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Abstract Purpose: The purpose of this study was to
characterize the concentration-dependent induction of
apoptosis by anticancer drugs in vitro. Methods: The
apoptosis- and necrosis-inducing potential of the anti-
cancer drugs cladribine (CDA), cytarabine (ARA-C),
cisplatin (CDDP), and 5-¯uorouracil (5FU) were stud-
ied in vitro in the human leukemia cell lines HSB2 and
Jurkat using a ¯ow-cytometry assay that permits the
simultaneous quanti®cation of vital, apoptotic, and
necrotic cells by double-staining with ¯uorescein isothi-
ocyanate (FITC)-labeled Annexin-V and propidium
iodide. The results were ®t to di�erent multicompart-
mental models and the sensitivity of the cell lines to
apoptosis and necrosis was estimated. Results: A time-
and dose-dependent decrease in vital cells as well as an
increase in apoptotic and necrotic cells was observed in
HSB2 cells upon continuous incubation with 10)5±
10)7MCDA, 10)5±10)8MARA-C, 5 ´ 10)5±5 ´ 10)6M
CDDP, and 10)4±10)5 M 5FU, whereas no e�ect was
observed relative to controls upon incubation with 10)8±
10)9 M CDA, 10)9 M ARA-C, 10)7±10)8 M CDDP, or
10)6±10)9 M 5FU. In Jurkat cells, apoptosis- and ne-
crosis-inducing e�ects were observed at 10)4±5 ´ 10)6M
CDA, 10)5±10)7 M ARA-C, 5 ´ 10)5±5 ´ 10)6 M

CDDP, and 10)4±10)5 M 5FU. In all experiments, ap-
optotic cells reached a peak after 6±48 h of drug expo-
sure. These data were best ®t by a model in which vital
cells became irreversibly apoptotic by a direct pathway
and necrotic by an irreversible indirect pathway fol-
lowing the apoptotic state (mean R � 0:9876; range
0.9510±0.9993; mean modi®ed Akaike's information
criterion 3.88; range 1.86±5.82) and the rate constants of
either pathway (Kva and Kan, respectively) were as-
sessed. The sensitivity of both cell lines to apoptosis and
necrosis (expressed as EC50 and Emax values) induced by
the anticancer drugs could be calculated from the sig-
moidal concentration-e�ect curves. Furthermore, it was
shown that drug treatment (10)6 M CDA or 10)6 M
ARA-C) potentiated the apoptosis-inducing e�ects of
irradiation (6 Gy) but not its necrosis-inducing poten-
tial. Conclusion: This study demonstrates that CDA,
ARA-C, CDDP, and 5FU possess concentration-de-
pendent apoptosis-inducing potential in the cell lines
studied. The cytotoxic mechanism and cell-killing po-
tential of these drugs is di�erent, which is re¯ected by
di�erent EC50 and Emax values. Furthermore, a method
for pharmacodynamic modeling is introduced that per-
mits a quantitative approach for the assessment of the
sensitivity of tumor cells to anticancer drugs and com-
bined treatments.

Key words Apoptosis á Pharmacodynamics á
Anticancer drugs á Drug sensitivity á Annexin V

Abbreviations A) Annexin-V-negative á
A+ Annexin-V-positive á AIC Akaike's information
criterion á ARA-C Cytarabine, cytosine
arabinoside á CDA 2-Chlorodeoxyadenosine,
cladribine á CDDP cis-Diamminedichloroplatinum(II),
cisplatin á EC50 Drug concentration at half-maximal
e�ect (M ) á Emax Maximal e�ect rate (h)1) á FBS Fetal
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concentration at which Kan is at half-maximum
(M ) á Kan,max Maximal rate constant for induction of
secondary necrosis from apoptotic cells (h)1) á Kva Rate
constant for induction of apoptosis from vital cells
(h)1) á Kva,EC50 Drug concentration at which Kva is at
half-maximum (M ) á Kva,max Maximal rate constant
for induction of apoptosis from vital cells (h)1) á
N Number of experimental data points á P Number of
parameters in an estimated model á PBS Phosphate
bu�ered saline á PI) Propidium-iodide-negative á
PI+ Prop-idium-iodide-positive á Rx Irradiation á
SSD Sum of standard deviations á San Steepness factor
of Kan á Sva Steepness factor of Kva á Wi Weighted
factor applied to point i á Ycalc,i Calculated data
point i á Yobs,i Observed data point i á Ymn,obs
Weighted mean of observed data

Introduction

Apoptosis, or programmed cell death, is an orderly and
genetically controlled form of cell death that was ®rst
described by Kerr et al. [15, 16]. It accounts for the
normal physiological death of cells in a multicellular
organism and permits the organism to eliminate un-
wanted or sublethally damaged cells. In contrast, ne-
crosis is thought to be a pathological process that results
from accidental lethal physical or chemical injury
[6, 16, 25]. Cancer chemotherapy has traditionally been
focused on inhibiting proliferation of cancer cells.
However, with the changing point of view that cancer
may be considered a disease with a relative de®ciency of
apoptosis instead of an excess of proliferation, the ap-
optosis-inducing potential of anticancer drugs has be-
come a topic of interest [5, 9, 10, 21, 23]. A variety of
drugs with disparate mechanisms of action and cellular
targets, such as antimetabolites, alkylating agents,
topoisomerase inhibitors, and hormone antagonists,
have been shown to induce apoptosis in sensitive cells
[10, 23]. Among these are cisplatin, cladribine, cyclo-
phosphamide, cytarabine, doxorubicin, etoposide, ¯u-
darabine, ¯uorouracil, gemcitabine, methotrexate,
paclitaxel, teniposide, vinblastine, and vincristine [2, 8,
11±14, 20, 27].

Several assays for the determination of apoptosis
have been described in the literature, including quanti-
tative assays [3, 4, 7, 18, 22]. Nevertheless, preclinical
methods for screening of the e�cacy of anticancer drugs,
such as the clonogenic assay [19] and the microculture
tetrazolium test (MTT assay) [17], are based on mea-
surement of the antiproliferative e�ects of this class of
drugs.

We have studied the apoptosis- and necrosis-inducing
potential of the anticancer drugs cladribine (CDA), cy-
tarabine (ARA-C), cisplatin (CDDP), and 5-¯uorouracil
(5FU) in two human leukemia cell lines in vitro with the
use of a recently described ¯ow-cytometry assay that
permits the simultaneous quanti®cation of vital, apop-
totic, and necrotic cells by double-staining with ¯uo-

rescein isothiocyanate (FITC)-labeled Annexin-V and
propidium iodide [24]. With these data a pharmacody-
namic model was designed to quantify the apoptosis-
and necrosis-inducing potential of these drugs and to
characterize the interrelationship between vital, apop-
totic, and necrotic cells upon exposure either to cyto-
toxic drug or to combined chemoradiotherapeutic
treatment.

Materials and methods

Materials

Cladribine (Leustatin; Janssen-Cilag BV, Tilburg, The Nether-
lands), cytarabine (Alexan; Multipharma BV, Weesp, The Neth-
erlands), cisplatin (Platinol, Bristol-Myers Squibb BV, Woerden,
The Netherlands), and 5-¯uorouracil (Fluorouracil-TEVA, Teva
Pharma BV, Mijdrecht, The Netherlands) were commercially ob-
tained. Phosphate-bu�ered saline (PBS) was obtained from JT
Baker BV, Deventer, The Netherlands. Annexin-V-FITC was a gift
from Dr. C.P.M. Reutelingsperger, State University Maastricht,
Maastricht, The Netherlands. Propidium iodide (PI) was obtained
from Sigma Aldrich Chemie BV, Breda, The Netherlands.

Cell culture

The human leukemia cell line HSB2 and the human T-ALL-derived
lymphoblast cell line Jurkat, both derived from the American Type
Culture Collection (ATCC, Rockville, Md., USA) were maintained
at exponential growth in RPMI 1640 medium (Life Technologies
B.V., Breda, The Netherlands) supplemented with 10% (v/v) heat-
inactivated (30 min, 56 °C) fetal bovine serum (FBS; Life Tech-
nologies BV), streptomycin at 100 lg/ml, penicillin 100 IU/ml, and
2 mM L-glutamine (Life Technologies BV) in a fully humidi®ed
atmosphere containing 5% CO2 at 37 °C.

Apoptosis assay

The apoptosis assay, which permits the simultaneous quanti®cation
of viable, apoptotic, and necrotic cells, was performed as described
elsewhere [24]. The assay is based on the determination of the
phosphatidylserine (PS) on the outer layer of the cell membrane. At
cell death this phospholipid is exposed to the outer layer of the cell
membrane. Annexin-V (A) is a PS-binding protein that serves as a
sensitive probe for PS exposure. During the initial stages of ap-
optosis the cell membrane remains intact and is impermeable for
dyes such as PI, in contrast to the case for necrotic cells. Combi-
nation of these two characteristics permits simultaneous detection
of vital cells (A)/PI)), apoptotic cells (A+/PI)), and necrotic cells
(A+/PI+) using a ¯ow cytometer. Damaged cells become labeled
with Annexin-V-FITC and show green ¯uorescence.

In vivo, phagocytes engulf the apoptotic cell or the apoptotic
bodies before they break up and disperse their cellular content into
the adjacent tissue. In vitro, however, because of the lack of
phagocytosing cells in a test tube the apoptotic state of a cell is
succeeded by a condition in which the plasma membrane's integrity
deteriorates. The subpopulation of deteriorating apoptotic cells are
referred to as secondary (type-2) necrotic cells so as to distinguish
them from necrotic cells that lose their plasma membrane integrity
through non-apoptotic processes. The use of the term type-2 ne-
crosis might easily initiate confusion because of the resemblance of
this process to classic primary cell necrosis. To avoid such confu-
sion we prefer the term secondary necrosis. When these cells arrive
at the stage of secondary necrosis they become positive for red
¯uorescence as well, due to staining of DNA with PI that is no
longer excluded from entry into the cells. The apoptosis assay
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provides quantitative information about the percentages of vital,
apoptotic, and (secondary) necrotic cells, which can be obtained at
any moment in a time-related manner during the experiments.

Double-staining with Annexin-V-FITC and with PI for cellular
DNA was performed as follows. After being washed twice with
PBS, 0.4 ´ 106 cells were resuspended in binding bu�er (10 mM
HEPES/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2). Annexin-
V-FITC and PI were added to a ®nal concentration of 0.25 and
10 lg/ml, respectively. The mixture was incubated for 10 min in
darkness at room temperature, and 10,000 cells were then measured
by bivariate ¯ow cytometry (FACS; Becton Dickinson Systems,
San Jose, Calif., USA) and analyzed using the software program
Lysys-2. The percentages of vital cells (described as A)/PI)), ap-
optotic cells (A+/PI)), and secondary necrotic cells (A+/PI+)
were measured upon de®ned treatments after appropriate intervals.
All experiments were performed in triplicate.

Drug treatment

Drugs were freshly diluted to a suitable concentration with PBS.
For all drug treatments, cells growing in the log phase in culture
medium were supplemented with de®ned concentrations of CDA,
ARA-C, CDDP, or 5FU and continuously incubated. For com-
bined chemoradiotherapy, cells were continuously incubated with
the drug as described above and were exposed to irradiation
treatment at 17 h after drug incubation.

Radiation treatment

For radiation treatment, cell suspensions were irradiated in plastic
bags using a linear accelerator (Varian Clinac 2100 C; Varian, Palo
Alto, Calif., USA) with 6 mB energy at a mean distance to the
target of 100 cm and a dose rate of 6 Gy/sample.

Pharmacodynamics

Model selection

Pharmacodynamic calculations were performed with the computer
program Scientist (Micromath Scienti®c Software, Salt Lake City,
Utah, USA) using curve-®tting procedures successively according
to the method of least squares and Simplex [1]. The models were
speci®ed as a system of di�erential equations. Initial conditions
were the observed percentages of cells in each group (i.e., vital,
apoptotic, and secondary necrotic) at t � 0. Data were ®t by the
model shown in Fig. 1.

The di�erential equations applied were:

dV =dt � ÿ�Kva� Kvn� � V � Kav� A;

dA=dt � Kva� V ÿ �Kav� Kan� � A; and

dN=dt � Kvn� V � Kan� A:

After completion of the ®tting procedure the rate constants Kav,
Kva, Kvn, and Kan were estimated. Di�erent models were com-
pared by successive ®xing of the rate constants at zero. The
goodness of ®t for either model was expressed by the correlation
coe�cient (R), and ®ts of models with di�erent numbers of pa-
rameters were compared with the aid of the Model selection cri-
terion (MSC, which is a modi®ed Akaike's information criterion
(AIC), according to the following formula [1, 26]:

MSC � ln
E�Wi�Yobs; iÿ Ymn; obs�2�
E�Wi�Yobs; iÿ Ycalc; i�2� ÿ

2� P
N

;

where E is the sum from i to N, N is the number of experimental
data points, Ymn,obs is the weighted mean of observed data, Yobs,i
is the observed data point i, Ycalc,i is the calculated data point i,
Wi is the weighted factor applied to point i, and P is the number of
parameters in the estimated model. The MSC gives the same
rankings between tested models as does the AIC but has been
normalized such that it is independent of the scaling of the data
points; the most appropriate model is that with the largest MSC.

Concentration-e�ect relationship

The relationship between the calculated rate constants Kva and
Kan and the logarithm of the incubation concentration showed a
sigmoidal curve. The estimated Kva and Kan values at each in-
cubation concentration were ®t by the following equations:

Kva � Kva;max� CSva

Kva;ECSva
50 � CSva

and

Kan � Kan;max� CSan

Kan;ECSan
50 � CSan

;

where Kva,max is the maximal rate constant for induction of ap-
optosis from vital cells (h)1), Kan,max is the maximal rate constant
for induction of secondary necrosis from apoptotic cells (h)1),
Kan,EC50 is the drug concentration at which Kan is at half-maxi-
mum (M ), Kva,EC50 is the drug concentration at which Kva is at
half-maximum (M ), Sva is the steepness factor of Kva ®t, and San
is the steepness factor of Kan ®t.

Results

A time- and dose-dependent decrease in vital cells, to-
gether with an increase in apoptotic and secondary ne-
crotic cells, was observed in HSB2 cells upon continuous
incubation with 10)5±10)7 M CDA, 10)5±10)8 M ARA-
C, 5 ´ 10)5±5 ´ 10)6 M CDDP, and 10)4±10)5 M 5FU,
whereas no e�ect was observed relative to controls upon
incubation with 10)8±10)9 M CDA, 10)9 M ARA-C,
10)7±10)8 M CDDP, or 10)6±10)9 M 5FU. In Jurkat
cells, apoptosis- and necrosis-inducing e�ects were ob-
served at 10)4±5 ´ 10)6 M CDA, 10)5±10)7 M ARA-C,
5 ´ 10)5±5 ´ 10)6 M CDDP, and 10)4±10)5 M 5FU,
whereas no e�ect was observed at drug concentrations
of 10)6±10)8 M CDA, 10)8±10)9 M ARA-C, 10)7±10)8

M CDDP, or 10)6±10)9 M 5FU. In all experiments the
percentage of apoptotic cells reached a peak after 6±48 h
of drug exposure. Representative curves are presented in
Fig. 2.

These data were ®t by de®ned models that could ex-
plain the appearance of such a peak in the number of

Fig. 1 Model for induction of apoptosis and necrosis from vital
cells
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apoptotic cells, and the goodness of ®t was expressed by
coe�cients of correlation (R) and the modi®ed AIC
(MSC). The observed data were most appropriately
described by a model in which vital cells become irre-
versibly apoptotic by a direct pathway (Kva) and sec-
ondary necrotic by an irreversible pathway following the
apoptotic state (Kan), with the rate constants Kvn and
Kav being zero (goodness-of-®t data of alternative
models not shown). The mean correlation coe�cient for
this model was 0.9876 (range 0.9510±0.9993) and the
mean MSC was 3.88 (range 1.86±5.82). Detailed infor-
mation for each drug and cell line is given in Table 1.
Control experiments revealed a mean Kva of <10)3 h)1

and a mean Kan of <10)3 h)1 for both HSB2 and
Jurkat cells, corresponding to half-lives exceeding 700 h.

The calculated rate constants for the induction of
apoptosis (Kva) and secondary necrosis (Kan) for the
selected model are represented in Table 2 and appear to
be sigmoidally interrelated with the logarithm of the
incubation concentration. Representative curves for
HSB2 and Jurkat cells are given in Fig. 3. The estimated
K values at each drug concentration were ®t by the de-
scribed formula to express the relationship between Kva
or Kan and the incubation concentration. The Kva,max,
Kan,max, Kva,EC50, Kan,EC50, Sva, and San values for
each drug and cell line are presented in Table 3. Kva
values could not be calculated for Jurkat cells incubated
with 5FU as these cells appeared to be relatively resis-
tant to the drug and, therefore, only very low numbers

Fig. 2A,B Percentage of vital (n), apoptotic (d), and secondary
necrotic (s) HSB2 (A) or Jurkat (B) cells determined upon
continuous incubation with 10)6 M ARA-C (A) or 10)5 M CDA
(B)

Table 1 Mean correlation coe�cients and mean MSC for the se-
lected model to describe induction of apoptosis and secondary
necrosis by several anticancer drugs in HSB2 and Jurkat cells

R MSC

HSB2:
CDA 0.9886 3.54
ARA-C 0.9855 3.55
5FU 0.9894 4.42
CDDP 0.9834 3.65

Jurkat:
CDA 0.9865 3.84
ARA-C 0.9922 4.04
5FU 0.9801 3.19
CDDP 0.9956 4.72

Table 2 Estimated rate con-
stants (h)1) for induction of
apoptosis (Kva) and secondary
necrosis (Kan) in the selected
model upon incubation with
several concentrations of antic-
ancer drugs in HSB2 and Jurkat
cells (0 < 10)3 h)1, nd not de-
termined)

HSB2 Jurkat

Kva Kan Kva Kan

CDA 10)9 M 0 0 nd nd
10)8 M 0 0.001551 0 0
10)7 M 0.01238 0.04965 0 0
10)6 M 0.04212 0.1431 0 0.002621
5 ´ 10)6 M nd nd 0.01320 0.04646
10)5 M 0.03588 0.1526 0.01571 0.05623
5 ´ 10)5 M nd nd 0.01667 0.05733
10)4 M nd nd 0.01606 0.04691

ARA-C 10)9 M 0 0 0 0
10)8 M 0.001900 0.01203 0 0
10)7 M 0.02887 0.05275 0.002126 0.007086
10)6 M 0.03578 0.1483 0.01462 0.03756
10)5 M 0.03256 0.1321 0.01857 0.03643

5FU 10)9 M 0 0 0 0
10)8 M 0 0.002525 0 0
10)7 M 0 0.002556 0.001130 0
10)6 M 0 0.004365 0.001336 0.001886
10)5 M 0.01580 0.08299 0.002126 0.01227
10)4 M 0.03938 0.1195 0.004715 0.01689

CDDP 10)8 M 0 0.004731 0.001013 0
10)7 M 0 0.002210 0.001323 0
10)6 M 0.001310 0.02200 0.003549 0.008661
5 ´ 10)6 M 0.01761 0.06434 0.01081 0.05145
10)5 M 0.02947 0.06399 0.01645 0.06990
5 ´ 10)5 M 0.04674 0.1255 0.03788 0.1599
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of apoptotic and necrotic cells could be detected at in-
cubation concentrations as high as 10)4 M 5FU.

As an illustration of the feasibility of this method for
the study of combined treatment modalities in vitro the
apoptosis- and necrosis-inducing potential of the com-
bination of 10)6 M CDA or ARA-C and radiation were
studied. At a concentration of 10)6 M CDA or ARA-C
the maximal percentage of apoptotic cells reached was
13.0 � 2.7% and 13.4 � 0.4%, respectively. Irradia-
tion (Rx) of HSB2 cells with 6 Gy resulted in similar
time-dependent changes in vital, apoptotic, and sec-
ondary cells. However, the peak of apoptotic cells was
higher (18.5 � 0.06%) and appeared earlier (t � 6 h) as
compared with the respective drug treatments. Com-
bined treatment with CDA or ARA-C and Rx reached
the nadir of apoptotic cells (32.5 � 2.4% and
29.4 � 1.9%, respectively) at t � 6 h. The pharmaco-

dynamic characterization of the single and the combined
treatment is summarized in Table 4.

Discussion

Whether an anticancer drug induces cell-cycle arrest,
apoptosis, or necrosis depends on drug characteristics
such as the mechanism of cytotoxicity, the drug con-
centration, and the duration of exposure and on the
biological status of the target cell. As indicated, the
apoptosis assay that was used provides quantitative in-
formation about the percentages of vital, apoptotic, and
(secondary) necrotic cells, which can be obtained in re-
lation to time during the experiments. Our data there-
fore provide for the ®rst time quantitative information
about the rate of cell death as it occurs in vitro after
exposure of cells to di�erent cytotoxic drugs, after ion-
izing radiation, and after combined treatment. In all
experiments the same time-related pattern was observed.
The percentages of vital cells gradually diminished in
time to zero, the percentages of apoptotic cells increased
temporarily and then fell, and those of necrotic cells
increased steadily to maximal values. Figure 2 shows a
characteristic pattern that was observed in all experi-
ments, albeit with di�erences in the slopes of increment
and diminishment of the di�erent stages of cell viability
and cell death.

Fig. 3A,B Sigmoidal concen-
tration-e�ect determined for
induction of apoptosis (Kva, s)
or secondary necrosis (Kan, d)
upon incubation of HSB2 cells
with CDA (A) or of Jurkat cells
with ARA-C (B)

Table 3 Concentration-e�ect characteristics [Kva,max and Kan,max (h)1); Kva,EC50 and Kan,EC50 (M )] for induction of apoptosis and
secondary necrosis by several anticancer drugs in HSB2 and Jurkat cells (nd Not determined)

Kva,max Kan,max Kva,EC50 Kan,EC50 Sva San

HSB2:
CDA 0.03900 0.1528 1.12 ´ 10)7 1.63 ´ 10)7 6.93 1.50
ARA-C 0.03423 0.1522 5.24 ´ 10)8 1.51 ´ 10)7 1.77 0.90
5FU 0.03939 0.1204 1.11 ´ 10)5 6.36 ´ 10)6 3.77 1.76
CDDP 0.04789 0.1437 7.27 ´ 10)6 6.27 ´ 10)6 1.57 0.93

Jurkat:
CDA 0.01633 0.05354 3.02 ´ 10)6 2.70 ´ 10)6 2.83 3.23
ARA-C 0.01876 0.03699 4.17 ´ 10)7 1.25 ´ 10)7 1.44 6.53
5FU nd 0.01722 nd 4.99 ´ 10)6 nd 1.31
CDDP 0.1178 0.2514 1.50 ´ 10)5 2.69 ´ 10)5 0.67 0.89

Table 4 Estimated rate constants (h)1) for induction of apoptosis
(Kva) and secondary necrosis (Kan) in HSB2 cells upon incubation
with 10)6 M CDA or ARA-C, 6 Gy radiation (Rx), or combined
treatment

Kva Kan

CDA 10)6 M 0.04223 0.1424
ARA-C 10)6 M 0.03566 0.1497
Rx 0.03890 0.1512
CDA 10)6 M + Rx 0.09599 0.1256
ARA-C 10)6 M + Rx 0.1016 0.1481
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We tested the issue as to which type of three di�erent
compartmental models could be consistent with the
time-related occurrence of a peak in the percentage of
apoptotic cells, as was observed in all the experiments.
Models that could explain such a peak might include
di�erent assumptions as indicated in Fig. 1: (a) whether
the transition from the vital to the apoptotic compart-
ment is reversible and (b) whether vital cells become
apoptotic at ®rst and then secondarily necrotic or
whether they may skip the apoptotic stage to become
necrotic directly.

One possible model (model 1) assumes a direct
pathway from the vital compartment to the apoptotic
compartment (Kva), one from the vital to the necrotic
compartment (Kvn), and one indirect pathway to the
necrotic compartment via the apoptotic compartment
(Kan). Another possible model (model 2) excludes the
indirect pathway via the apoptotic phase to the necrotic
compartment (Kva � 0) and necessitates the pathway
from the vital- to the apoptotic compartment to be re-
versible (Kav > 0). A third model (model 3) assumes
that the necrotic compartment can be reached only in-
directly via the apoptotic compartment (Kvn � 0).

The observed data were ®t to these three models by
the ®xing of consecutive rate constants at zero. Model 3
described the data most appropriately (Table 1). Fur-
thermore, the pathway to the vital compartment was
tested for reversibility because we realized that apoptosis
was de®ned as ¯ow-cytometry A+/PI) staining and it
could not be excluded that A+ in certain circumstances
may revert to A). However, when the reverse pathway
(Kav) was estimated it turned out to be negligible
(<10)16 h)1) and was therefore excluded in further
calculations �Kav � 0�.

The results show that in both HSB2 and Jurkat cells,
apoptosis and (secondary) necrosis were induced by
CDA, ARA-C, CDDP, and 5FU in a time- and con-
centration-dependent manner, and the Kva and Kan
values at each drug concentration could be estimated for
the respective drugs (Table 2). However, the sensitivity,
expressed as Kva,EC50, Kan,EC50, Kva,max, and
Kan,max values, varied among the drugs and cell lines
studied (Table 3). For example, HSB2 cells appear to be
most sensitive to ARA-C (Kva,EC50 � 5:24� 10ÿ8 M ;
Kan,EC50 � 1:51� 10ÿ7 M ) and more than 200 times
less sensitive to 5FU (Kva,EC50 � 1:11� 10ÿ5 M ;
Kan,EC50 � 6:36� 10ÿ6 M ) than to ARA-C. Within a
cell line, similar Kmax values were found, suggesting
that this parameter might be cell-line-dependent rather
than drug-dependent (Table 3). For example, the Kva,-
max and Kan,max values recorded for the HSB2 cell line
were about 0.04 and 0.14 h)1, respectively, for all anti-
cancer drugs tested.

Combined treatment with CDA or ARA-C and ra-
diation in the HSB2 cell line resulted in rate constants
for induction of apoptosis that exceeded those cor-
responding to the sum of the individual treatments

(Table 4). For example, the Kva value noted for
10)6 M ARA-C and 6 Gy radiation was 0.03566 and
0.03890 h)1, respectively (sum 0.07456 h)1), whereas the
Kva value recorded for the combined treatment was
0.1016 h)1. Interestingly, rate constants obtained for
induction of necrosis (Kan) were roughly constant for
both individual and combined treatments. Therefore,
this observation not only suggests that the drugs po-
tentiate the cytotoxic e�ect of radiation but also shows
that the interaction takes place at the level of induction
of apoptosis rather than of necrosis.

Because the model is no more than a descriptive
representation of the observed data it may be di�cult to
translate the interrelationships of the model into physi-
ological terms. However, it is notworthy that the path-
way from the vital to the apoptotic compartment was
found to be irreversible �Kav � 0�. This suggests that
once apoptotic, a cell cannot return to the state char-
acteristic of a vital cell. The descriptive model is limited
by the characteristics that are held to be representative
of vitality, apoptosis, and (secondary) necrosis. For ex-
ample, in our assay the exposure of PS to the outer layer
of the cell membrane in combination with the ability to
exclude PI was held to be representative of apoptosis.
However, as in every apoptosis assay, the estimation of
apoptotic cells is based upon the detection of a single
characteristic feature among those of the complex pro-
cess of apoptosis.

Our approach takes into account the complexity of
the mechanisms of action of anticancer drugs and em-
phasizes the possible existence of multiple pathways of
cellular death as the response to a cytotoxic drug. As-
sessment of the sensitivity of tumor cells to apoptosis-
inducing anticancer drugs in chemotherapy-naive and
resistant cancers so as to optimize anticancer treatment
in patients is a major goal for the future research. We
have started experiments for the extrapolation and val-
idation of current data and methods to the in vivo sit-
uation.

In conclusion, the anticancer drugs CDA, ARA-C,
CDDP, and 5FU cause dose- and time-dependent ap-
optosis and secondary necrosis in vitro in both cell lines,
but at a pharmacodynamically distinct rate. Further-
more, the present method of pharmacodynamic model-
ing may be a useful quantitative approach to the study
of the mechanisms of anticancer drugs and combined
treatments. The feasibility of the method is shown in this
study for single-agent anticancer drugs as well as for
combined chemoradiotherapeutic treatment in vitro.
The present approach is supplementary to existing
growth-inhibitory assays and is applicable to the quan-
titation and discrimination between the apoptosis- and
secondary necrosis-inducing potential of anticancer
drugs.
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