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Abstract

We investigated apoptosis in polymorphonuclear neutrophils (PMNs) induced by cytarabine (Ara-C). This drug increased apoptosis |
100% with respect to the controls after 3 hr of incubation. This increase was inhibithebgtyl+-cysteine (NAC) or diphenyleneiodo-
nium chloride (DPI). Ara-C alone caused an early increase (after a 30-min incubation) in intracellular oxidant generation (inhibitable by
rotenone, fumonisin b1, and DPI) and in protein tyrosine phosphorylations (inhibitable by NAC). The drug also affected the observe
reduction of dimethylthiazol diphenyltetrazolium bromide (MTT). No extracellular release of reactive oxygen species (ROS) was elicitec
by the addition of Ara-C, while the drug increased the release of ROSIHiyrmyl-leucyl-phenylalanine-(f-MLP) but not phorbol
12-myristate 13-acetate-stimulated PMNs. This phenomenon was abolished by the addition of genistein, whereas such an effect was
observed following the addition of 1-(5-isoquinolynilsulfonyl)-2-methylpiperazine (H7). Ara-C induced ROS release from PMNs in the
presence of subthreshold concentrations of f-MLP (priming effect). These results indicate that intracellular ROS production fron
mitochondria promotes Ara-C-induced apoptosis. Ara-C primes plasma membranes by a mechanism involving protein tyrosine phospt
rylations and may also contribute to ROS generation from the granules. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction tation on electrophoresis. Blebs occur on the cell surface
and phosphatidylserine is exposed on the outer surface of
Apoptosis is a form of physiological cell death regulated the plasma membrane, providing the recognition signal for
by a cell-intrinsic machinery [1]. Morphological findings the engulfment by phagocytes of superfluous or damaged
include cell shrinkage, condensation and fragmentation of cells. The process is activated in response to specific stimuli
the nucleus, and cleavage of chromosomal DNA, resulting or following various forms of cell injury or stress [2].
in generation of a characteristic pattern of DNA fragmen- Several physiological stimuli, including tumor necrosis fac-
tor receptor, Fas, and heat shock proteins, have been dem-
onstrated to induce apoptosis in different cell types by
initiating a cascade in which caspases are activated by

* Corresponding author. Tel+39651002309; fax:+39 6 591 7415. proteolysis, leading to enzyme cleavage and nuclear DNA
E-mail addressdomenico.delprincipe@uniromaz2.it (D. Del Principe). fragmentation [2,3]

Abbreviations:ROS, reactive oxygen species; PMNs, polymorphonu- . : L .
clear neutrophils; SOD, superoxide dismutase; Ara-C, cytarabine; Ara- A variety of evidence indicates that ROS may be in-

CTP, cytarabine 5triphosphate; @, superoxide anion; 5D, hydrogen volved in the apoptotic processes. Indeed, the external sig-
peroxide; f-MLP, N-Formyl-Met-Leu-Phe; PMA, phorbol 12-myristate  nals leading to apoptosis are known to induce oxidative
13-acetate; cyt, cytochromec; H7, 1-(5-isoquinolinylsulfonyl)-2-meth-  stress. lonizing and ultraviolet irradiations or anticancer
ylpiperazine; MTT, (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium drugs are able to induce apoptosis and to generate ROS. The

bromide; thiazolyl blue); MoAb, monoclonal antibody; NAN;acetyl+ - . . . .
cysteine; DCFH-DA, 27'-dichlorofluorescin diacetate; DCF, 2'-dichlo- type of ROS involved and the site of their generation are not

rofluorescein; DCFH, dichlorofluorescin; and DPI, diphenyleneiodonium _complete_ly known. 'The '.’ne(?har?ism(s) by WhiCh ROS are
chloride. involved in apoptosis activation is controversial. ROS have

0006-2952/01/$ — see front matter © 2001 Elsevier Science Inc. All rights reserved.
Pll: S0006-2952(01)00548-2



1034 M. lacobini et al. / Biochemical Pharmacology 61 (2001) 1033-1040

been proposed to induce apoptosis directly or through thearachidonic acid pathway, microsomial cytochrome sys-
redox status of cells [4-7]. tems, and DNA synthesis, the source of oxidants that par-
Mature PMNs can undergo apoptosis without requiring ticipate in apoptosis of PMNs demands further investiga-
any apparent inductive stimuli. Moreover, when PMNs are tion.
damaged by infectious agents, drugs, irradiations, or cyto- Ara-C is the most important antimetabolite used for
kine activation, they may die a programed death [8]. PMN induction of remission in acute leukemia in children and
apoptosis may also be regulated by cytokines such as granadults. It is the single most effective agent for induction of
ulocyte-macrophage colony-stimulating factor or by mate- remission in the therapy of acute myeloid leukemia. As
rials derived from platelets or red cells [9,10]. Since PMNs Ara-C is primarily toxic to rapidly dividing tissues, myelo-
generate large amounts of ROS, several recent studies haveuppression and gastrointestinal toxicity represent the major
focused on the role of oxidative stress in inducing apoptosis side effects of this agent. Cellular responses to the effects of
in these cells. PMNs generate ROS in the course of the Ara-C on DNA replication in tumor cells include the induc-
respiratory burst, a process that is associated with oxygention of apoptosis [22].
consumption and involves production of, by NADPH The first aim of the present paper was to study whether
oxidase [11]. This radical dismutates in,®, and forms Ara-C could also induce apoptosis in non-dividing cells.
toxic agents such as hypochlorous acid and chloramine. InSecondly, we investigated whether Ara-C-induced apopto-
resting cells, three components—p40phox, p47phox andsis is mediated by ROS. The apoptosis of human PMNs
p67phox—exist in the cytosol. Two other components— triggered by this drug could be used as a model for address-
p22phox and p91lphox—are located on the membranes ofing these points. We demonstrate herein that Ara-C triggers
specific granules and secretory vesicles, e.g. a flavohemo-a ceramide-mediated ROS production from mitochondria.
protein known as cytochrom®g,sg [11]. When the cells are  ROS, in turn, induce tyrosine phosphorylations. In this
stimulated, the cytosolic complex migrates to the mem- study, we also observed that Ara-C primes the respiratory
brane, where it is associated with cytochromgg Apo- burst of PMNs to produce D upon f-MLP stimulation,
ptosis is, in fact, blocked in neutrophils treated with fla- possibly via tyrosine phosphorylations.
voenzyme inhibitors or in PMNs from patients affected with
chronic granulomatous disease [8]. Moreover, activated
PMNs use HO, formed by NADPH oxidase to commit 2. Materials and methods
suicide [12]. PMN apoptosis is inhibited under hypoxia,
which decreases ROS generation [13]. It has been shown in2.1. Reagents
myeloid leukemic cells that ROS derived from the respira-
tory burst play a role in chemotherapeutic drug-induced  Ara-C was obtained from Upjohn. PBS pH 7.4, Ara-
apoptosis [14]. SOD and catalase have been shown to delayCTP, PMA, f-MLP, hystopaque 1077 and hystopaque 1119,
spontaneous apoptosis of PMNs [15], and it has recently cyt ¢ from horse heart, SOD (EC 1.15.1.1) from horserad-
been reported that intracellular generation, but not extracel-ish, H7, genistein, fumonisin bl, rotenone, DPIl, RPMI-
lular release of ROS, leads to apoptosis of PMNs [12]. 1640, fetal bovine serum,-glutamine, penicillin, strepto-
Activation of caspase via ROS generation has been demon-mycin, NAC, MTT, propidium iodide, Triton X-100, Tween
strated in oral neutrophils [16]. On the other hand, it has 20, ribonuclease A, Hanks’ balanced salt solution, 5-flu-
been reported that oxidative metabolism is decreased duringorouracil, NaN, phenylmethylsulfonyl fluoride, aprotinin,
apoptosis of PMNs [17]. It has been suggested that exces-and leupeptin were all purchased from Sigma Chemical Co.
sive oxidative stress can prevent caspase activation, and thaDCFH-DA was obtained from Molecular Probes. All re-
NADPH oxidase-derived oxidants may indeed prevent the agents for SDS—PAGE were obtained from Bio-Rad. Puri-
activation of these proteases [18]. Caspase possesses died antiphosphotyrosine MoAb 4G10 and peroxidase-con-
active site cysteine that is predicted to be susceptible tojugated anti-mouse antibody (NA 931) were purchased from
oxidation [19], even if the presence in these cells of a novel Amersham Life Science.
oxidant-dependent mechanism of programed death indepen-
dent of caspase activation could not be ruled out. In appar-2.2. Isolation and incubation of PMNs
ent contrast with data reported previously, acceleration of
apoptosis is observed in PMNs exposed to externally pro- PMNs were isolated from the venous blood of consent-
duced ROS, as compared to those undergoing spontaneousmg healthy volunteers by a double-gradient Ficoll-Hypaque
apoptosis. It has been suggested that hydroxyl radicals,and hypotonic lysis of contaminating red blood cells, as
generated by the reaction of,8, with iron, may mediate  previously described [23,24]. PMN viability (95%) was
apoptosis [20]. Moreover, it is also possible that reductive assessed by trypan blue exclusion. PMNs were resuspended
stress may constitute a signal for apoptosis in PMNs, as hasn RPMI-1640, supplemented with 10% heat-inactivated
been shown in EO,-mediated apoptosis [21]. Since aerobic fetal bovine serum, 2 mM-glutamine, 100 U/mL of pen-
cells may produce ROS via mitochondrial respiratory en- icillin, and 100 wg/mL of streptomycin, and incubated at a
zymes or many other types of enzyme systems, such as thelensity of 16/mL at 37° in a humidified incubator contain
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ing 5% CQ, in air for various times, in the absence (control) formazan. Formazan quantification was performed using an
or the presence of I0 M Ara-C. Where appropriate,  automatic plate reader with a 570-nm test wavelength.
PMNs were preincubated with the indicated concentrations

of inhibitors 30 min prior to the addition of Ara-C. At stated 2.6. Immunoblot for tyrosine phosphorylations

time points, aliquots of cell suspensions containing 10

PMNs were withdrawn, and cells were then washed twice  PMNSs incubated with Ara-C for 30 min were washed

and resuspended in PBS before testing. twice in PBS, lysed in ice-cold lysing buffer (25 mL Dul-
becco’s phophate buffer, 25 mL of 20% Triton X-100, 5 mL

2.3. Flow cytometric analysis of DNA fragmentation of 10% SDS, 0.5 g Naj 12.5 mL NaCl 4 M, phenylmeth

(apoptosis) ylsulfonyl fluoride 0.1 M, aprotinin fug/mL, and leupeptin

10 wg/mL), sonicated and centrifuged at 13,ap@t 4° for
Samples of PMNs incubated in the presence or absencel0 min, and assayed for protein concentration (Bio-Rad).
of Ara-C were withdrawn at time intervals of 3, 6, and 24 hr. Equivalent protein amounts (309) were loaded for SDS—
Apoptosis was determined by flow cytometry as previously PAGE on 10% acrylamide gel. Following electrophoresis,
described [25]. Briefly, the washed cells were treated over- samples and molecular weight standards were electro-
night at 4° in the dark with hypotonic fluorochrome solution phoretically transferred to nitrocellulose paper and incu-
containing 50ug/mL of propidium iodide, 25Qug/mL of  hated overnight at 4° in a blocking solution containing 5%
ribonuclease A, 0.1% Triton X-100, and 0.1% sodium ci- gy milk in Tris-buffered saline. The blot was then incu-
trate. The resulting fluorescence of individual nucle_| Was pated with blotting solution containing a 1:500 dilution of
analyzed by a flow cytometer (FACScan, Becton Dickin- ¢inity_nurified MoAb antiphosphotyrosine 4G10 for 2 hr
son). The .dat.a were analyzed using the LYSYS Il software while shaking at room temperature. The blot was washed
(Becton Dickinson). three times with Tris-buffered saline containing 0.1%
Tween 20. A second incubation was made for 2 hr in PBS
2.4. Evaluation of intracellular DCFH oxidation in PMNs Containing a 110’000 dilution of peroxidase_conjugated an-
ti-mouse antibody and 0.05% Tween 20. Detection of phos-
At stated time points, samples of PMNs incubated in the oproteins was performed by the enhanced chemilumines-
presence or absence of Ara-C were withdrawn to detect the qpce system (Amersham). The molecular weights and the
intracellular RO_S production by the D,CFH method. PMNS  50,6unt of the proteins were analyzed by a densitometer
were loaded with DCFH-DA [26]. This assay depends on (Bio-Rad GS 700) with the Bio-Rad Molecular Analyst

the incorporation of DCFH-DA into hyqro.phoblc lipid re- program. The specificity of the MoAb was confirmed by
gions of the cell, where the acetate moieties are cleaved bydemonstratin inhibition of the bindina by 1 MM phospho-
esterases yielding the non-fluorescent molecule DCFH. N 9 by phosp

DCFH is trapped due to its polarity within the intracellular tyrosine but not by phosphoserine or phosphothreonine.

granules (myeloperoxidase-positive) and the cytoplasm.
ROS are able to oxidize the trapped”2-dichlorofluorescin
to DCF, which is fluorescent in the green area of the spec-
trum (525 nm). Cells (1¥sample) were analyzed by a flow , ) o
cytometer. All measurements were done at 510540 nm PMNSs incubated with Ara-C for 30 min in the presence
after excitation at 488 nm (argon ion laser, 15 mW output) © a@bsence of genistein (J/mL) or H-7 (100uM) were
using a 10-nm slit. The collected parameters included for- Stimulated with -MLP (107 M) or PMA (1 pg/mL). Ex
ward light scatter (FSC), 90° light scatter (SSC), and green tracellular @ production was assessed spectrophotometri

fluorescence (FL1). The data were analyzed using LYSYS cally by means of SOD-inhibitable cyt reduction, and a
Il and Consort 30 softwares. continuous assay was performed in a double-wavelength

spectrophotometer (Beckman DU 65) equipped with a ther-
mostated cuvette holder (37°) [28]. Briefly, washed cells

were resuspended in Hanks’ balanced salt solution, pH 7,4,
before they were added to 1-mL cuvettes containingBD

Samples of PMNs incubated in the presence or absencefY! ¢ With afinal volume and concentration of 0.995 mL and
of Ara-C were withdrawn after 30 min. MTT was dissolved 10° cells, respectively. Reduction of cgtwas measured at
at 5 mg/mL in PBS and used as previously described [27]. 550 nm with a reference wavelength of 540 nm. Either
Briefly, 20 uL of MTT solution was added to each well, and f-MLP or PMA was added to the reaction mixture in a final
the microplates were further incubated at 37° for 4 hr. volume of 1 mL. The time-course of cyt reduction was
Supernatants were then discarded, and 2D®f acidified followed on the recorder built into the spectrophotometer.
isopropanol was added to the incubation mixtures and Extracellular @ production was calculated as nmol?10
mixed to thoroughly dissolve the dark blue crystal of PMNs/min.

2.7. Evaluation of @ release by PMNs (SOD-inhibitable
cyt ¢ reduction)

2.5. Cytotoxicity assay (mitochondrial dehydrogenase
activity)
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Fig. 2. Cytofluorimetric analysis of intracellular production of ROS by
T

T T T PMNs. Panel A: DCFH fluorescence of resting PMNs; panel B: DCFH
6 12 18 24 fluorescence of PMNs incubated with Ara-C (M) for 30 min; panel C:
Time (hours) DCFH fluorescence of PMNs incubated with Ara-C for 30 min in the
presence of rotenone (1QoM); panel D: DCFH fluorescence of PMNs
Fig. 1. Induction of apoptosis in PMNs exposed to Ara-C at various times incubated with Ara-C for 30 min in the presence of fumonisin b1 (100
as measured by DNA fragmentation. Spontaneous apoptosis of PMNs yM); panel E: DCFH fluorescence of PMNs incubated with Ara-C for 30
(open circles); apoptosis of PMNs in the presence of Ara-C {1d) min in the presence of DPI (20M). The concentration of PMNs was 40
(closed circles) or the presence of Ara-CTP (1®) (closed squares). The  cells/mL in all experiments. By flow cytometry, 1@vents per condition
inset shows the effect of Ara-C on apoptosis of PMNs analyzed after 3 hr were analyzed. The figure presented is representative of 5 independent
of incubation. Panel A: spontaneous apoptosis of PMNs; panel B: PMNs experiments with similar results.
incubated with Ara-C (10° M); panel C: PMNs treated with Ara-C in the
presence of DPI (2QwM); panel D: PMNs treated with Ara-C in the

presence of NAC (10° M). The percentages of hypodiploid nuclei are . 4oy was observed when PMNs were incubated with
reported for each condition. The results are expressed as the mhezEM

(N = 10). The concentration of PMNs was®lElls/mL in all experiments. Ara-C in the presence of 20M DPI (Fig. 1, panel C of the
inset) or 10° M NAC (Fig. 1, panel D of the inset). As a
control, we studied the effect of 5-fluorouracil on PMNSs in

2.8. Statistics the apoptotic index after the 3-hr incubation with this drug.
Under this experimental condition, there was an increase of

The analysis of histograms of fluorescence intensity was 10% in the apoptotic index of PMNs compared with con-
performed using the Kolmogorov—Smirnov (K-S) two-sam- trols. The addition of NAC reverted this phenomenon=N

ple test [29]. The computer program included calculation of 3) (data not shown).

the median and, when appropriate, the median test was

calculated. 3.2. Detection of ROS production

The above-reported data suggest a role for the intracel-

3. Results lular generation of ROS in PMN apoptosis. As shown in
Fig. 2, panel B, incubation of PMNs with Ara-C for 3 hr
3.1. Identification of apoptotic cells caused a significant increase in the number of cells reacting

with the fluorochrome. Moreover, a shift in the median

Incubation with Ara-C triggered PMN apoptosis. In fact, fluorescence intensity (242 for resting cells vs 252 for Ara-
the cytofluorimetric analysis demonstrated that approxi- C-treated cellsP < 0.002, median test) was observed,
mately 55% of PMNs showed the DNA fragmentation char- indicating an increase in intracellular ROS production. The
acteristic of apoptosis in the first 3 hr of incubation (Fig. 1, statistical significance of the change in the fluorescence
panel B of the inset). At the 3-hr time point, only about 25% peak was also confirmed by the K-S two-sample test:
of control cells had undergone spontaneous apoptosis (Fig.0.001. When the incubation was performed in the presence
1, panel A of the inset). The rate of PMN constitutive of 100 uM rotenone, this shift was inhibited (Fig. 2, panel
apoptosis shown here is within the range reported by othersC). Similar results were observed when cells were incubated
[8]. At 6- and 24-hr time points of incubation with Ara-C, in the presence of 100 mM fumonisin bl (Fig. 2, panel D).
the percentage of cells showing hypodiploid DNA content Finally, the addition of 2QuM DPI decreased DCFH fluo-
was not significantly changed (Fig. 1). The incubation of rescence (Fig. 2, panel E). Under our experimental condi-
cells with the impermeable form of Ara-C (Ara-CTP) did tions, ROS generation was an early event, since low con-
not promote apoptosis (Fig. 1). An inhibition of the apopto- centrations of ROS could be detected at the 6- and 24-hr
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g Fig. 4. Western blot analysis of tyrosine phosphorylation of PMNs. Cells
= (10%/mL) were lysed in ice-cold buffer. Protein samples (&§) were

< determined in the lysates and subjected to gel electrophoresis and immu-
T; noblotting. SDS—-PAGE was performed on 10% acrylamide. Following
Q:" electrophoresis, the samples and molecular weight standards were electro-

phoretically transferred to nitrocellulose paper. The blot was then incu-
A B bated with blotting solution containing the affinity-purified MoAb an-
tiphosphotyrosine 4G10. After a second incubation with peroxidase-
Fig. 3. Cytotoxicity assay (mitochondrial dehydrogenase activity). Mito- conjugated anti-mouse antibody, detection of phosphoproteins was
chondrial activity was studied by measuring the MTT reduction in PMNs  performed by the enhanced chemiluminescence system. Lane A: resting
(10° cells/mL). A: resting cells; B: MTT reduction after 30 min of incu PMNs; lane B: PMNs after a 30-min incubation with Ara-C (M); lane
bation with Ara-C (10° M). Results are expressed in relative units of ~ C: PMNs after a 30-min treatment with Ara-C and in the presence of NAC
optical density. Error bars represent the standard error based on at least fivg10~° M).
independent experiments.

3.5. Release of D
time points (data not shown). The effect of fumonisin, an
inhibitor of ceramide synthase, suggested a role of the To detect whether the extracellular release of ROS plays

ceramide in Ara-C-induced apoptosis in PMNs. a role in the proapoptotic effect of Ara-C, we assayed
SOD-inhibitable cytc reduction. Q release was recorded

. . . in Ara-C-incubated PMNs following activation either by
3.3. Mitochondrial activity f-MLP (which mainly induces extracellular ROS release via
. . . . _ a receptor-triggered pathway) or by PMA (which mainly
M't(?Ch(.)nd”al activity was studied _by measuring MTT induces intracellular release of ROS in a receptor-indepen-
reduction in PMNSs. In pre_llmlnary StUd'?S’ we observed t_hat dent manner) in order to study whether the drug affects
only 19% of MTT reduct|_on was SOD-|nh|b|tak_JIe, CONSIS- NADPH oxidase. The addition of Ara-C to PMNs did not
tent with data from the literature [:.30].' A_ra-C_ induced an induce SOD-inhibitable cyt reduction, indicating that ex-
early (_after .30 min) and strong diminution in the MTT tracellular @ was not released from the cells. The drug was
reduction (Fig. 3). able, instead, to increase the @elease by f-MLP- but not
PMA-stimulated PMNSs. The increase i, @roduction was
3.4. Western blot analysis of tyrosine phosphorylations completely abolished by the addition to the incubation mix-
ture of 10 ug/mL of genistein, a powerful tyrosine kinase
Exposure of PMNs to Ara-C for various times stimulated inhibitor, but not by the addition of 10Q@M H-7, an inhib-
tyrosine phosphorylations or dephosphorylations (Fig. 4, itor of protein kinase C (Fig. 5). The incubation of PMNs
lane B). A kinetic study revealed that tyrosine phosphory- with Ara-C also induced ROS release from the cells when
lations of these proteins was apparent after 30 min of incu- they were stimulated with subthreshold concentrations of
bation, and then declined toward baseline. The enhanced-MLP (priming effect) (Fig. 6) (N= 3).
tyrosine phosphorylations were abolished by the presence in
the incubation mixture of 1Qug/mL of genistein (data not
shown). The phosphorylations of proteins, in particular 4. Discussion
those of 50 and 97-100 kDa, were also decreased by the
presence of 10° M NAC (Fig. 4, lane C). Interestingly, the The most effective agent in the treatment of acute my-
increase in these phosphorylations was associated with aelogenous leukemia is Ara-C [22]. This agent incorporates
decrease in the tyrosine phosphorylations of the proteins ofinto leukemic cell DNA. In cells, Ara-C is phosphorylated
45-47 kDa. to Ara-CTP and incorporated into DNA, where it acts as
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fully differentiated and growth-arrested cells suggests that
Ara-C may also affect the cells by a mechanism indepen-
dent of replication. The rate of apoptosis was completely
reverted by the addition of NAC, a thiol-containing com-
pound used in clinical practice for the treatment of conges-
tive and obstructive lung disease associated with hyperse-
cretion of mucus. Cysteinyl residues of this drug account for
the redox-sensing properties, and are also involved in the
thiol-disulphide exchange reaction. The inhibition of apo-
ptosis by NAC has generally been attributed to its scaveng-
ing effect [32,33]. The impermeable form of Ara-C (Ara-
CTP) did not increase the apoptotic index, either suggesting
a role for the phosphorylations involved in the metabolism
of the drug or indicating an intracellular localization of the
drug target agents for apoptosis [22]. The incubation of
A B C D E F PMNSs with Ara-C increased the generation of ROS, which
Fig. 5. O, release from PMNs as assessed by SOD-inhibitableccyt was inhibited by rotenone and fum_omsm' The use of DCFH
reduction. A: G release (nmol/10cells/min) from PMNs stimulated by @S @ measure of ROS has been widely employed [26,34,35].
107 M f-MLP. B: O; release from PMNs incubated with Ara-C (10M) In fact, since DCFH oxidation may be derived from several
for 30 min and then stimulated by f-MLP. C:;Orelease from PMNs  reactive intermediates, the interpretation of specific ROS
stimulated by PMA (lug/mL). D: O, release from PMNs incubated with —j\/olved in biological systems should be approached with
Ara-C for 30 min and then stimulated by PMA. E; @elease from PMNs . S . .
treated with Ara-C for 30 min, in the presence of 2/mL of genistein caution. The _Inh_lbltlon of ROS prodgctlon In _the pr(_aser_lce
and then stimulated by f-MLP. F: Drelease from PMNs treated with ~ Of rotenone indicates a role for mitochondria. Oxidative
Ara-C for 30 min, incubated with 10aM H7, and then stimulated by ~ phosphorylations are a major source of ROS, since when the
f-MLP. Error bars represent the standard error based on five independentelectron transport chain is disrupted, the electrons accumu-
experiments. late in the early stages of the electron chain where they can
be donated to molecular oxygen to give Owhich is, in

chain terminator. A strong association has been found be-turn, converted to kD, [36]. The mitochondrial inner
tween incorporation and cell kill. Cellular responses to the Mémbrane contains a number of cell death-promoting fac-
effects of Ara-C on DNA replication include the induction ©0rs including cytc and caspases [18]. Opening of the
of apoptosis [31]. On the other hand, it has been demon- Mitochondrial permeability _transmon pores leads to the re-
strated that NAC protects cells against damage to DNA, lease of the d_eath—promo_tn_wg factors [37]. It_has been re-
possibly by neutralizing the toxic effects of radical species. Ported that this may be initiated by excessive uptake of
This observation provides indirect evidence that toxic ROS calcium, decline of energy production, and increased expo-
are generated in cells following Ara-C-induced damage to Suré t© ROS [38]. Our results unequivocally show that an

DNA. Here, we have shown that Ara-C-treated PMNs un- increase in the production of ROS from the mitochondria is
dergo apoptosis within 3 hr of incubation. The effect on an early event after the incubation of PMNs with Ara-C. An

impairment of the general mitochondrial activities in PMNs
induced by this anticancer drug could be detected by the
MTT assay. This assay, which is widely used to measure

by oA
o o

nmol O; /10° cells/min.
S

60 cell proliferation and to screen for anticancer drugs, is based
A on the reduction of the tetrazolium salt [38,39]. Despite
& 40l broad acceptance of this assay, neither the enzyme sys-
‘S —e— PMNs + Ara-C f H
= —o— PMNs + genistein + Ara-C tem(s) that reduce MTT nor the subcellular localization of
5 —0~ PMNs MTT-reducing activity is well defined. However, it has been
= 204 shown that MTT reduction is largely dependent on reduced
E P pyrimidine nucleotides rather than succinate [39]. An alter-
1 ation of the cellular redox status induced by Ara-C may
00- . . e . e represent a critical step in its proapoptotic effects. The
o234 e 7 8 s addition of fumonisin inhibited DCF fluorescence of PMNs
Time (min.) incubated with Ara-C, indicating a role of ceramide in the

ROS production. The prominent role of mitochondria in
_ ; S ROS production is in keeping with recent data [40]. How-
M)-induced G production. When indicated, PMNs (1@ells/mL) were . .
preincubated in the absence or presence of genisteipgl®L) with or eve_r, a late ROS prOdl_JCtlon from th_e_resplratory burs_t m_ay
without Ara-C (10°° M) for 30 min. The figure presented is representative P€ iNvolved in apoptosis, as DPI inhibits ROS production in
of 3 independent experiments. Ara-C-treated PMNSs. DPI is indeed a flavoenzyme inhibitor

Fig. 6. Genistein inhibition of the priming effect by Ara-C on f-MLP (10
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and in PMNs its effect is generally considered as an indi- References

cator of NADPH oxidase inhibition. It must be stressed that
the activation of the granule pool of NADPH oxidase has
recently been shown to induce intracellular ROS produc-
tion, while the stimulation of the membrane-bound oxidase
mainly generates extracellular release of ROS [12]. The
activation of NADPH oxidase may be triggered by a path-
way involving cross-talking between ROS and tyrosine
phophorylations, since these were inhibited by NAC. In-
deed, the preincubation of PMNs with Ara-C significantly
enhanced extracellularfOrelease when f-MLP, a receptor-
dependent agonist, but not when PMA, was used as activa-
tor. Moreover, Ara-C showed a priming effect on f-MLP-
induced Q cell production. Proposed mechanisms
involved in synergistic and/or priming effects include the
modulation of the number of receptors or their affinity for
agonists, covalent modification of specific PMN proteins,
elevation of basal or peak calcium, and modulation of pro-
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