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Apoptosis represents a distinct set of the irreversi-
ble morphological and biochemical changes including
chromatin condensation, nuclear fragmentation due to
activation of an endonuclease cleaving genomic DNA
into internucleosomal fragments, and packaging of the
nuclear fragments into multiple membrane-enclosed
apoptotic bodies. Physiologically, apoptosis can be in-
duced by a multitude of stimuli, including depletion of
growth factors and hormones, heat shock, g-irradia-
tion, intracellular mediators of signal transduction path-
ways, stimulation of death factor receptors such as TNF
and Fas receptor [1�6].

It is known that chemotherapeutic agents kill cancer
cells by multiple mechanisms including inhibition of DNA
replication, damage of DNA or cell membranes or free
radical generation, some of them realizing several differ-
ent mechanisms. For example, molecular mechanisms
of doxorubicin action are connected with the intercalation
into DNA with infringement of transcription and/or repli-
cation, the induction of free radical lipid peroxidation in
membranes, and inhibition of topoisomerases [7, 8]. The
epipodophillotoxin etoposide, topoisomerase II inhibitor,
which is the most widely prescribed chemotherapeutic
agent currently used for the treatment of human cancer,

inhibits the ability of the enzyme to religate DNA in the
process of replication, with resulting DNA damage being
the cause of cell cycle arrest in G2 phase and/or cell death
by apoptosis [9�11]. The mechanism of cisplatin (cis-di-
aminedichloroplatinum (II), CDDP) action is based on DNA
alkylation. The cytotoxicity of cisplatin is believed to be
due to the formation of DNA adducts including DNA-DNA
and DNA-protein cross-links. G2 phase block due to this
damage could trigger apoptosis [12]. A new platinum com-
pound cycloplatam (S [-malatoamine (cyclopentylamine)
platinume] (II)) has a wide spectrum of action and is ef-
fective in cisplatin-resistant tumors [13]. The molecular
mechanisms of cycloplatam action are not enough in-
vestigated. It is shown that this drug could inhibit protein
kinase C [14]. Although the primary intracellular targets of
drugs are rather distinct, it has become evident that drug-
induced cytotoxicity ultimately converges on a common
pathway causing apoptosis [15, 16].

In the present study we have analyzed drug-induced
apoptosis on the comparative basis using three differ-
ent flow cytometric techniques. The ability of cisplatin,
cycloplatam, doxorubicin and etoposide to induce apo-
ptosis in vitro was investigated in Jurkat cells.

MATERIALS AND METHODS
Cell line. The human lymphoblastoid T-cell line Jur-

kat was obtained from cell culture collection of Cancer
Research Centre of RAMS. The cells were maintained
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Èíäóêöèþ àïîïòîçà öèñïëàòèíîì, öèêëîïëàòàìîì, äîêñîðóáèöèíîì è ýòîïîçèäîì â êëåòêàõ Jurkat èññëåäîâà-
ëè ñ ïîìîùüþ ìåòîäà ïðîòî÷íîé öèòîìåòðèè â ïðåïàðàòàõ, îêðàøåííûõ éîäèñòûì ïðîïèäèåì, à òàêæå ìåòî-
äîì TUNEL è ïî ñâÿçûâàíèþ ñ ìå÷åíûì àííåêñèíîì V. Íåñìîòðÿ íà ðàçëè÷èÿ âíóòðèêëåòî÷íûõ ìèøåíåé,
äåéñòâèå èññëåäîâàííûõ ïðîòèâîîïóõîëåâûõ ïðåïàðàòîâ íà êëåòêè âî âñåõ ñëó÷àÿõ ïðèâîäèëî ê ðàçâèòèþ
àïîïòîçà, ýôôåêòèâíîñòü èíäóêöèè êîòîðîãî çàâèñåëà îò äîçû ïðåïàðàòà è âðåìåíè èíêóáàöèè. Ïðîöåíò àïîï-
òè÷åñêèõ êëåòîê, îïðåäåëÿåìûõ ïî ìåòîäó TUNEL è ïî ñâÿçûâàíèþ ñ ìå÷åíûì àííåêñèíîì V, áûë âûøå
òàêîâîãî, îïðåäåëÿåìîãî ïî ñâÿçûâàíèþ ñ éîäèñòûì ïðîïèäèåì.
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in RPMI 1640 medium (Gibco BRL, Eggenstein, Ger-
many) containing 10% fetal bovine serum (Gibco BRL),
10 mM HEPES (ICN, USA), pH 7.3, 100 U/ml penicillin,
100 mg/ml streptomycin (both from Gibco) and 2 mM
L-glutamin (Sigma Chemical Co, USA) in an atmo-
sphere of 5% CO2

 at 37oC. The cells were maintained
in the log phase by routine passaging every 2�3 days.

Drugs. The following anticancer drugs have been
used: doxorubicin (Institute on Research of New Antibio-
tics, Moscow, Russia), etoposide (Lastet, Japan), cispla-
tin and cycloplatam (Institute of General and Inorganic
Chemistry, Moscow, Russia). The drugs were dissolved
in sterile distilled water before each experiment. Cells
(1 · 106 per ml) were incubated for 24 and 48 h with doxo-
rubicun (0.1�1 mg/ml), etoposide (1�10 mg/ml), cisplatin
(3�12 mg/ml), or cycloplatam (1�20 mg/ml). Cells incu-
bated without drugs served as controls.

PI staining. Following incubation with drugs cell were
resuspended in 70% ice-cold ethanol and transferred to
the freezer. The leakage of fragmented DNA from apop-
totic nuclei was measured by the technique of J. Nicoletti
et al. [17] with a modification. Briefly, 2.5 · 105 cells were
washed in PBS and resuspended in 1 ml of hypotonic
lysis buffer (0.1% sodium citrate, 0.1% Triton X-100,
5 mg/ml PI (all reagents from Sigma Chemical Co, USA).
After gentle mixing cells were incubated at 22�25oC for
15 min in the dark. The stained cells were analyzed by
flow cytometry. Nuclei to the left of the 2N peak contain-
ing hypodiploid DNA were considered as apoptotic.

TUNEL analysis. TUNEL staining was performed
as described in the Boehringer kit (Boehringer Mann-
heim, Germany). In brief, after fixation in 1% formalde-
hyde, the cells were permeabilized with 0.1% Triton
X-100 in 0.1% sodium citrate and washed extensively.
The cells were then resuspended in reaction buffer con-
taining terminal deoxynucleotidyl transferase (TdT) and
fluorescein-labeled dUTP. After washing the label in-
corporated at the damaged sites of the DNA was visu-
alized by flow cytometry.

Annexin V and PI staining. After incubation with
drugs cells were twice washed with cold PBS and then
resuspended in binding buffer (140 mM NaCl, 2.5 mM

CaCl2, 10 mM HEPES/NaOH, pH 7.4). Aliquots con-
taining 1 · 105 cells in 100 ml of buffer were stained with
10 ml of PI (5 mg/ml) solution and with 5 ml of FITC-
labeled annexin V (200 mg/ml; Caltag Lab) for 15 min
at 22�25oC in the dark. After staining 400 ml of binding
buffer were added to the cells and samples were ana-
lyzed by flow cytometry within 1 h.

 Flow cytometry. All flow cytometry analyses were
performed on a FACScalibur (Becton Dickinson, San
Jose, CA) with argon laser by using CellQuest analysis
software. Excitation was at 488 nm with emission wave-
length of 580 nm for red (PI) and of 530 nm for green
(fluorescein) fluorescence.

RESULTS AND DISCUSSION
Apoptotic cells were detected and quantified by flow

cytometry using three different methods of identifica-
tion. Incubation of fixed and permeabilized cells with
fluorochrome (PI) results to quantitative PI binding with
total cellular DNA, the intensity of fluorescence of
PI-labeled cells being proportional to DNA contents.
Apoptotic nuclei with hypodiploid DNA content corre-
spond to sub-G1 peak in histograms.

Induction of apoptosis was shown to be both concen-
tration and time dependent. The maximal increase in the
frequency of apoptotic cells was observed upon 48 h of
incubation with 0.5 mg/ml doxorubicin (56%) (Fig. 1, e and
Fig. 2), while the maximal induction of apoptosis by eto-
poside was registered in 24 h (65%) (Fig. 1, b and Fig. 2).
Longer exposure to etoposide at a concentration 10 mg/ml
has not resulted in increasing apoptotic cell percentage.
Cysplatin induced apoptosis upon 24 h of incubation with
the maximal effect registered in 48 h at a concentration
12 mg/ml (70%) (Fig. 1, f and Fig. 2). Increasing drug con-
centration resulted in the decrease of the apoptotic cell
percentage. Cycloplatam induced apoptosis at a concen-
tration 5�20 mg/ml. The maximal effect (60%) was
achieved at a concentration 10 mg/ml in 24 h (Fig. 1, c and
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Fig. 1. Drug-induced apoptosis in Jurkat cells assayed with PI
staining followed by flow cytometry. The percentage of hypo-
diploid cells (�sub-G1 peak�) was calculated on the basis of the
respective histograms
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Fig. 2). Longer incubation time (> 24 h) or increasing con-
centration (20 mg/ml) did not change the number of apo-
ptotic cells, while lower drug concentrations (1 mg/ml) were
shown to slow up apoptosis development.

We examined also DNA strand breaks in Jurkat cells
that had been treated for 24 h with 5 and 10 mg/ml cy-
cloplatam, 10 mg/ml etoposide, 0.5 mg/ml doxorubicin or
12 mg/ml cisplatin by TUNEL technique. Exposure to cy-
cloplatam caused about 7-fold increase in the percent-
age of apoptotic cells (Fig. 3, b and Table 2). Treatment
with etoposide or cisplatin caused approximately 10-fold
and with doxorubicin � approximately 6-fold increase
in the apoptotic cell percentage (Fig. 3, d and Table 2).

Another biochemical change that takes place in cells
undergoing apoptosis is PS exposure on the inner leaflet
of the plasma membrane. Since annexin V binds with
high affinity to PS it can be used as a specific probe to
detect PS externalization. Because annexin V also binds
to necrotic cells, it is necessary to counterstain the sam-
ples under study with PI to distinguish between apop-
totic and necrotic cells. We examined annexin V-FITC

binding to Jurkat cells that had been treated with doxo-
rubicin (0.5 mg/ml), etoposide (5 and 10 mg/ml), cis-
platin (3 and 12 mg/ml) or cycloplatam (5, 10 and
20 mg/ml) after 24-h incubation. Analysis of the cell
populations indicated that in Jurkat cells treated with
chemotherapeutic drugs cell viability (percentage of live
cells, PI�/FITC�) decreased while the number of ne-
crotic cells (PI+/FITC+) increased in dose-dependent
manner (Table 1). Fig. 4 shows an example of the
PI/FITC assay of Jurkat cells treated with cycloplatam.
After 24-h incubation with 5 mg/ml cycloplatam, ap-
proximately 40% of cells were at various apoptotic stag-
es whereas only 20% appeared to be necrotic (Fig. 4,
b). The percentage of necrotic cells increased after the
addition of 20 mg/ml cycloplatam (~ 54%) (Fig. 4, c).
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Fig. 2. Dose-dependent induction of apoptosis in Jurkat cells
assayed by FACScalibur analysis of PI stained nuclei. Percent-
age of specific apoptosis was calculated as described by S. Fulda
et al. [16] as (experimental apoptosis [%] � spontaneous apop-
tosis [%]) / (100% � spontaneous apoptosis [%]) x 100. Data are
given as means of triplicates with a standard deviation of less
than 10%. The results present the mean (and standard devia-
tion [SD]) obtained in different experiments (n = 5�10).
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Fig. 3. Induction of DNA breaks in Jurkat cells detected by
TUNEL technique and analyzed by flow cytometry. 10,000 cells
were analyzed per determination: a � untreated cells; b � cells
treated with 10 mg/ml cycloplatam; c � cells treated with 10 mg/
ml etoposide; d � cells treated with 0.5 mg/ml doxorubicin. In all
the cases cells were treated for 24 h
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Fig. 4. Annexin V binding induced in Jurkat cells by cycloplatam.
Untreated cells (a) as well as cells treated with 5 mg/ml (b) or
25 mg/ml (c) cycloplatam for 24 h were harvested and incubated
with annexin V-FITC and PI as described in Materials and Meth-
ods. Annexin V-FITC and PI binding was quantified by flow cy-
tometry. 10,000 cells were analyzed per determination. Dots rep-
resent cells as follows: live cells (PI�/FITC�) in lower left quad-
rant, apoptotic cells (PI�/FITC+) in lower right quadrant, necrotic
cells (PI+/FITC+) in upper right quadrant
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Three different flow cytometric techniques were used
in the present study to assay apoptosis induced by an-
ticancer drugs in Jurkat cells. We have compared in-
duction of apoptosis in cells with various doses of drugs
after 24-h incubation. Percentage of apoptotic cells de-
termined by TUNEL technique and Annexin V binding
seemed to be similar exceeding nevertheless apopto-
sis percentage determined by PI binding assay in all
cases (Table 2). Since such identification of apoptosis
(TUNEL and Annexin V binding) does not reliably dis-
criminate between apoptosis and necrosis we also used
with this aim in view the method of bivariate lifetime
Annexin V binding / PI uptake. Incubation of cells with
various anticancer drugs increased population of apo-
ptotic and necrotic cells with corresponding decrease
in population of live cells is dose-dependent way (Ta-
ble 1). Our results confirm that Annexin V binding / PI
uptake is an excellent marker for apoptotic cells [18�21].
Some authors showed that Annexin V binding occurs
at the early stages in the execution phase of apoptosis
preceeding DNA fragmentation [18, 19]. On the other
hand, recent data indicates that Annexin V binding does
not precede DNA fragmentation [22]. It is possible, that
this depends on the type of the cells and the nature of
the inducing agent.

In conclusion, these results clearly show that che-
motherapeutic drugs of different classes and mecha-
nisms of action induce cell death in Jurkat cells by ap-
optosis. Furthermore, our results correspond with the
data on both concentration and time dependent mode
of apoptosis induction [23�26]. Up to the certain critical
point apoptotic percentage increases with more pro-
longed incubation as well as with increasing drug con-
centration. Meanwhile upon further increase of incu-
bation time or concentration, necrotic cells begin to pre-
vail. The analysis of dose-dependent response has
shown, that the drug concentrations sufficient for apo-
ptosis induction in vitro correspond to those which are
optimal for inducing apoptotic cell death in vivo [27, 28].
However the results obtained by different techniques
employed for identification of apoptotic cells vary de-
pending on the cell type, the nature of the inducers and
mechanisms of their action [29�33]. In each case the
principal advantages and disadvantages of each me-
thod should be taken into account. Therefore it is im-
portant to combine some methods based on various
principles of apoptotic cell detection.

Further experiments are required to determine how
chemotherapeutic agents with rather diverse targets in-
duce a common mechanism of apoptosis. Combined
analysis of apoptosis could be useful in predicting tu-
mor response to cytotoxic drugs allowing optimization
of chemotherapy.
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