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1Laboratoire de Biochimie Générale et de Glycobiologie, U.F.R. des Sciences Pharmaceutiques et Biologiques, Université René
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Xavier Bichat, Université Denis Diderot Paris 7, 16 rue Henri Huchard, 75018 Paris France

Accepted by Dr Jean Cadet

This paper is dedicated to the memory of Dr. Catherine Pasquier

(Received 20th April 2004; revised 29th July 2004)

Abstract
The response of three human leukemia cell lines, the proliferative promonocyte THP-1 and the promyeloid HL60 cells and the
non-proliferative phorbol ester-treated HL60 cells (HL60/PMA), to oxidative stress induced by tert-butylhydroperoxide (t-BHP)
treatment was analyzed by fluorescence microplate assay, anti-oxidant enzyme activity measurements, high performance liquid
chromatography, yopro-1/PI incorporation, poly (ADP-ribose) polymerase and caspase 3 cleavages. After t-BHP treatment, the
non-proliferative HL60/PMA cells exhibited a weak increase in reactive oxygen species (ROS) production, a better preservation of
thiol content, a decrease of glutathione peroxidase activity and a high ability to undergo necrosis rather than apoptosis. Submitted
to the same treatment, the proliferative HL60 and THP-1 cells exhibited a high increase of ROS production, a moderate thiol
depletion and a high percentage of apoptosis. Under thiol depleting conditions, the oxidative treatment of the HL60/PMA cells
resulted in a high ROS production that reached levels similar to those of the two other cell lines and in cell death mainly by necrosis.
In conclusion, these results that show proliferative phenotype is essential for cell response towards oxidative stress, are of particular
interest in chemotherapy involving an oxidative mechanism.
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DCFH-DA: 20,70 dichlorofluorescin diacetate, HPLC: high performance liquid chromatography, mBrB: monobromobimane,
NEM: N-ethyl maleimide, PARP: poly (ADP-ribose) polymerase, PMA: 12-O-tetradecanoylphorbol 13-acetate,
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Introduction

Reactive oxygen species (ROS) are important cell

mediators, continuously produced by cells, involved in

cellular signaling mechanisms, cell proliferation and

differentiation.[1] In normal cells, their production is

equilibrated by anti-oxidant enzymes, thiols and

glutathione cycle enzymes.[2,3] In pathological

situations, the cellular intrinsic anti-oxidant defense

can be overwhelmed by oxidative stress, resulting in

high level of intracellular ROS and serious cellular

damages.[4]
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Three main anti-oxidant enzymes are present in

cells: the Zn/Cu superoxide dismutase (SOD), the

catalase (CAT) and the glutathione peroxidase (GPx).

The SOD transforms superoxide anion Oz2
2 into

hydrogen peroxide (H2O2), which is then reduced in

water and O2, either directly by the CATor by the GPx

using the reduced glutathione (GSH) as co-substrate;

the GPx is also capable of reacting with lipid

hydroperoxides. Glutathione cycle enzymes are a

complex cellular system able to maintain an adequate

GSH and thiol levels in cells. Yet, the GSH level

depends on the availability of the cysteine, a precursor

of GSH and thus, the redox system involving

glutathione plays a critical role in the scavenging of

the ROS, in the maintaining of cellular homeostasis

and consequently in cell viability.

Oxidative stress may result in cell death by apoptosis

or necrosis.[5–8] Apoptosis or programmed cell death

is a highly regulated process including several

proteases, such as caspases and characterized by

proteolysis, chromatin condensation, nuclear and

DNA fragmentation. In contrast, necrosis is an

un-programmed cell death occurring after cell

exposition to a toxic molecule and characterized

by total cell destruction including the plasma

membrane, the nucleus and the other cell organelles.

Under exogenous oxidative stress conditions, cells

are able to modify their metabolic pattern to increase

their anti-oxidant defenses in order to restore the

balance between anti-oxidant enzyme expression,

GSH biosynthesis and ROS production. These

modifications could be considered as adaptive

response of cells towards oxidative stress and they

could be different according to the cell status.

Especially, it was shown that cell differentiation is

accompanied by changes in the redox state of cells.[9]

Although a lot of work has been published to describe

the relationship between oxidative stress and apoptosis

triggering, only few of them deal with the relation

between apoptosis and cell differentiation or cell

proliferation.

To analyse such possible relation, we used as in vitro

cellular model, three human leukemia cells lines

including different steps of cell differentiation:

the proliferative promonocytic THP-1 cells,[10]

the proliferative promyeloid HL60 cells,[11] and the

non-proliferative HL60/PMA cells obtained by differ-

entiation into monocytic phenotype by phorbol ester

treatment (PMA).[12] This model was recently used by

Moon et al.[13] The response to oxidative stress,

inducedbyachemical agent, the tert-butylhydroperoxide

(t-BHP), was characterized by changes in intracellular

ROS production, thiol content and apoptosis

induction, all measured by methods that we recently

described.[7,14,15] Moreover, activity andexpressionof

three anti-oxidant enzymes were determined by bio-

chemical methods and western blot analyses. Results

showed important differences in cell response towards

oxidative stress between proliferative and non-prolifera-

tive cells, especially as regards apoptosis and necrosis.

Materials and methods

Materials

Cell culture media and supplements were

purchased from Invitrogen—Life Technologies

(Grand Rapids, NY, USA). Phorbol 12-myristate

13-acetate (PMA), nitro blue tetrazolium (NBT),

t-BHP at 70% (v/v) in aqueous solution, trypan

blue solution, the protease inhibitor cocktail, the

reagents used for the determination of enzyme

activities and thiol measurement by HPLC were

purchased from Sigma (Saint Louis, MO, USA).

Fluorescent probes, 20,70 dichlorofluorescin diace-

tate (DCFH-DA), monobromobimane (mBrB),

yopro-1 and propidium iodide (PI) were purchased

from Molecular Probes (Eugene, OR, USA). The

mouse IgG2a anti-b actin monoclonal antibody,

used as internal control in western blots, was

obtained from Sigma. The mouse IgG1 anti-human

glutathion peroxidase monoclonal antibody (clone

347) and the rabbit IgG anti-human CAT poly-

clonal antibody were purchased from Calbiochem

(VWR International SAS, Fontenay-sous-Bois,

France). The rabbit IgG anti-human Cu/Zn SOD

polyclonal antibody, the rabbit IgG anti-human Mn

SOD polyclonal antibody, the donkey anti-rabbit

IgG-HRP and the goat anti-mouse IgG-HRP were

purchased from Stressgen (Victoria BC, Canada).

The goat anti-rabbit IgG-HRP was obtained from

Immunotech (Marseille, France). The goat anti-U1

small ribonucleoprotein (U1 SnRP 70) was

obtained from Santa Cruz Biotechnology (Santa

Cruz, CA, USA) and the anti-caspase 3/CPP32

from AbCys (Paris, France). The mouse IgG1 anti-

PARP antibody (clone C2-10) was purchased from

Pharmingen International (San Diego, CA, USA).

The western blot detection system was from

Amersham (Amersham International, Buckingham-

shire, UK). Rnase A and DAPI were from Sigma.

Polystyrene flasks and 96-well culture plates were

obtained from Falcon (Becton Dickinson, Le Pont

de Claix, France).

Cell culture and cell differentiation

THP-1 cells (ECACC reference n8 88081201)[10]

and HL60 cells (ECACC reference n8 85011431)[11]

were cultured in RPMI 1640 medium supplemented

with 10% heat-inactivated foetal calf serum (FCS),

antibiotics (100mg/ml streptomycin, 100 U/ml peni-

cillin) and 2 mM L-glutamine, in a humidified

atmosphere containing 5% CO2 at 378C. The cells

were cultured either into 75 cm2 tissue culture flasks at

the initial concentration of 3 £ 105 cells/ml or in

96-well flat bottom microplates at 5 £ 104 cells/well.

E. Plantin-Carrenard et al.2
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Cell viability was assessed using trypan blue exclusion

test. HL60 cells were used between the fifteenth and

fortieth passage.

The HL60 differentiation into non-proliferative

monocytic phenotype was obtained by treatment with

phorbol ester (PMA) for three days at a

final concentration of 50 ng/ml added to HL60

suspension.[12] The NBT reduction assay was used

to verify cellular differentiation status.[16] Moreover,

differentiated cells became adherent and exhibited

intracellular blue-black formazan deposits.

For cell characterization, cytospin slide preparation

of 0.15 ml suspension at 106 cells/ml was obtained

using a Shandon Cytospin 3 then stained with

May-Grunwald-Giemsa reagent before microscopic

examination.

Oxidative stress induction

Oxidative stress was induced by t-BHP treatment

performed on cells cultured in 96-well microplates, as

previously described.[15]

ROS production was measured in situ by labeling

the cells with the fluorogenic DCFH-DA probe at

5mM for 30 min (378C). The fluorescence signal was

quantified in a fluorescence plate reader (Fluostar II

BMG, Champigny/Marne, France) at lexc 485 nm

and lem 538 nm. Data were collected directly in

arbitrary fluorescence units (AFU) and results were

expressed as increased percentages to untreated cells

(100%).

Determination of enzyme activity and expression

Enzyme activity assays, protein determination and

western blot analyses were carried out on untreated

and t-BHP-treated cells (5, 30 and 60 min). After

treatments, adherent HL60/PMA cells were softly

detached from culture flasks using a rubber policeman

and centrifuged and non-adherent THP-1 and HL60

cells were directly centrifuged. Cell pellets were

washed with PBS and cell concentration adjusted at

2 £ 106 cell/ml in PBS. For protein determination

and enzyme activity assays, cellular extracts were

obtained by sonication in pulsed mode 50 W at 48C,

for 1 min performed in PBS. Then, samples were

centrifuged at 48C for 15 min at 15,000g and

supernatants kept at 2808C until use.

The protein concentration was determined by the

bicinchoninic acid assay (BCA) from Pierce (Rock-

ford, IL, USA).

The SOD (EC 1.15.1.1) activity was assayed by the

method of Mc Cord and Fridovitch[17] and the CAT

(EC 1.11.1.6) activity by the method of Johansson and

Borg.[18] The GPx (EC 1.11.1.19) activity was

determined using the Ranselw GPx Kit (Randox,

UK), according to the manufacturer’s recommen-

dations. Enzyme activities were expressed in U/mg of

protein: one unit of the enzyme was defined as mmol of

substrate degraded per min per mg of protein.

Anti-oxidant enzyme expression was analyzed by

western blots, as previously described.[19] Cell pellets

obtained as indicated above were lysed in presence of

detergent. Cellular proteins were separated by sodium

dodecyl sulfate polyacrylamide gel electrophoresis

(SDS PAGE) and electrophoretically transferred to a

nitrocellulose membrane. To block free sites, the

membrane was incubated in 5% non-fat dry milk in

PBS containing 0.1% Tween 20. The blots were then

probed with the appropriate antibodies. A second

HRP-conjugated antibody was used for

a chemiluminescent detection (ECL, Amersham),

according to the manufacturer’s instructions. Then,

membranes were exposed to Kodak X-OMAT UV

film and band intensity was semi-quantified with

Scionw software. Protein loading reproducibility was

assessed by analysis of b-actin.

Thiol determination

Fluorescence microplate assay (FMA). Intracellular thiol

levels were measured by the fluorescent probe mBrB,

which forms a fluorescent adduct with thiol

groups.[20] Cells were labeled by incubation at 378C

for 10 min in the dark with 30 mM mBrB.

Fluorescence signal variation was assessed by

microplate titrating reader at lexc 390 nm and lem

460 nm. Results, obtained directly in AFU, were

expressed as percentages to untreated cells (100%).

HPLC analysis. Glutathione and cysteine levels were

measured by high performance liquid chromatography

(HPLC) according to the method of Jacob et al.[21]

Cells were washed with PBS, centrifuged and pellets

lysed with 1 ml of cold distilled water. After

centrifugation at 15,000g for 15 min at 48C, the

supernatant was rapidly submitted to derivatization to

minimize GSH degradation. Thiol containing extracts

were treated by tri-n-butylphosphine solution 10% in

N,N-dimethylformamide and proteins precipitated by

trichloracetic acid solution at 10% containing

1 mM EDTA. Then, thiols were labeled with

4.6 mM 7-fluoro-2,1,3-benzodiazole-4-sulfonamide in

0.125 mM borate buffer containing 4 mM EDTA and

analyzed on a greffed silice C18 microbondapak column

(Waters, St-Quentin-en-Yvelines, France) by isocratic

elution with a mobile phase of 0.1 mM phosphate buffer

(pH 3.2) containing 10% acetonitrile. Fluorescence

intensity was monitored at lexc 385 nm and lem 515 nm.

Integration of chromatograms was accomplished using

Milleniumw software (Waters).

Standard curves were obtained from three standard

solutions containing GSH (150, 75 and 50mM) and

L-cysteine (50, 25 and 5mM). The solutions were

prepared by dilution of 1 mM stock solutions in acid

Oxidative stress to leukemia cells 3
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phosphate buffer. The reduction control solution

contained 100mM oxidized glutathione and 50mM

L-cystin. The internal standard was 2.5 mM N-acetyl-

cysteine in 0.9% NaCl containing 0.4 mM

EDTA. Detection limit was determined at 0.5mM

GSH or cysteine.

Thiol depletion

Thiol depletion was obtained by treatment of cells

with the alkylating reagent N-ethylmaleimide (NEM),

used at 0.1 or 0.2 mM for 15 min and controled by

HPLC, as indicated above. After NEM-depleting

treatment, cells could be submitted or not to the

t-BHP treatment.

Protective treatment assay

Protection against ROS was assessed by pre-treatment

of cells by two thiol compounds, glutathione and

cysteine.[22] The thiol solutions were prepared just

before experiment by dilution in PBS at defined

concentration and after adjustment of the pH at 7.4.

Protective effects were evaluated by the decrease of

ROS production measured by FMA.

Apoptosis

Apoptosis was induced by treatment of cells (1 £

106 cells/ml HBBS) with 1 mM t-BHP for 1 h at 378C,

followed by 2 h incubation in HBSS without t-BHP, as

already described.[15] To assess the consequences of

thiol depletion on apoptosis induction, cells were

incubated with 0.1 mM NEM for 15 min followed

by 2 h incubation in HBSS at 378C. Then, cells

were washed and re-suspended in HBSS and

cell morphology was controlled by microscopic

examination. Apoptosis was assessed by FMA and

immunodetection of PARP and caspase 3 cleavages.

Fluorescence microplate assay. Cells cultured in 96-well

plate were labeled with fluorescent probes yopro-1

(5 mM) and PI (10mg/ml) as previously

described.[15] In these conditions, viable cells

excluded both yopro-1 and PI probes, apoptotic

cells took up only yopro-1 probe and necrotic cells

were labeled by both yopro-1 and PI probes. The

following optimum wavelengths for yopro-1 were

lexc 485 nm and lem 538 nm and for PI, lexc 590 nm

and lem 630 nm. Results were expressed as

percentages of increase of fluorescent signal in

treated cells compared to untreated cells.

PARP and caspase 3 cleavages. PARP and caspase 3

cleavages were performed according to the method

described by Lamboley et al.[21] Briefly, at the end of

the incubation corresponding to each treatment, cells

were removed from the flasks and centrifuged at 500g

for 5 min. Pellets were re-suspended in 1 ml of PBS

and centrifuged again. Supernatants were carefully

discarded and pellets were weighted and frozen at

808C until use. Cytoplasmic and nuclear extracts were

separated as previously described.[22] Cytoplasmic or

nuclear samples corresponding to 2 mg of cell pellets

were submitted to SDS PAGE for immunodetection,

as indicated in the last paragraph of determination of

enzyme activity and expression section.

Reproducibility was assessed by analysis of b-actin

for cytoplasmic proteins and U1 SnRNP 70 for

nuclear proteins.

Statistical analysis

Mean values were calculated from data of three

separate experiments done in triplicate and reported

as mean ^ SEM: The statistical significance of the

differences between observed values was determined

by Student’s t-test. Values of p inferior to 0.05 were

considered statistically significant.

Results

ROS production

For the three cell lines cell viability was routinely

assessed by trypan blue exclusion in all experiments

and cells exhibiting viability lower than 90% were

discarded. ROS production was measured by FMA

using DCFH-DA probe. For both proliferative THP-1

and HL60 cell lines and non-proliferative HL60/PMA

cells, t-BHP treatment resulted in time- and dose-

dependent increase of the ROS production (data not

shown). Table I reported optimum results obtained for

ROS production using 1 mM t-BHP for 1 h.

Thus, proliferative THP-1 and HL60 cells exhib-

ited an important increase of ROS production after

the oxidative treatment (177 and 192%, respectively)

in comparison to the non-proliferative HL60/PMA

cells (Table II) which exhibited a moderate ROS

production (38%).

Table I. FMA measurements of ROS production.

THP-1 cells HL60 cells HL60/PMA cells

Untreated

cells

459 ^ 41 1685 ^ 135 1293 ^ 103

t-BHP

treated cells

1271 ^ 102 4920 ^ 394 1784 ^ 143

Cells were incubated for 1 h with 1 mM t-BHP. ROS production was

measured using the fluorogenic DCFH-DA probe (5mM).

Fluorescence emission was measured on a fluorescence plate reader

at lexc 485 nm, lem 538 nm and expressed in arbitrary fluorescent

units (AFU). Values are means ^ SE from three different

experiments done in triplicate.

E. Plantin-Carrenard et al.4
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Involvement of endogenous defense systems

Modulation of enzyme activities. The effects of the

t-BHP treatment on SOD, CATand GPx activity were

measured in the three cell lines (Figure 1). The SOD

activity reached 1 U/mg protein in non-proliferative

HL60/PMA cells versus 3.5 and 2.7 U/mg protein in

proliferative THP-1 and HL60 cells, respectively.

After t-BHP treatment, the SOD activity decreased in

THP-1 and HL60 cells, whatever the incubation

period (Figure 1A). For example, after 60 min of

1 mM t-BHP treatment, SOD activity decreased by 63

and 56% in HL60 and THP-1 cells, respectively. On

the contrary, in HL60/PMA cells, no significant

change was measured.

The basal CAT activity was higher in THP-1 cells

(67 U/mg protein) than in HL60 and HL60/PMA

cells (35 and 12 U/mg protein, p , 0:05, respect-

ively) and after 1 h of 1 mM t-BHP treatment

(Figure 1B) a strong increase of the CAT activity

was observed in HL60 cells (146%, p , 0:05 versus

untreated cells) to reach similar activity as this of

THP-1 cells.

In untreated cells, the GPx activity was higher

in HL60/PMA cells (0.39 U/mg protein) than in

THP-1 and HL60 cells (0.18 and 0.07 U/mg protein,

p , 0:05 respectively). The t-BHP treatment induced

at 30 min a 76% decrease of GPx activity in

HL60/PMA cells (Figure 1C). For the two other cell

lines, changes in GPx activity were very low.

Although of the probability of de novo protein

synthesis for the anti-oxidant enzymes was low over

1 h incubation time, such possibility cannot be a priori

rejected. Consequently, the western blots showing

Cu/ZnSOD, MnSOD, CAT and GPx protein

expression at t-BHP treatment times 0, 5, 30 and

60 min have been performed. Results in Figure 1 show

that no significant changes in both SOD and CAT

expression occurred during the t-BHP treatment. On

the contrary, for GPx expression, some differences

were observed between the three cell lines: no GPx

expression change in THP-1 cells, no GPx expression

in HL60 cells and a decreasing expression in

HL60/PMA cells after 30 min of t-BHP treatment.

The absence of GPx detection in HL60 cells may be in

relation to the low GPx activity measured for these

cells. The decreasing GPx expression noticed for

HL60/PMA cells may result in the decreasing GPx

activity observed for these cells, probably due to

protein degradation under the oxidative stress

conditions.

Thus, t-BHP treatment induced several modifi-

cations in anti-oxidant enzyme activities, particularly

an important increase of CAT activity for the HL60

cells and a decrease of GPx activity in the HL60/PMA

cells.

Modulation of intracellular thiol levels. The total thiol

compounds were assessed by FMA using the

fluorescent probe mBrB. The cells were treated for

1 h with 1 mM of t-BHP and a moderate decrease of

mBrB signal was observed for the THP-1 cells (25%)

and the HL60 cells (20%), in comparison to untreated

cells (Figure 2A). For the HL60/PMA cells, thiol

depletion was not significant.

HPLC analysis was used to measure specifically GSH

and cysteine concentrations. Results showed that the

basal levels of intracellular GSH and cysteine were weak

in the non-proliferative HL60/PMA cells (1.5 and

3.7mmol/mg proteins, respectively, data not shown) in

comparison to the proliferative THP-1 cells (15.1 and

17.1mmol/mg proteins, respectively) and HL60 cells

(34.1 and 12.9mmol/mg proteins, respectively). For the

HL60/PMA cells, the GSH and cysteine levels (between

0.5 and 1.0mmol/mg proteins) remained low

after t-BHP treatment and consequently not take in

count.

After applying the t-BHP treatment (1 mM for 1 h),

GSH level decrease was observed in THP-1 cells

(60%) and only 10% in HL 60 cells (Figure 2B).

Regarding the cysteine pool, its decrease was

moderate and reached 36% in the THP-1 cells and

39% in the HL60 cells (Figure 2B).

Effects of thiol depletion on ROS production. To estimate

the role of thiols in cell defense against oxidative stress

and associated effects, a thiol depletion was obtained

using NEM treatment at concentrations of 0.1 or

0.2 mM. After depletion, cells were submitted or not

to t-BHP treatment and results are reported in

Figure 3.

In the three cell lines, NEM treatment induced an

important thiol depletion, which was accentuated by

t-BHP treatment for the HL60/PMA and the THP-1

Table II. Protection against ROS production after GSH or Cys

external cell pre-treatment.

THP-1 cells

(%)

HL60 cells

(%)

HL60/PMA

cells (%)

GSH (mM) 0 100 ^ 4.8 100 ^ 5.0 100 ^ 6.1

31 107 ^ 5.0 66 ^ 3.3 49 ^ 3.0

62 97 ^ 5.2 62 ^ 3.1 47 ^ 2.5

125 93 ^ 5.0 49 ^ 2.0 39 ^ 1.9

250 75 ^ 4.1 30 ^ 1.8 26 ^ 1.3

Cys (mM) 0 100 ^ 5.1 100 ^ 5.1 100 ^ 5.0

31 103 ^ 5.4 96 ^ 4.9 49 ^ 6.6

62 109 ^ 5.2 72 ^ 4.3 21 ^ 1.1

125 89 ^ 4.8 63 ^ 4.7 32 ^ 2.2

250 44 ^ 4.3 46 ^ 3.8 27 ^ 1.9

Cells were incubated for 1 h with indicated GSH and Cys

concentrations and submitted to t-BHP treatment (1 mM for 1 h).

ROS were measured by FMA using DCFH-DA probe. Results were

expressed in percentages of ROS production in protected cells in

comparison to unprotected cells noted as 100%. Values are means ^

SE from three different experiments done in triplicate.
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cells. For HL60 cells, thiol depletion did not change

after the oxidative treatment.

The ROS production obtained after NEM treat-

ment was increased in a dose-dependent manner in

the three cell lines. In both proliferative THP-1 and

HL60 cell lines, the ROS production obtained by

t-BHP treatment was not modified significantly

after thiol-depletion (Figure 3). In contrast, in the

non-proliferative HL60/PMA cells, t-BHP

treatment performed on depleted cells resulted in

a dramatic increase of ROS production, in compari-

son to undepleted cells, reaching levels similar to

those of the two proliferative THP-1 and HL60 cell

lines.

Figure 1. Time-course of the effect of t-BHP treatment on anti-oxidant enzyme activity and expression in each cell line. Experiments were

carried out on cell lysates after 0, 5, 30 and 60 min of t-BHP treatment. SOD activity was assessed using reduction of cytochrome c by

superoxide radicals generated by the hypoxanthine/xanthine oxidase system.[17] CATactivity was determined by the method of Johanson and

Borg.[18] GPx activity was determined using the Ranselw GPx kit. Each data point represents the mean ^ SE of three separate experiments.

Enzyme expression was analyzed by western blots, as described in “Material and Methods” section. Mn SOD give a band at 32 kDa, Cu/Zn

SOD at 23 kDa, CATat 65 kDa and GPx at 23 kDa. b-actin was used as control (bands not shown). A: SOD activity and Mn SOD and Cu/Zn

SOD expression; B: CAT activity and expression; C: GPx activity and expression.

E. Plantin-Carrenard et al.6

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
8/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Induction of apoptosis or necrosis

Effect of t-BHP treatment. To assess cell death by

apoptosis or necrosis, cells were treated by 1 mM

t-BHP for 1 h and then incubated for 2 h, in absence of

t-BHP. Apoptosis and necrosis were determined by

double labeling of cells with two fluorescent probes:

yopro-1 to measure apoptosis and PI to measure

necrosis (Figure 4A). Results were expressed as

increasing percentages of fluorescent signal in

comparison to untreated cells. After t-BHP

treatment, the increase of the fluorescent yopro-1

signal (apoptosis) was significantly higher in both

proliferative cell lines (95 and 110% for THP-1 and

HL60 cells, respectively), than in the non-proliferative

HL60/PMA cells (30%). In contrast, the increase of

the PI signal (necrosis) was about 3 fold higher in non-

proliferative HL60/PMA cells, compared to the two

proliferative HL60 and THP-1 cell lines, revealing

that necrosis was predominant over apoptosis in the

non-proliferative cells, after t-BHP treatment.

Apoptosis triggered by oxidative treatment was

further analyzed by cleavage of PARP in nucleus

(Figure 4B) and caspase 3 in cytosol (Figure 4C).

PARP expression was very different according to the

three cell lines. As shown in Figure 4B, in untreated

cells, a strong PARP expression was observed in THP-1

cells, in comparison to the two other cell lines. In the

three untreated cell lines, there is a low spontaneous

cleavage of PARP characterized by the apparition of an

85 kD band. The t-BHP-treatment resulted in PARP

cleavage in proliferative HL 60 cells, the intensity of the

85 kD band, semi-quantified by densitometry, was

increased by 120%, in comparison to untreated cells.

For the THP-1 cells, no significant changes were

observed in PARP cleavage be fore and after t-BHP

treatment. For the HL60/PMA cells, the intensity of the

85 kD cleaved band wasvery low; this could be related to

the high necrosis level observed for these cells.

Expression of caspase 3 was analyzed by immunoblot

and apoptosis was characterized by the cleavage of the

32 kD caspase 3 band to the 18 kD band. As shown in

Figure 4C, it has been observed that the level of caspase

3 expression was higher in the non-proliferative

HL60/PMA cells than in the two other proliferative

cell lines. In comparison to untreated cells, t-BHP

treatment resulted in a 3 fold increase of the intensity of

the 18 kD band in both proliferative cell lines, while in

non-proliferative HL60/PMA cells only a 1.5 fold

increase was observed.

Figure 2. Total thiols, GSH and cysteine in cells after oxidative treatment. Thiol compounds were measured before and after treatment with

1 mM t-BHP for 1 h. A: FMA measurements of thiols using the mBrB fluorescent probe. B: HPLC measurements of GSH and cysteine, as

described in “Material and Methods” section. Results are expressed as percentages of thiol compounds in treated cells compared to untreated

cells and represent the mean ^ SE of three separate experiments. *p , 0.05, **p , 0.01.
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Thus, results obtained from FMA and PARP and

caspase 3 cleavages indicated that the oxidative

treatment induced more apoptosis in proliferative cell

lines than in the non-proliferative one.

Effect of thiol depletion on cell death. As shown by Macho

et al.[24] thiol depletion was able to induce cell death.

To examine this possibility, cells were treated with

0.1 mM NEM for 15 min and incubated for 2 h in

HBSS. Analyses were run using the yopro-1/PI

incorporation (Figure 5A), PARP (Figure 5B) and

caspase 3 (Figure 5C) cleavages.

A marked increase of yopro-1 signal was observed in

the two proliferative THP-1 and HL60 cell lines, while

no significant increase of yopro-1 signal was noted for

the non-proliferative HL60/PMA cells (Figure 5A).

Conversely, only the HL60/PMA cells exhibited a

marked increase of PI signal, indicating that these cells

underwent necrosis rather than apoptosis.

A strong expression of PARP in THP-1 cells and

caspase 3 in HL60/PMA cells was observed before

NEM treatment. After NEM treatment an

important cleavage of PARP in HL60 cells, a weak

PARP cleavage in HL60/PMA cells and a weak

caspase 3 cleavage in THP-1 and HL60/PMA cells

were observed (Figure 5B and C).

Results showed that thiol depletion induced

apoptotic effects in both proliferative HL60 and

Figure 3. ROS production and thiol level in thiol-depleted THP-1, HL60 and HL60/PMA cells, before and after t-BHP treatment. Cells

were pre-treated by 0.1 or 0.2 mM NEM for 15 min, then treated or not by 1 mM t-BHP for 1 h. ROS production and thiol level were

determined by FMA using the DCFH-DA and mBrB fluorescent probes, respectively, as indicated in “Materials and Methods” section.

Results are expressed as percentages of AFU in treated cells compared to control cells (control cells were not treated either with NEM or

t-BHP) and represent the mean ^ SE of three separate experiments.
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Figure 4. Apoptosis triggering by t-BHP treatment. Cells were incubated with 1 mM t-BHP for 1 h followed by a 2 h incubation in

absence of t-BHP. A: Fluorescence measurement. Cells were stained with 5mM yopro-1 and 10mg/ml of PI at 48C for 30 min. The

fluorescence emission was measured on a fluorescence plate reader at lexc 485 nm, lem 538 nm for yopro-1 and lexc 590 nm, lem

630 nm for PI. Results were expressed as percentages of increase of arbitrary fluorescent units (AFU) in comparison to control. Figure 4

A represents the mean ^ SE of three separate experiments. *p , 0.05. B: PARP cleavage. Nuclear extracts were separated on 6% SDS-

PAGE (50mg of protein per lane) followed by transfer on nitrocellulose membrane. Immunodetection of PARP cleavage was done using

the mouse IgG1 anti-PARP antibody, followed by chemiluminescence detection using the HRP-conjugated goat anti-rabbit antibody

and the ECL western blot detection system from Amersham. After staining by chemiluminescence, 116 and 85 kD band intensities were

quantified by densitometry using Scionw software. Results were expressed as percentages of cleavage 85/116 kD) and given as

histograms below the blots. C: Caspase 3 cleavage. Cytosolic extracts were separated on 15% SDS-PAGE (50mg of protein per lane)

and transferred on nitrocellulose. Immunodetection of caspase 3 cleavage was done using the rabbit anti-active caspase 3 antibody and

the same chemiluminescence system as for the PARP cleavage. After staining, 18 and 32 kD band intensities were quantified by

densitometry as described for PARP. Results were expressed as percentages of cleavage (18/32 kD) and given as histograms below

the blots.
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Figure 5. Apoptosis triggering by NEM treatment. Apoptosis was induced by treatment of cells with 0.1 mM NEM for 15 min, followed by a

2 h incubation in HBSS. Figure 5A represents the mean ^ SE of three separate experiments. *p , 0.05. A: Fluorescence measurement was

performed as indicated in Fig. 4A legend. B: PARP cleavage was performed as indicated in Fig. 4B legend. C: Caspase 3 cleavage was

performed as indicated in Fig. 4C legend.
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THP-1 cells and predominantly cell death by necrosis

in the non-proliferative HL60/PMA cells.

Protective effects of glutathione and cysteine

In order to prevent the effects of oxidative treatment,

cells were pre-treated for 1 h with different

concentrations of GSH or cysteine. After pre-

treatment, the cells were submitted to 1 mM t-BHP

treatment for 1 h and the ROS production was

measured by FMA. Results of ROS production

in Table II, expressed in percentages of AFU

in protected cells in comparison to unprotected cells,

showed distinct effects, according to the cell type and

the protecting agent. Any significant protective effect

of GSH can be observed before 250 mM GSH for the

THP-1 cells (25%). In contrast, a marked protective

effect was measured from 31 mM GSH for HL60 and

HL60/PMA cells (34 and 51%, respectively). At

250 mM GSH, the protective effect reached 70 and

74% for HL60 and HL60/PMA cells, respectively.

The protective effect of cysteine was observed on

HL60/PMA cells from 31 mM (51%) and reached

79% with 62 mM cysteine. For the two other cell lines,

250 mM cysteine was required to obtain a genuine

protective effect (56 and 54% for THP-1 and HL60

cells, respectively).

Discussion

In this study, we have compared the responses to an

exogenous oxidative treatment of three human

leukemia cell lines at different steps of differentiation,

two proliferative ones (THP-1 and HL60 cells) and

one non-proliferative (HL60/PMA cells). The more

differentiated HL60/PMA cell line became adherent

after PMA treatment, but keep several characteristics

of undifferentiated cells.[25] In this paper, we

observed different adaptive responses towards the

oxidative stress, according to the cell status.

As regards ROS production, important differences

were observed between the two proliferative HL60

and THP-1 cells and the non-proliferative

HL60/PMA cells, suggesting varying levels of anti-

oxidant capacities according to the proliferation state.

In parallel, t-BHP treatment resulted in moderate

decrease in thiol level in the three cell lines, 20% in the

two proliferative cell lines and 10% in the non-

proliferative one, as shown by FMA using mBrB as

fluorescent probe. Besides, HPLC measurements

exhibited different individual variations between two

main thiols, GSH and Cys. Particularly, HL60 cells

have a high basal level in GSH, which exhibited a

moderate decrease (10%) after t-BHP treatment; this

protection against oxidative stress could be due to the

presence of other specific anti-oxidant defenses, such

as thioredoxine or metallothioneins, as previously

proposed.[26,27] On the contrary, GSH level in

THP-1 cells, which was lower than in HL60 cells,

strongly decreased (60%) after t-BHP treatment and

thus was not sufficient to protect cells from the

oxidative stress. Concerning the HL60/PMA cells,

their basal levels in GSH and cysteine were too low to

take into account possible variations after the

oxidative treatment.

Another adaptive response arose from the anti-

oxidant enzymes. We observed that the basal SOD

activity was lower for the HL60/PMA cells than for the

two other cell lines and only weak changes were

measured after the oxidative treatment. Differences in

basal GPx and CAT activities were observed between

the three cell lines. A higher GPx activity was

measured in the HL60/PMA cells in comparison to

the two other proliferative cell lines. This higher GPx

activity may be either a consequence of the non-

proliferative state of HL60/PMA cells, or due to an

intrinsic effect of the PMA, as has been previously

reported.[28] Thus, the high GPx activity in

HL60/PMA cells could be considered as an adaptive

response to the oxidative stress because GPx is able to

scavenge hydrogen peroxide.[28,29] Changes in CAT

activity due to the oxidative treatment were observed

only for HL60 cells. Treatment of these cells by

t-BHP, which is often considered as a kinetically fast

oxidant acting independently of protein synthesis,

resulted after 30 min, in an increase of CAT activity,

suggesting post-translational mechanisms to regulate

this CAT activity. Moreover, this enzyme seems to be

implicated in the resistance of leukemia cells to anti-

cancer therapy drugs based on redox mechanism,

since CAT activity consistently increased in a dose-

dependent manner after an in vitro hydrogen peroxide

treatment of cells.[30]

One of the possible cellular consequences

of oxidative stress, examined in this work, is

the induction of cell death either by necrosis or

apoptosis.[5] The oxidizing agent used in this study,

the t-BHP, is not only known as a membrane active

agent characterized by its rapid and direct action on

the cell membrane,[31] but it has also been used as

apoptosis inducer in various cellular models.[32]

The results of our study confirmed the role of the

oxidative stress in apoptosis induction by showing

important differences according to the cell prolifer-

ation state. The caspase 3 was more strongly expressed

in the HL60/PMA cells than in the two other cell lines.

This could be related to an increasing expression of

several proteases previously reported[12] for HL60

cells after their differentiation into monocytic pheno-

type. This increase in protease expression may include

the caspase 3, as observed in this work. Moreover, the

increasing protease expression may also result in the

degradation of numerous proteins and could explain

the weak PARP expression in HL60/PMA cells and its

quasi disappearance after t-BHP treatment. Thus, the

non-proliferative HL60/PMA cells, treated by t-BHP,
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did not undergo the apoptotic pathway, but mostly

underwent the necrosis pathway. On the contrary,

t-BHP treatment performed on proliferative THP-1

and HL60 cells resulted mostly in apoptosis, as shown

by yopro-1/PI labeling, PARP and caspase 3 cleavages.

It is interesting to note that the most proliferative cell

line, the HL60 cells also gave the highest percentage of

apoptosis, in agreement with the previous works of

Moon et al.[13]

The role of thiol compounds in apoptosis induction

seems complex. Nevertheless, the low basal GSH and

cysteine levels, measured by HPLC in HL60/PMA

cells in comparison to HL60 cells, could explain the

orientation towards necrosis rather than apoptosis that

we observed for cell death in HL60/PMA cells. Such a

possibility has already been provided for another

cellular model by Re et al.[33]

Our results may be of particular interest in the

chemotherapeutic treatments involving an oxidative

mechanism since several anti-neoplasic drugs induce

apoptosis in leukemia cell lines by oxidant mechan-

isms.[30,34] Thus, the determination of the response of

cells towards oxidative stress, according to their

proliferative status, may improve the quality of the

evaluation of anti-neoplasic treatments based on a redox

mechanism and leading to an apoptotic pathway.[35]
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