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Benzene is a ubiquitous pollutant and known human leukemo-
gen. The mechanism(s) by which benzene causes leukemia still
remain unknown. It is generally accepted that in order to exert
its cytotoxicity, benzene has to be metabolically activated to
hydroquinone (HQ), catechol (Cat.), 1, 2, 4-benzenetriol (BT)
and phenol (Phe). Both cell lines after the stimulation with
benzene metabolites produce elL-8, which has been reported
to have proapoptotic and cytotoxic effects in HL-60 and
TrHBMEC lines, respectively. The slight inhibition of apoptosis
by catalase, IL-8 and CXCR1 monoclonal antibodies supports
the hypothesis about a complex mechanism of cell toxicity, in-
duced apoptosis and possible excitation of leukemia by hydro-
xylated benzene metabolites.
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INTRODUCTION

Chronic exposure to benzene can be associated with
bone marrow toxicity and leukemias [1] in human
or causing malignancy of different organs in rats
and mices [2]. Once absorbed, benzene is metabo-
lized into a series of hydroxylated metabolites, inc-
luding phenol, hydroxyquinone, catechol, and ben-
zenetriol [3]. Benzene metabolites can be further
bioactivated by myeloperoxidases and other heme-
protein peroxidases to reactive semiquinones and
quinones, which can lead to the formation of reac-
tive oxygen species (ROS) [4]. Such a complex of
production of primary and secondary multimetabo-
lites of benzene damages not only hemopoietic cells
but also causes the dysfunction of bone marrow stro-
mal cells [5]. Endothelial cells form a physical but
interactive barrier between blood cells and tissues
[6]. Recent studies have shown that chemokine elL-
8 (endothelial cell derived CXCLS8), the main neut-
rophil chemotactic and activation factor, could be
involved into apoptosis induction in most blood pro-
genitor and leukemic cell lines [7]. For a normal
hematopoiesis, production of cytokines is a strictly
controlled process and could be induced by the in-
flammatory cytokines such as IL-1, tumor necrosis
factor (TNF-a) or other extracellular stimuli such
as oxidative stress [8]. Moreover, it was found that
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the acute myelogenous leukemia cells constitutively
produce eCXCL-8, which binds to two distinct re-
ceptors, CXCR1 and CXCR2, with a similar high
affinity [9]. The stimulation of these receptors may
activate different intracellular downstream pathways
and play an important physiological role in the apop-
tosis of leukemic cells. With this in mind, in our
study we examined the stimulation of elL-8 pro-
duction by phenolic benzene metabolites in the
TrHBMEC cell line and promyelocytic leukemic cell
line, HL-60, as a model system for the future stu-
dies of leukemogenic disorders caused by benzene
exposure.

Abbreviations: HQ, hydroquinone; Cat. Catechol;
BT, benzenetriol; Phe, phenol; TTHMBEC, transfor-
med human bone marrow endothelial cell line; elL-
8 or eCXCL-8, endothelial interleukin 8; PI, propi-
dium iodide; PSG, penicillin, streptomycin, L-gluta-
mate; Yo-Pro-1, fluorescent dye; Mab, monoclonal
antibody.

MATERIALS AND METHODS

Chemicals and cell culture

Benzene metabolites hydroquinone, catechol, 1, 2,
4-benzenetriol and phenol were obtained from Sig-
ma-Aldrich Inc. (St. Louis, MO). IL-8/CXCL8 Mab,
CXCR-1 (IL-8 RA) Mab, recombinant human IL-8
and elL-8 (endothelial cell-derived IL-8) were ob-
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tained from R & D (Minneapolis, MN). Human
IL-8 ELISA KIT Il for quantitation of human IL-
8 was obtained from BD Biosciences Pharmingen
(Sad Diego, CA). TrHBMEC cells were obtained
and grown according to Weksler [10]. HL-60 cells
were cultured in RPMI 1640 supplemented with
10% FBS and 1% PSG at 37 °C in a humidified
atmosphere (5% CO,/air). Viability was measured
by Trypan blue dye extrusion test. Trypan blue dye
penetrates damaged cell membranes, whereas healt-
hy cell membranes stay impermeable. The amount
of IL-8 protein secreted in extracellular media was
determined using the OptEIA Human IL-8 ELISA
Kit Il (BD Biosciences) according to the manufac-
turer.

Detection of apoptosis

Cells were stained with Acridine Orange/Propidium
lodide (AO/PI), Ethidium Bromide/Propidium lodi-
de (EB/PI) or Hoechst 33342/Pl and visualized us-
ing a fluorescence microscope. All three combina-
tions of dyes were used for the measurement of
intracellular apoptotic changes with a fluorescence
microscope. Samples in triplicate were scored as
viable, viable apoptotic, necrotic, nonviable apopto-
tic or cells without chromatin. A Yo-Pro-1/Pl assay
was done using a flowcytometer according to the
manufacturer’s protocol (Molecular Probes Inc. Eu-
gene, Oreg.). This method is based on the detec-
tion of changes in cell permeability with Yo-Pro-1
dye, a green-fluorescent nucleic acid which is per-
meant and stains to apoptotic cells but not to live
cells. Necrotic cells are labeled with red-fluorescent
propidium iodide.

Statistical methods

All data, except results in Fig. 1 A and 2 A, are
expressed as mean = SEM of at least three inde-
pendent experiments. Means were compared by a
one-way ANOVA (nonparametric) Neuman-Keuls
multipal comparison test. Statistical analyses were
performed using the PRISM (version 3) software
package (San Diego, CA).

RESULTS

Expression of elL-8 and cytotoxicity of benzene me-
tabolites in TTHBMEC cell line

Our results showed that 100 uM of both HQ and
Cat increased elL-8 levels in cell growth media up
to 2.5-3 times compared to control (Fig. 1 A). 100
UM of Cat and BT was 1.45 and 3.22 times more
cytotoxic to TTHBMEC cells than 100 pM of HQ
after 48-h of treatment, respectively (Fig. 1 B). BT
in the 48-h treatment did not show any stimulation
of elL-8 production (Fig. 1 A). Catalase completely
protected TTHBMEC viability after BT exposure (da-
ta not shown).
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Fig. 1. Stimulation of elL-8 and induction of cytotoxicity
in TTHBMEC line by hydroquinone (HQ), catechol (Cat.),
benzenetriol (BT) and phenol (Phe). A - folds of stimu-
lation of elL-8. Data are presented as a mean of two
independent experiments. B— cytotoxicity results are pre-
sented as a mean = SE (n = 3-5)

Detection of apoptosis induced by benzene metabo-
lites in HL-60 cell line

Induction of apoptosis by HQ, Cat., and BT in HL-
60 cell line was a concentration- and time- depen-
dent process estimated by the measurement of morp-
hological changes using a fluorescent microscope as
described in Materials and Methods (Fig. 2 B). Our
results showed that HQ and BT were the most po-
tent inducers of apoptosis in HL-60 cell line. Fig
2A shows that all three benzene hydroxylated meta-
bolites significantly increased the elL-8 level mea-
sured by the ELISA method. IL-8 Mab (R & D)
and CXCR1 Mab (R & D) slightly inhibited the
early induction of apoptosis measured using a flow-
cytometer and Yo-pro-1/Pl assay in HL-60 cells af-
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ter 24 h of exposure cells to 50 mM of all metabo-
lites (Fig. 3). Since we used monoclonal antibodies
to identify the stimulation of elL-8 production, we
exposed cells to a mild apoptotic stimulus, 50 mM
of compounds. Mab and catalase were less protec-
tive to the exposure of cells to 100 mM of com-
pounds for 24 h. The most significant effect of ca-
talase was noticed in the HQ treatment (Fig. 3).
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Fig. 2. Stimulation of elL-8 production and induction of
apoptosis in HL-60 cell line by hydroquinone (HQ), ca-
techol (Cat.), benzenetriol (BT) and phenol (Phe). A —
folds of stimulation of elL-8. Results are presented as an
average of two independent experiments. B — induction
of apoptosis. Apoptosis was estimated with a fluorescence
microscope using fluorescent dyes AO/PI. Results are pre-
sented as a mean = SE (n = 5-7)

DISCUSSION

In our study, we discussed a few possible ways of cau-
sing endothelial and leukemic cell toxicity either to
induce apoptosis or a stimulation of other intracellu-
lar signaling pathways. The first mechanism involves
oxidation of phenols to yield reactive quinones, semi-
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Fig. 3. Induction of early apoptosis in HL-60 cells by
benzene metabolites. The early apoptosis was measured
with a flowcytometer using fluorescent dyes Yo-Pro-1/PI
(Vybrant apoptosis assay kit # 4, Molecular Probes Inc.
Eugene, Oreg.) according to manufacturer’s suggestions.
Data are presented as a mean = SEM (n = 3, p <
0.05). Controls present cells without incubation or incu-
bated only with Mab(s) and catalase. Etoposide presents
a positive control

quinones and other ROS with a consequent damage
of DNA, which is critical for cell death and carcino-
genesis [5]. Additionally to the direct damage of nuc-
leic acids, proteins or induction of apoptosis, ROS
can stimulate elL-8 production [11]. Analysis of the
NH._-terminal sequence revealed that the apoptosis-
inducing factor is identical to elL-8. There is also a
possibility that benzene metabolites can directly sti-
mulate both CXCR1 and CXCR2 on HL-60 cells and
activate different intracellular signaling pathways such
as stimulation of phospholipases C and D [12] or ac-
tivation of extracellular signal-regulated kinases
(ERK1 and/or ERK?2) belonging to the family of mi-
togen-activated protein kinases (MAPKS) [13]. At le-
ast two principal pathways of MAPKSs activation are
known this far: transactivation of tyrosine kinases such
as epidermal growth factor receptor (EGFR) and the
protein kinase C (PKC)-Raf kinase pathway [14, 15].
In some cases, a role of calcium-sensitive kinase PYK2
has been demonstrated as well [16]. There is also a
possibility that benzene metabolites can stimulate pro-
duction of TNF-a, which modulates expression of va-
rious biological molecules [11]. Additionally, CXCL-
8 expression could be induced by an oxidative stress
directly [11] or through the activation of NF-kB, an
essential transcription factor for CXCL8 gene, which
eventually increases transcription of CXCL8 gene [17].
In conclusion, the apoptosis-inducing mechanism by
benzene metabolites in HL-60 cells is a complex pro-
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cess involving a direct damage of DNA, stimulation
of GPCRs, CXCR1/2, affection of Ca(ll) homeosta-
sis, production of secondary messengers such as che-
mokine elL-8, hydrogen peroxide and other kinds of
ROS. Additional studies to determine which apopto-
sis-inducing pathway is limiting after the exposure of
leukemic cells to benzene metabolites will be done to
better understand the pathogenesis of leukemia.
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BENZENO INDUKUOTAS CITOTOKSIDKUMAS IR
APOPTOZE TrHBMEC BEI HL-60 LASTELI@
LINIJOSE

Santrauka

Benzenas yra vienas id daugelio plaéiai paplitusig aplinkos
terdalg, sukeliantis leukemija. Jo veikimo mechanizmas iki
diol dar néra visidkai aidkus. Yrapinoma, kad toksinis benzeno
poveikis pasireidkia suaktyvinus jo metabolizma. Tuomet su-
sidarg hidroksilinti metaboliniai produktai, tokie kaip hidro-
chinonas (HQ), katecholas (Cat.), benzenetriolis (BT) ir fe-
nolis (Phe), sukelia apoptoze HL-60 lastelése ir yra citotok-
sioki TTHBMEC lastelig linijai. HL-60 lastelig apoptozés
inhibicijakatalaze, IL-8ir CXCR1 monokloniniais aniklniais
patvirtinakompleksinihidroksilintg benzeno metabolita apop-
tozés bei citotoksidkumo veikimo mechanizma.



