- 
tus, by which it was then transported out of  the ceils [11]. 

Our finding that cellular accumulation of DXR did not 
increase at higher cell densities (107 and l0 s cells/ml), 
even with increases in incubation time, may be attributable 
to the acidification of extracellular fluid. Furthermore, ex- 
tracellular concentrations of DXR showed marked 
decreases when cell density was increased from 106 to 107 
and 108 cells/ml. This is consistent with the previous ob- 
servation that preincubation of DXR in the presence of 
cells at high density resulted in a decrease in the cytocidal 
activity of the drug [19]. Because the metabolites of DXR, 
including Adriamycinol and Adriamycinone, could not be 
detected in the present study, the inoculum effect seen in 
DXR-induced cell lethality seems to result from the ab- 
sorption of the drug into the cells rather than from drug 
inactivation by the cells. The reduction in the extracellular 
concentration of DXR that occurred after incubation with 
cells at high density without a concomitant increase in 
cellular drug content might have been caused by DXR's  
high affinity to cell-membrane components, especially gly- 
coprotein [14] and phospholipids [6]. At high cell density 
and under acidotic conditions, the DXR that was absorbed 
loosely into the cell surface but did not pass through the 
membrane was likely diffused out of the cells during the 
washing procedure following incubation. 

On the other hand, CDDP did not exhibit the inoculum 
effect; indeed, after preincubation of the drug with tumor 
cells at high density, it showed antitumor efficacy similar 
to that previously observed without preincubation [19]. 
This phenomenon can be clearly explained by our observa- 
tions that intracellular accumulation of CDDP at high cell 
densities was essentially identical to that measured at low 
cell density and that CDDP concentrations in supernatants 
were equally retained at all cell densities tested. In contrast 
with DXR, it has been shown that low pH has little influ- 
ence on the cellular accumulation of CDDP [9] or on its 
cytotoxicity to hypoxic EMT6 mouse mammary  tumor 
ceils at 37~ [8]. Therefore, it appears that uncharged 
CDDP species, including dichloro and chlorohydroxy 
complexes, enter cells according to the extra- and intra- 

cellular gradient of the drug concentration, irrespective of 
the celt density or pH in extracellular fluid. This pharmaco- 
logical disposition of CDDP might have an important clin- 
ical implication for chemotherapy of solid tumors and 
mass-formed hematological malignancies such as lym- 
phoma. Indeed, in multicellular tumor spheroids, the cyto- 
toxic effect of  CDDP on tumor cells was superior to that of  
DXR with increasing size of the spheroids [ 12]. 

Whereas in vitro data on tumor cells alone are insuffi- 
cient to enable extrapolation to the biological behavior of a 
drug in vivo, the inoculum effect is an additional factor 
indicating drug resistance for certain chemotherapeutic 
agents such as DXR. In contrast, we found no influence for 
cell density on the cellular accumulation of or the cell 
lethality induced by CDDP that might be relevant to the 
high therapeutic potentiation of this drug in various kinds 
of  solid tumors. 
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