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Abstract

The environmental contaminant 3-nitrobenzanthrondNB3) is highly mutagenic and a
suspected human carcinogen. We aimed to evaluate whetiBA 3s able to deregulate
critical steps in cell cycle control and apoptosisumban lung epithelial A549 cells. Increased
intracellular C&" and caspase activities, were detected upon 3-NBA expoSsirghown by
cell cycle analysis, an increased number of S-phdlsevess observed after 24 h of treatment
with 3-NBA. Furthermore, 3-NBA was shown to inhibitllcgroliferation when added to
subconfluent cell cultures. The main metabolite of 3-NEBAABA, induced statistically
significant increases in taill moment as judged by alkkalmmet assay. The potential of 3-NBA
and 3-ABA to enhance the production of reactive oxygenisp€ROS) was demonstrated by
flow cytometry using 2’,7’-Dichlorofluorescin-diacetatbGFH-DA). The enzyme inhibitors
allopurinol, dicumarol, resveratrol and SKF 525A were useaistess the impact of metabolic
conversion on 3-NBA-mediated ROS production. Resverakeoteased dichlorofluorescein
(DCF) fluorescence by 50 %, suggesting a role for CYP1AB-MBA-mediated ROS
production. Mitochondrial ROS production was significamtitenuated (20 % reduction) by
addition of rotenone (complex I inhibition) and themoRdioroacetone (TTFA, complex I
inhibition). Taken together, the results of the prestatly provide evidence for a genotoxic
potential of 3-ABA in human epithelial lung cells. Moreoy both compounds lead to
increased intracellular ROS and create an environriaeuatrable to DNA damage and the

promotion of cancer.
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I ntroduction

Air pollution by emission from diesel and gasoline ergjirgee an important risk factor for
human health in industrialized countries. Epidemiologieassh suggested that exposure to air
pollution plays a causative role in lung cancer (Hemmamid Pershagen, 1994; Silverman,
1998; Boffetta et al., 2001). Furthermore, diesel exhaust e classified by the
International Agency for Research on Cancer as piplmicinogenic to humans (IARC,

1989).

Nitrated PAH are abundant in diesel exhaust and airbpangculate matters (Enya and
Suzuki, 1997). They are formed during incomplete combustiossil ffuels as well as by
reaction of parent hydrocarbons with nitrogen oxide¥, light and ozone in ambient air
(Aktinson and Arey, 1994). The carcinogenicity and mutaggnai nitrated PAH is well
documented (Rosenkranz, 1996). Among this class of compouwmdspl®nzanthrone (3-
NBA, 3-nitro-7H-benzelanthracene-7-one) is one of the most potent mutagahe IAMES
Salmonella typhimurium (TA98, TA100, YG1024, YG1029) assay (Enya and Suzuki, 1997,
Watanabe et al., 2005). 3-NBAs abilty to induce lung tunmmmmétion in rats after
intratracheal administration has been reported by Nstggl.,, 2005. In the latter study,
squamous cell carcinomas were found in the high dose groupd/&® total dose) after 7-9
month and in the low dose group (15 mg/kg total dose) after Ifletdhs, respectively. The
ability of 3-NBA to cause DNA adduct formation has bsbownin vitro after activation by
xanthine oxidase and by rat liver S9 (Bieler et al., J9®BBprimary rat alveolar type Il cell
cultures (Borlak et al., 2000), in human hepatoma cells &d&hi et al., 2000) anich vivo in
rats (Nagy et al., 2005; Arlt et al., 2001, 2002, 2003a, 2003b). 3-NBAd@n detected in

surface soil at 144-1158 pg/g and in rain water at 0.07-2.6 ng/l, d&rabng ubiquitous



contamination with this carcinogen (Murahashi et 2003; Watanabe et al., 2003). The main
metabolite of 3-NBA, 3-aminobenzanthrone (3-ABA) ha®rb detected in urine of mining
workers occupationally exposed to diesel exhaust in simdacentrations (1 - 143 ng/24h
urine) as l-aminopyrene, a metabolite of the widely aprenvironmental contaminant 1-
nitropyrene (Seidel et al., 2002). This finding shows, twupational human exposure to 3-
NBA can be significant. Data on plasma concentratadr&NBA or 3-ABA in occupationally
exposed humans are not available so far. Similarlg, ot known, which concentrations are
reached in the target cells of the respiratory traately bronchial and alveolar epithelial cells.
However, DNA adducts may be used as biomarkers for ocoumphtand environmental
exposure. In a recent study, Nagy et al. (2006) investightetirhe course of DNA adduct
formation in F344 rats after oral administration of 3ABt was shown in this study, that
maximum adduct levels were reached 10 days after admiiustnaith highest levels being
detected in the lung kidney and stomach. The authors conttutiethese findings that 3-
NBA might be stored in tissues and later become bitzdlairesulting in higher adduct levels
in target tissues. It can thus not be ruled out, that B-NBits main metabolite 3-ABA have
the potential to accumulate in lung epithelial cells.

Nitroarenes require metabolic activation to electrapimetabolites to become genotoxic
carcinogens. Activation of nitroarenes can occurughonitroreduction, catalyzed by xanthine
oxidase, NAD(P)H:quinone oxidoreductase (NQO1) and aldehyddase, or through
oxidative metabolism, which is thought to be mediatedcytpchrome P450s. In a recent
study, we demonstrated metabolic activation and DNA indf 3-NBA in alveolar epithelial
cells, which are thought to be the target cells of 3ANRIuced toxicity upon exposure via the
respiratory tract. Inhibition experiments with allomaii provided evidence that the cytosolic
enzyme xanthine oxidase contributes substantialhjhéobiotransformation of 3-NBA in this

particular cell type (Borlak et al., 2000).



Arlt and co-workers investigated the role of humawhO-acetyltransferases and
sulfotransferases in the metabolic activation of 3ANR\rlt et al.,, 2002). Using V79 cells
expressing recombinant human NAT1, NAT2 or SULT1AL, it glaewn that NAT1 and to a
lesser extent NAT2 and SULT1A1 contribute to the genotpwritential of 3-NBA to form
DNA adducts. Bacterial mutagenicity assays v@ahmonella typhimurium strains expressing
recombinant human NATSs revealed 3.8-fold and 16.8-fold highgagenic potentials of 3-
NBA in Salmonella strains expressing NAT1 and NAT2, respely, when compared with an
acetyltransferase-deficient strain. In a recent stitdwas shown that NQO1 is the major
enzyme responsible for the reductive metabolism of 2xWBhuman hepatic cytosols and that
conjugation of the reductive metabolites occurs mairdy NATs and SULTs (Arlt et al.,
2005). The main metabolite of 3-NBA, 3-ABA, is not only saitable biomarker for
occupational exposure to 3-NBA but also a genotoxic aagein by itself, capable of forming
DNA adducts. It has been shown that metabolic acbimatf 3-ABA to DNA-binding species

can be catalyzed by CYP1ALl, CYP1A2 and different peroxid@sé#set al., 2004 and 2006).

Several enzymes involved in the metabolic activatain3-NBA are important for the
regulation of the intracellular redox state. For instamNQO1 (Vasiliou et al., 2006) catalyzes
the two-electron reduction of quinones to hydroquinoreseby preventing the one-electron
reduction of quinones by cytochrome P450 and other flavepsotthat would lead to
generation of superoxide. Xanthine oxidase is able tdym® reactive oxygen species (ROS)
by reduction of molecular oxygen to superoxide radical aygtdgen peroxide. It is thus
conceivable that metabolic conversion of 3-NBA or BAAIn alveolar epithelial cells might be
associated with increased ROS production. ROS are inmpaitmaling molecules regulating

protein phosphorylation, gene expression, transcripaictof activation, DNA synthesis and



cell proliferation (Hoidal, 2001; Shackelford et al., 2000).aA%sult, ROS play an important

role in cancer promotion.

It was the aim of the present study to investigate kndrethe metabolic activation of 3-NBA
or 3-ABA by human epithelial lung cells leads to increapeoduction of ROS. Enzyme
inhibition studies with allopurinol, dicumarol, SKF525A arekveratrol were performed in
order to identify the enzymes responsible for 3-NBA-3eABA-mediated ROS production.
Furthermore, sources of mitochondrial ROS production weesstigated as well as the effects

of 3-NBA on cell cycle control and apoptosis.

We decided to use an immortalized cell line as a mod&leothiuman lung epithelium because it
is possible to study many different treatment conditionsuch an in vitro system in order to
gain insight in the underlying mechanisms. Due to anwedfare aspects, it is not possible to
perform all mechanistic studies with experimental alsijr@ven thoughn vivo animal studies
are most probably more relevant for the human in @¢oation than cell culture models.
Primary cells might be a good alternative provided that rhodel is standardized and well
characterized with respect to cellular differentiatduring culture time. However, a great
disadvantage is the limitet availability of human tissuethe poor cell yield obtainable from
laboratory animals, which make primary cells inswgitito do mechanistic studies with a large
number of treatment conditions.The A549 cell line is ently one of the best characterized
cell lines of human pulmonary origin. The morphology asidb cellular functions, such as
surfactant synthesis, oxidative metabolism and trahgpoperties are consistent with those of
alveolar epithelial type Il cells (Foster et al., 1998)en though A549 cells are cancer cells.
The expression and inducibility of cytochrome P450s in A®=I8 bas been shown previously

(Hukkanen et al., 2000; Castell et al., 2005). Furthermore, ABH® ltave been used as a



model for alveolar type Il cells to study ROS generaticell cycle control and apoptosis
(Ovrevik et al., 2006; Zhu and Gooderham, 2006; Chien et al., 20@6)f has been shown in
these studies, that important molecular signalling pateweyy. MAPK, NFB, PI3K/Akt,
WAF1/p21, KIP1/p27) are expressed and well characterized snctii line. However, it
should be considered that A549 cells are a transformedineelilerived from a lung tumor.
Abnormal expression of cell cycle regulatory moleculesy cause alteration in cell cycle
control. The majority of tumor cells have lost thmlity to to stop at predetermined points of
the cell cycle, prevalently due to the inactivation aftical CDK inhibitors or to
overexpression of cyclins. It is thus conceivablat the results obtained with A549 cells may
be different from normal lung epithelial cells, whefeefls on cell cycle regulation are studied.
For instance, Khan et al investigated the effecta glotential chemopreventive agent on
growth inhibition in A549 cells and normal human bronicé@thelial cells (NHBE) and it was
shown that A549 cells were much more sensitive to thevtlr inhibitory effects than the
normal cell line. Nevertheless, as many importanhyays are known to be expressed in this
cell line, we judged A549 a suitable model for this studgdperate hypotheses on 3-NBAs
mechanism of action. However, the relevance forhilm@anin vivo situation will have to be

confirmed byin vivo studies.



M ethods

Chemicals and reagents

3-NBA was synthesized according to the method describadouben-Weyl (Muller and
Bayer, 1979). Briefly, to a suspension of powdered benzamth(50 g) in nitro benzene (425
g) was added 87% nitric acid (33 g) within 1 h at room tempexatThe mixture is
subsequently heated at 50°C for 3 h and than allowed tot@aolom temperature. Ethanol
(500 mL) is added to the mixture under stirring and the raguttrude product (41 g) is
filtered and washed with ethanol. Pure 3-NBA is obtalmgtivo recrystallizations from acetic
acid; yellow needles, mp 248°C.

3-ABA was synthesized according to method published in HeMbeyl (Miller and Bayer,
1979) with slight modifications. Briefly, 3-NBA (19.8 g) wasxed with a 15% aqueous
solution of sodium sulfite (200 mL) and stirred for 0.5 h. Theure was heated under reflux
for 1 h and then filtered, washed with hot water andddri€he crude product was
recrystallized from chlorobenzene to afford 15.6 g 3-AB8% yield); mp 239°C, U

(¢ [cmPmmol’]) 206.0 (43,400) 282.0 (28,300) 517.0 (9,100), NMR (Bruker AV400, 400
MHz in DMSO-&) & (ppm) 8.73 (dd, H-6, J=8,2 Hz, J=1.1 Hz) 8.66 (dd, H-7, J=7.4 Hz,
J=1.1 Hz) 8.47 (d, H-1, J=8.4 Hz) 8.36 (d, H-4, J=8.2 Hz) 8.27 (dd, B=I09 Hz, J=1.3
Hz) 7.76 (t, H-5) 7.72 (m, H-8) 7.41 (m, H-9) 6.90 (s, JNH.88 (d, H-2); mass spectrum,
m/z = 245.9 (100, N) 217 (M-CO); The purity of 3-ABA was proven by HPLC and no
impurities were found using a Bakerbond PAH 16-plus column ugsderatic conditions with

a mixture of HO and CHOH (50 : 50, v/v) as eluent.

Reagents and fluorescent dyes were purchased from thewifgl sources: 2',7'-

Dichlorofluorescin-diacetate (DCFH-DA) was from Calthem (Schwalbach, Germany).



Fluo-3 and (Asp}rhodamine 110 were obtained from Molecular Probes Eagéne, USA).
The enzyme inhibitors allopurinol, dicumarol, resvesbind SKF 525A as well as the iron
chelator desferrioxamine mesylate (DFO), 7-ethoxyrdsg resorufin, rotenone, thenoyl-
trifluoroacetone (TTFA) and antimycin A (AA) were froSigma (Taufkirchen, Germany).
Cell cycle analysis was done using a commercially lahai kit (CycleTEST', Becton

Dickinson).

HPL C analysis of 3-NBA and its metabolites

3-NBA and its metabolites were analyzed in cell cultoredium only and not in the

intracellular fraction. The HPLC method has been rileest previously (Borlak et al., 2000).

Doserationale

In a previous study (Borlak et al., 2000), we investigatealnadsm and DNA-binding of 3-
NBA in primary rat alveolar epithelial cells (AECS)he relatively high dose (6 umol/L) was
necessary in this study to yield sufficient material e analysis of DNA-adducts and the
HPLC analysis af 3-NBA and its metabolites. In ordecompare metabolism and effects of 3-
NBA between primary rat AECs and human lung epithelial A&, the same dose level was
chosen in the current study. It was shown to be ntotaxic to primary rat AECs and
confluent A549 cells. With intend to show that lower @amtrations, that might be more
relevant for the in vivo situation, produce similareets, some experiments were additionally

performed with 100 nmol/L 3-NBA.

Cell culture and experimental design

The human lung adenocarcinoma cell line A549 was obtanmoed the German Collection of
Microorganisms and Cell Cultures (Braunschweig, Germahgn9 cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Biochrom, Berli@dermany) supplemented with

10 % fetal bovine serum (PAA Laboratories, Colbe, Gayn Experiments were conducted
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with subconfluent cultures. A549 cells were treated withtr®menzanthrone (3-NBA) or 3-
aminobenzanthrone (3-ABA) for different time intessand at different concentrations as
indicated in the figure legends. The enzyme inhibitdgpatinol, dicumarol, resveratrol and
SKF 525A (10 pmol/L each) were used in combination withBANo assess the impact of
metabolic conversion on 3-NBA-mediated ROS productiom. ifdn chelator desferrioxamine
mesylate (DFO) was added at 10 pmol/L to assess thetimpBenton-type reactions on the
production of hydrogen peroxide. DFO and the enzyme iohthitvere added to the cell
cultures 3 hours prior to treatment with 3-NBA or 3-ABAeTculture medium was removed
after the preincubation period and fresh medium contai@8iNBA or 3-ABA was added
without a further washing step. To identify the sitdR@IS production, additional experiments
were done in the presence of rotenone, TTFA and AAeitme inhibits electron flux from
complex | to ubiquinone, whereas TTFA blocks electraangport from complex Il to
ubiguinone and AA inhibits electron flow at complex IlI.

The effect of 3-NBA on ROS-production and intracellula2€ was additionally investigated
in primary rat alveolar epithelial type Il cells (ABECsThe isolation method and the

characterization of the cultured cells have been redgteviously (Hansen et al., 2006).

M easurements of caspase activity

The rhodamine 110 derivative (Asphodamine 110 (Molecular Probes) allows the
measurement of caspase activity in intact cell cultuiteserves as a substrate for several
apoptosis-related proteases, including caspase-3 and -7.tAfeement with 3-NBA for 2
hours the culture medium was removed and fresh medium wiogtai0 pmol/L (Aspy)
rhodamine 110 was added at for another 2 hours without aerfurtshing step. The cells

were then harvested by scraping, washed with PBS ahaatdy flow cytometry.
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M easurements of intracellular calcium

A549 cells and primary rat AECs were stained with Fluo-3/aiVa final concentration of 1

pmol/L for 30 min after treatment with 3-NBA withoutastging the culture medium. The cell
permeant acetoxymethyl ester is cleaved to the roplkimeant fluorescent calcium indicator
Fluo-3 by intracellular esterases. Determination afof3 fluorescence was done by flow

cytometry.

Mitochondrial membrane potential measurements

Alterations in the mitochondrial membrane potentiatevinvestigated with rhodamine 123, a
mitochondrial stain. A549 cells were treated with 1 pgfatture medium for 60 min at 37 °C
prior to incubation with 3-NBA. The culture medium wasnthemoved and fresh medium

containing 3-NBA was added without a further washing step.

Determination of ROS

DCFH-DA has been widely used as a probe feOtbut oxidation by other ROS, e.g.

peroxynitrite or peroxyl radical has also been repor&geroxide anion and hydroxyl radical
do not directly oxidize DCFH (LeBel et al., 1992). Howevehas been shown that DCF can
be directily oxidized by horseradish peroxidase and, & fdgresence of a reducing agent,
generate superoxide and subsequenti®.kRota et al., 1999PCFH can thus not be used to
identify the ROS species formed. Considering thesealimits, DCFH can be used as an
indicator of overall oxidative stress when negativatads are employed to prevent false
positive results. The diacetate ester form diffusesutiitche cell membrane and is then de-
acetylated by intracellular esterases to form nondlscent 2’,7’-dichlorofluorescine DCFH. In

the presence of ROBCFH forms the highly fluorescent two-electron oxidatproduct 2',7’-

dichlorofluoresceine (DCF). DCFH-DA was added at 20 umod/LA549 cell cultures or

12



AECs 30 min prior to treatment with 3-NBA or 3-ABA andlisevere then incubated at

37 °C. Cells were subsequently harvested for flow cytoocneteasurements.

Flow cytometry

Flow cytometry measurements were done with a FAC®g#aometer (Becton Dickinson)
equipped with a 488 nm argon laser. The CELLQUestoftware was used for data
acquisition. For each sample, 10,000 events were analydeftlarescence emission of DCF,
rhodamine 110, rhodamine 123 and Fluo-3 was examined at 53Gnin,the FL-1 channel.

The mean fluorescence channel of all events wasrdietst using CELLQueSY.

Cell cycle analysis

DNA content was analyzed by flow cytometry using a wcm@mtially available kit
(CycleTEST", Becton Dickinson) according to the manufacturer'sruesbns. The
percentage of cells in the different phases of thecgele was calculated with the ModfFit

software (Becton Dickinson).

Cell proliferation

A549 cells were seeded on 6-well culture plates and 6 umeMBA were added to the
culture medium at various time points after passage. Thawaber was determined in all
wells at 8, 24, 48 and 72 hours after passage by manual cousitigga Zeiss Axiovision 25

microscope equipped with a CCD camera and an image arsalgsesn (AxioVision).

Comet assay

The alkaline comet assay was performed with subconfiogitires of A549 cells, i.e. 24 h
after passage. The cells were treated with 3-NBA or 2-AB6 pumol/L and 100 nmol/L for 1

hour and subsequently harvested by trypsinization. Ethlydme sulfonate (1 pl/mL) was used

as positive control. Approximately 2 x *6ells were mixed with 75 pL of low melting point
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agarose (LMA, 0.75 % w/v in PBS) and loaded onto a miogscslide precoated with
normal melting point agarose (0.5 % w/v in PBS). A sdclayer of 80-100 pL LMA was
added after gelation of the first layer. After lysisAdtC (2.5 M NaCl, 100 mM N&DTA, 10
mM Tris, supplemented with 1 % Triton X-100 and 10 % DMSO), indiwg of the DNA
was performed for 20 min at room temperature in a buatazning 300 mM NaOH and 1
mM NaEDTA. Alkaline electrophoresis was performed in the esdomffer for 20 min with 25

V and 300 mA. The slides were then washed three timéswettralization buffer (0.4 M Tris,
pH 7.4). To visualize and determine the DNA damage, tbessivere stained with ethidium
bromide (20 mg/mL, 10 min). One hundred nuclei were scoredsliphr using a Zeiss
fluorescence microscope coupled to a CCD camera andage iamalysis system (Comet assay

l1l, Perceptive Instruments, UK).

EROD activity

Determination of 7-ethoxyresorufi@-deethylation (EROD) activity was done fluorimetrigall

After pretreatment with 3-NBA, the culture medium was oeed and fresh medium
containing the substrate at 10 umol/L was added for 1 Adwr.incubation was stopped by
removal and immediate freezing of the cell culture supamat —20 °C. Product formation
(resorufin) was monitored using a VersaFluor fluoriméBiorad) by applying an excitation
wavelength of 515 nm and an emission wavelength of 610 lworeScence was converted to

pmol metabolite formation with a calibration curve fesorufin (range: 5-100 nmol/L).
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Statistics

Statistical calculations were done with the SAS progpackage version 6.12 (SAS Institute,
Cary, NC, USA) running on an AlphaServer computer model 20083 (Digital Equipment
Corporation) with the operating system OpenVMS AXP, siter 7.1. If not otherwise
indicated in the figure legends, data were analyzed usirgssnaf variance (ANOVA) with

DUNNETT's t-test.

15



Results

M etabolism of 3-NBA by A549 cells

3-NBA was effectively metabolized by A549 cells during a Zddubation period (Table 1).
3-ABA was the main metabolite accounting for 95 + 3 %albimetabolites detected in the
culture medium, followed by small amounts of 3-acetylab@mzanthrone. The enzyme
inhibitors allopurinol and dicumarol did alter the metamlof 3-NBA during a 24 hours
incubation period (Table 1). For practical reasons, 3-MB4 its metabolites were analyzed in
the cell culture medium only and not in the intracelldfaction, as a comprehensive analysis
of 3-NBA's metabolism by A549 cells was beyond the safpihis study. However, it was
important to show that A549 cells are metabolically petent towards 3-NBA because
metabolic activation is likely to be an importantpsie 3-NBA's mechanism of action. Between
65 and 70 % of the initial dose were recovered in theccdtlire medium (Table 1). Even
though it is likely that the remaining 30 to 35 % represenkarge part the intracellular
fraction, we cannot rule out the existence of othetatmolites than those analyzed by our

HPLC method.

Effect of 3-NBA on apoptosis signaling

To investigate the effect of 3-NBA on caspase actimitj549 cells we used a cell-permeable
caspase substrate, (Asphodamine 110. Upon caspase cleavage, the nonfluoresitxsitagse
is converted to rhodamine 110 leading to an increaseadretcence. The mean rhodamine 110
fluorescence was 2-fold significantly increased upon rmeat with 6 pumol/L 3-NBA (p <
0.01, Figure 1). To test the hypothesis that activatiocagpases might be directly mediated
by 3-NBA-induced ROS generation, we investigated the tefedcl mM HO,. This

unphysiologically high concentration was used as a pestontrol for oxidative stress.
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Relative DCF fluorescence was increased by 190 %, eated cells and by 270 % after
treatment with 3-NBA with respect to untreated contrdlsexpectedly, the activity of
caspases was reduced to#84 % of untreated controls (Figure 2), suggesting that other
mechanisms contribute to the activation of the apaptaiscade in response to 3-NBA.

It has been proposed that initiation of apoptosis irouarapoptotic systems requires a rise in
the intracellular calcium concentration as a stimulas downstream events. We thus
considered altered [E% homeostasis as a potential target of the toxioaaf 3-NBA. [C&']
levels were analyzed with Fluo-3, which is a?@sensitive fluorescent dye. Fluo-3
fluorescence was increased by 60 % when compared tooto(pr< 0.05) upon treatment
with 3-NBA for 120 min (Figure 1). Mitochondrial membrangdirization is thought to be
an early event in apoptosis. Changes in the mitochalndembrane potential were measured
by flow cytometry using the potential-sensitive mitocdrial stain rhodamine 123. Rhodamine
123 is known to be accumulated in the mitochondria of divaells depending on the
mitochondrial membrane potential. Mitochondrial membraepolarization thus results in a
decrease in rhodamine 123 fluorescence. 3-NBA caused a roildade in rhodamine 123

fluorescence (Figure 3), which was statistically sigaiit at 120 min.

Effects of 3-NBA on céll cycle control

For cell cycle analysis, A549 cells were treated witlurGol/L 3-NBA for different time
intervals and the cell cycle distribution was subsequemtélyzed by flow cytometry. Effects
of 3-NBA on the cell cycle were compared to those loé twell known carcinogen
benzof]pyrene (BP). Treatment of A549 cells with 3-NBA or BP(mol/L) was started 48
hours after passage. After 4 hours of treatment, 62141 % of control cells were in GO/G1
phase of the cell cycle, 28t54.3 % were in the S-phase and £.2.8 % were in G2/M (Table

2).The percentage of cells in G2/M was significantly reduapon treatment with 3-NBA
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alone or in combination with dicumarol, when comparét wontrols. Addition of SKF525A
did completely reverse the effect of 3-NBA. After 24 hoafdreatment, i.e. 72 hours after
passage, the cell cycle distribution in control cultwas shifted towards resting cells (734
4.2 % G0/G1,18.%+ 2.2 % S and 5.2 1.0 % G2/M). Treatment with 3-NBA then resulted in
an increase in the percentage of S-phase cells to£31.9 % and none of the inhibitors did

prevent this increase. The same effect was obseftexdr@atment with BP.

Effects of 3-NBA on céll proliferation

In order to aid interpretation of the cell cycle asslexperiments, we studied the effect of 3-
NBA on cell proliferation of A549 cells. 3-NBA was addedhe cell cultures at different time
points after passage and the cells were counted at 8, 2ad4@dours. As shown in Figure
4, cell proliferation was significantly inhibited if 3B\ (6 umol/L) was added 4 - 24 h after
passage. In contrast, addition of 3-NBA at 48 hours aftesgge did not change the cell

growth curve, thus pointing to a proliferation-dependentityxo dividing cells.

Induction of DNA damage

The results of the alkaline comet assay are shovigire 5. A549 cells were used the day
after passage, i.e. before the cell cultures reacheitbency. 3-NBA (6 pmol/L) led to an
increase in the mean tail moment (by 130 %), but ffestewas beyond the level of statistical
significance. In contrast, 3-ABA caused a significastease in mean taill moment (p < 0.05)
at both concentrations tested, the levels being 340 gn@/L) and 90 % over controls (0.1

pmol/L).

3-NBA and its main metabolite 3-ABA induce production of ROSin A549 cells

It is well known that apoptosis can be stimulated by R€@She intrinsic pathway leading to

permeabilization of the outer mitochondrial membramé subsequent activation of caspase-9
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and downstream caspase-3. Furthermore, ROS can causel@hsge and this might inhibit
cell cycle progression by initiating checkpoint respongés thus investigated ROS production
by human lung epithelial A549 cells by flow cytometry uding fluorogenic dye DCFH. Dose
respose studies revealed, that significant increasB<k fluorescence were measureable at
100 nmol/L 3-NBA (Figure 6). At 6 umol/L 3-NBA caused a sigaifit increase in DCF
fluorescence (Figure 6 and 7A) as early as 30 min afteri@udB-ABA was shown to
increase ROS production by more than 400 % (Figure 7B)r &&atment of A549 cells with
100 nmol/L 3-ABA, a moderate increase (20 % over controlsPCF fluorescence was

observed (Figures 7D).

Effect of enzymeinhibitorson 3-NBA- and 3-ABA-mediated ROS production

As outlined above, the cytosolic reductases xanthimas& and NQO1 as well as cytochrome
P450s may contribute to the metabolism of 3-NBA. Weedfoee used specific inhibitors of
these enzymes to elucidate whether ROS productionkisdlito metabolic conversion of 3-
NBA. A549 cells were used the day after passage and preiedufoat3 hours with various
enzyme inhibitors before 3-NBA or 3-ABA was added for 30 at 6 or 0.1 pmol/L. At the
high concentration, allopurinol (10 pM) caused a slight reaglnan 3-NBA-induced ROS
production by 29 %, but this effect was not statisticsifynificant. Addition of 10 pmol/L
dicumarol reduced ROS production significantly by 57 % (p < 0.@4icating that
metabolism of 3-NBA by NQOL1 contributes to 3-NBA-induce@Rproduction. Resveratrol
has been reported to be a specific inhibitor of CYP1@Huf et al., 1999) showing over 50-
fold selectivity over CYP1A2, while SKF525A is a nonspedithibitor, covering a wide range
of cytochrome p450s (Emoto et al., 2005). SKF525A and resgkeraduced 3-NBA-
mediated ROS production by 60 and 90 % (p < 0.05), respectivglgesting that CYP1Al

may be involved in the metabolic activation of 3-NBAd concomitant ROS production
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(Figure 7A). In contrast, none of the inhibitors usedatfiedct ROS production induced by the
3-NBA metabolite 3-ABA (6 umol/L, Figure 7B).

At a concentration of 0.1 umol/L, 3-NBA did not causdaigtically significant increase in
intracellular ROS. (Figure 7C). Upon exposure to 0.1 un®iABA together with dicumarol

or SKF525A, intracellular ROS increased mildly. (Figure 7D).

Induction of EROD activity by 3-NBA

Resveratrol is known to inhibit CYP1Al enzyme activityie observed inhibition of 3-NBA-
induced ROS production by resveratrol thus alludes to a ftenle of CYP1ALl in the 3-
NBA-induced oxidative stress response. CYP1Al was shovee tonstitutively expressed in
A549 cells (Hukkanen et al., 2000) at the mRNA level and wefsl86nduced by TCDD. We
therefore investigated whether 3-NBA is able to indud@® TA1 activity and might thereby
enhance its own metabolism and the resulting oxidadammage. In order to answer this
guestion, we used the CYP1Al marker substrate 7-ethoxyresdoufassess 3-NBA's
potential to induce CYP1Al enzyme activity. As showkigure 8, EROD activity was 90 %
and 30 % greater in A549 cells pretreated with 6 pmol/L angd@dl/L 3-NBA for 24 hours,
respectively, than in control cultures. The well kno@WP1Al inducer Aroclor 1254 was
used as a positive control at 10 umol/L, but its effeas less pronounced compared to 6

pmol/L 3-NBA.

Effects of theiron chelator DFO on 3-NBA- and 3-ABA-induced ROS production

The potent iron chelator DFO is taken up by endocy(bgryd et al., 1991; Cable and Lloyd,
1999) and is then distributed to the lysosomal compartni@ntz (et al., 2004). Lysosomal
membrane destabilization and rupture can occur as a querse of iron-catalyzed
intralysosomal oxidative reactions (Tenopoulou et241Q5). Pretreatment of A549 cells with

10 pumol/L DFO prior to treatment with 6 pmol/L 3-NBA 8fABA significantly reduced 3-
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NBA-induced ROS production by 78 % (p < 0.05), whereas 3-ABA-iedlROS production
was not affected (Figure 7A and 7B). As DFO is not ablgass cellular membranes by
passive diffusion, it should have little effect on cgi@sor mitochondrial ROS production.
Thus, the observed reduction of 3-NBA-induced ROS productio®idBO suggests that
intralysosomal Fenton type reactions contribute sabatly to the oxidative stress response

triggered by 3-NBA.

Effects of inhibitors of the mitochondrial electron transport chain on 3-NBA-induced

ROS production

In order to investigate whether the mitochondrial maspry chain contributes to 3-NBA-
induced ROS generation, we used the respiratory chalmitovisi rotenone, TTFA and AA.
When rotenone alone (10 pumol/L) or rotenone and TTE®A jimol/L each) were added
together with 3-NBA, DCF fluorescence was significamédguced by about 20 % (p < 0.05,
Figure 9). This suggests that the site of interactiahsisl to complex I. AA had no effect on
3-NBA-induced ROS production, indicating that complex Ill net involved in ROS

production upon 3-NBA exposure.

Resultswith primary rat AECs

The effects of 3-NBA on ROS-production and intracelluticium were additionally

investigated in primary rat AECs and the results arevshia Figure 10. Treatment with 3-
NBA at 6 pmol/L for 30 min caused an increase in DCFréilgoence by 150 % (p < 0.05)
while calcium-dependent Fluo-3 fluorescence was increagsd®® %. These results confirm
that the responses of primary lung epithelial cells adiggrROS generations and calcium

homeostasis are similar to those of immortalizedicama cells.
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Discussion

In the present study, we have shown that metabolisBtMBA and its main metabolite 3-
ABA by human lung epithelial A549 cells is associated vsignificantly increased ROS
production. Enzyme inhibition studies provided evidence NM@O1 is one of the enzymes
involved in the metabolic activation of 3-NBA. At losoncentrations (100 nmol/L), ROS
production by 3-NBA was slightly increased by addition a@udiarol. This implies that the
antioxidant activity of NQO1 is predominant when low stubite concentrations are used. In
contrast, at the high and possibly unphysiological canagon of 6 pumol/L, NQO1 might
contribute to ROS production rather than prevent it. RAiIuced ROS production was not
affected by dicumarol, suggesting that NQOL1 is not invoimetie metabolic activation of 3-
ABA. This is in agreement with earlier findings (Adt al.,, 2004 and 2006) that 3-ABA is
primarily activated by CYP1Al and CYP1AZ2. It is unclearyvallopurinol and dicumarol had
no effect on the conversion of 3-NBA to 3-ABA (as whoin table 1 after 24 hours), but
decreased ROS-production. However, this question cannahdweered without speculation.
It is possible that other enzymes than those knowshate contribute to the metabolism of 3-
NBA. Furthermore, ROS-production is a rapid phenomenomasdmeasured 30 min after
treatment with 3-NBA or 3-ABA. Unfortunately, metatbelformation could not be quantified
reliably in the cell culture medium after that shortuibation time, because the metabolite
concentrations were below the LOQ of the analyteaihod.

The observed reduction of ROS production by SKF525A and nasgk points to an
involvement of cytochrome P450s and especially CYP1Al afféll@2 in the oxidative stress
response triggered by 3-NBA and 3-ABA. Resveratrol, wisidbund in grapes and red wine,
has been shown to inhibit CYP1Al and CYP1A2 at the levehzyme activity (Ciolino and

Yeh, 1999; Chang et al., 2001). However, it is well documertteat resveratrol has also
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antioxidant properties and the observed decrease of B@fatfon may thus partly be caused
by direct ROS scavenging. To estimate the impact etratrol's direct antioxidant activity in
our experimental system, DCF fluorescence was anaiys&849 cell cultures after treatment
with H,O, with and without resveratrol pretreatment (data notst). It was shown in these
preliminary experiments, that .8, induced DCF fluorescence was not affected by resvératro
We thus conclude that the observed effect of resvératr@-NBA-induced ROS-formation
may, at least in part, be due to CYP1A1 inhibitions lhoteworthy that we observed induction
of CYP1Al enzyme activity by 3-NBA using the EROD assaen though 3-NBA-induced
ROS should be expected to repress CYP1Al activity (Barawti,€2001). Expression of the
NQOL1 gene is controlled by the antioxidant responseegiefARE), a distinct regulatory
element in the 5'-flanking region of the NQOL1 gene, wichctivated by electrophiles and
ROS (Nguyen et al., 2003). Exposure to 3-NBA or 3-ABA could téag to enhanced NQO1
expression due to the oxidative stress response, whitthrn could further enhance 3-NBA
activation and its genotoxic potential. Furthermorbégotontaminants on the surface of diesel
exhaust particles (DEP), such as PAH and PAH-derived gesn@ne also able to induce ROS
production in cells of the respiratory tract, thereblgacing the toxicity of 3-NBA. Induction
of CYP1Al and NQO1 gene expression by DEP in human braregtithelial 16HBE cells has
been reported (Baulig et al., 2003), and it was shown tiatotganic part of DEP is
responsible for these effects. Furthermore, in antectudy Stiborova et al. (2006)
demonstrated that 3-NBA and 3-ABA are both potent induoéreepatic CYP1Al and
CYP1A2 as well as NQO1 in male Wistar rats. The autbhorse to the conclusion that this
mechanism could be important as both compounts mightneahifeir own metabolism to
reactive DNA-binding species and thus their genotoxicr@te Concerning the results of the

present study, induction of the main enzymes respon$irle3-NBA's and 3-ABA's
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metabolism could also enhance the formation of ROSiglwktendet environmental exposure

to 3-NBA.

Within the cell, redox active iron (low molecular @i iron, not ferritin bound) is essentially
located within the acidic lysosomal compartment and darefully kept there, because iron-
catalyzed oxidation reactions are an important mediatayxidant-induced cell death. The
observed reduction of ROS production by DFO suggests thratysosomal iron plays an
important role in the 3-NBA-mediated oxidative stresspomise at least when 3-NBA is
present at high substrate concentrations. Howeveinpertance of intralysosomal iron in 3-
NBA's toxicity might influence the toxic potential 8 NBA depending on the exposure to
particulate air pollution. Recently, it has been propdkatidisruption of iron homeostasis is a
common mechanism of the biologic effects of manyieantkair pollution particles (Ghio et al.,
2005). Exposure to particulate air pollution in urban areakidbus enhance the cancer risk
associated with diesel exhaust and in particular 3-NBAthEtmore, particles from different
urban subenvironments can differ in their compositiod aome do contain considerable
amounts of iron (Karlsson et al., 2005). Moreover, tisceptibility towards iron-mediated
oxidative stress of different cell types of the redpmatract is highly variable. For instance, it
has been reported that A549 cells exhibit a higher a@sistto oxidative stress than bronchial
epithelial cells, due to a higher content of the irbelating protein ferritin (Persson et al.,
2001). The oxidative burst upon 3-NBA exposure might thus beihigtother respiratory cell
types, such as nasal or bronchial epithelial cellsse@ by a reduced capability of these cells to

chelate intralysosomal iron.

ROS are known to play a dual role in apoptosis. Whild onidative stress is a reproducible

inducer of apoptosis (Hoidal et al.,, 2001; Lau et al., 2004)pssikee oxidative stress can
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actually prevent apoptosis (Hampton and Orrenius, 1997).i9 pisusible, because the key
enzymes in the apoptosis cascade, caspases, areeygdpendent enzymes and thus redox
sensitive. 3-NBA caused a significant increase in caspatvity and in intracellular [G§.
Furthermore, 3-NBA was shown to cause depolarizatiadhefnitochondrial membrane. We
thus suggest that alveolar epithelial cell apoptosis ibomés to 3-NBA-induced lung injury.
The mitochondrial electron transport chain is a ma@urce of ROS generated "accidentally”
during respiration. As mitochondrial ROS production is esfigamportant during apoptosis,
we investigated the impact of mitochondrial ROS producbon3-NBA’'s mechanism of
action. We could demonstrate that mitochondrial ROS ptaducontributes to the 3-NBA-

dependent oxidative stress response, but only to aextatit of about 20 %.

When growing cells are damaged, they have the posstbilppause temporarily in the G1, S or
G2 phases of the cell cycle to repair the damage and¢hemnter the cell cycle. The so-called
G1 checkpoint depends on activation of the p53 gene productariteanduced by oxidative
stress (Kastan et al.,, 1991). Cell cycle analysis exgets revealed that 3-NBA caused a
slight decrease in the percentage of cells in G2/M dftewurs of treatment. After 24 hours of
treatment, the percentage of cells in the S-phasesigaficantly increased in 3-NBA-treated
cell cultures. Considering the results of the proliferatexperiment (Figure 4), it is obvious
that this effect is caused by a reduction of the thhumber immediately after addition of 3-
NBA - the remaining cells proliferated more activetien24 hours, whereas control cultures
already reached confluence at that time point. It shbel&ept in mind, however, that A549
cells are a transformed cell line with altered cgdlle regulation capacities. It is likely that the
effects of 3-NBA on normal alveolar epithelial celleuld be less intense. The high toxicity
towards proliferating cells is consistent with 3-NBAKility to damage DNA, either directly

by formation of 3-NBA-derived DNA adducts or via ROS. Tdiglity of 3-NBA to produce
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DNA damage in A549 cells was confirmed by the resulthefalkaline comet assay. This is
consistent with previous studies, where 3-NBA was shtwoause DNA damage in A549
cells by alkaline comet assay with FPG-treatmentg{Nat al., 2005). Furthermore, the
genotoxicity of 3-NBA was previously documented in sevehart term assays (Arlt et al.,
2005). Interestingly, we observed that the main metab8HABA was more effective in
producing DNA damage than the parent compound. Consideringhility of 3-ABA to
induce ROS generation in A549 cells, the observed DNA damagest probably caused by
ROS. The observation that 3-ABA contributes direatlyhie genotoxic potential of 3-NBA is

in line with previous studies providing evidence for DNA addaomation by 3-ABA.

The fact that 3-ABA can act as a genotoxic carcinggemse and is also able to induce the
production of ROS in alveolar epithelial cells emphakittee importance of 3-NBA as risk
factor for human lung cancer. The parent compound 3-NBerelaively unstable in the
environment and has been shown to be subject to phistdFeilberg et al., 2002) and
rearrangement to its isomer 2-nitrobenzanthrone (Rimggphouang and Arey, 2003; Tang et
al., 2004). Direct human exposure to high concentratiorsMBA by inhalation is therefore
not likely. In contrast, the main metabolite of 3-NB2-ABA, has been detected in urine
samples of salt mining workers occupationally exposed tBBA in considerable
concentrations (1 - 143 ng/24h urine, Seidel et al., 2002).slilggests that 3-ABA is readily
bioavailable in the systemic circulation and may theech its target cells in higher amounts
than 3-NBA. It is not known to date, which concentmasi of 3-NBA or its metabolites are
reached in target cells under common occupational orcgmaental exposure conditions.
Hence, the relevance of the concentrations studigdetdiuman in vivo situation cannot be
completely evaluated at present. However, at leadithension of the concentrations used in

this study is indeed comparable to recentivo studies with rats. For example, Nagy et. al.
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(2006) administered a single oral dose of 1 mg to Fischer 844t approximately 110 g.

Assuming that only 1 % of this dose might become bideMaiin the systemic circulation at a
certain time point and assuming a total blood volume ahBKyg, this would lead to a blood

concentration of 1.5 pg/mL blood corresponding to 5.4 umdl&vertheless, concentrations
in the micromolar range are most likely far abovesthoeached in humans in common
exposure scenarios. These studies aim at investigagngdtecular mechanism of 3-NBAs
mode of action. Furthermore, for DNA-binding agents, catiwd dose exposure is often
more closely correlated with biological effects thare short term concentrations of the

primary compund.

Taken together, the results of the present study suggée&-NBA and its main metabolite 3-
ABA are able to produce oxidative stress in human epthleing cells. This increased
oxidizing environment in the lung could greatly contribtdethe initiation and promotion of
cells to neoplastic growth. The relevance of muvitro results to the in vivo situation has to
be established byn vivo experiments. The ability of 3-NBA to induce CYP1Al hasaaly
been confirmed in a recemt vivo study with rats (Stiborova et al., 2006). Further animal
studies are warranted to investigate the effects of 3-hifdl 3-ABA on cell cycle control and

their potential to induce apoptosis in lung epitheliakdalvivo.
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Figure 2
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Figure 3
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Figure 4

cells per cm2 (x 10 )

20

18

16

[EEY
D

=
N

[E
o

00}

—e—— control
--®m---4h

24 36 48 60 72
hours after passage

32



Figure 5
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Figure 6
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Figure 7A
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Figure 7C
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Figure 8
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Figure 9
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Figure 10
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L egendsto figures

Figure 1: Effects of 3-NBA on caspase activity and irgllalar calcium. A549 cells were
pretreated with 3-NBA (6 pmol/L) for 2 hours. The caspadestrate (Aspjrhodamine 110

was added at 10 pmol/L for additional 2 hours. The calciwlicator Fluo-3 was used at 1
pmol/L and incubated for 30 min. Results are given agiveldluorescence intensities
normalized to untreated controls (mean and SD). * sigmifly different from controls, p <
0.05.

Figure 2: To determine whether the increase in caspasdtyaupon 3-NBA exposure is
directly mediated by D,, A549 cells were treated with 6 pmol/L 3-NBA or alteively with

1 mmol/L HO; for 2 hours. ROS production was subsequently analyzedD@#H-DA, and
caspase activity was assessed using GAgmdamine 110. Results are mean and SD of three
measurements. Fluorescence values of untreated conttares were set to 100 %. *

significantly different from controls, p < 0.05.

Figure 3: Effects of 3-NBA in the mitochondrial membraatential. A549 cells were treated
with 6 umol/L 3-NBA for different time intervals asdicated. Mitochondrial membrane
depolarization was subsequently analyzed with rhodamine RB3ults represent mean
fluorescence and SD of three independent measurement@rarsghown relative to control
values. Two-way ANOVA revealed an effect of 3-NBA, eftect of time and no interaction. *

significantly different from controls (p < 0.05 Dunnefisst).

Figure 4. Effect of 3-NBA on cell proliferation. A549 celieere seeded on 6-well culture
plates and 3-NBA (6 pmol/L) was added to the cultures austime points after passage, as
indicated in the legend. The cell number was determinethdoyual counting using a light

microscope. Results are mean of three wells. * siginiflg different from controls, p < 0.05.
Figure 5. DNA damage in A549 cells after treatment with 3ANBB 3-ABA at 6 pmol/L

(high) or 0.1 mmol/L (low) for 1 hour as judged by alkalioenet assay. Results are mean and

SD of four slides. * significantly different from contspp < 0.05.
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Figure 6: Dose response curve for 3-NBA induced DCF fluonesceA549 cells were treated
with 3-NBA for 30 min at different concentrations and &R@roduction was measured by flow
cytometry with DCFH-DA (n=3)Statistical analysis with one-way ANOVA showed a8t

effect of concentration (p < 0.0001).

Figure 7: Effect of enzyme inhibitors and DFO on 3-NB#&ad 3-ABA-induced ROS
production in A549 cells. Cell cultures were preincubated3fdrours with or without the
inhibitors prior to treatment with 3-NBA or 3-ABA f&0 min. ROS production was measured
by flow cytometry with DCFH-DA. The dose levels 6NBA and 3-ABA were 6 pmol/L (7A
and 7B) or 100 nmol/L (7C and 7D). Results are given asivelfitiorescence intensities
normalized to untreated controls. *significantly diffearéom solvent controls.

p <0.05

Figure 8: Induction of 7-ethoxyresorufin-O-deethylation (ER activity by 3-NBA. After a
24-hour preincubation period with 3-NBA, the substrate 7»gtiesorufin was added at 10
pmol/L for 1 h. Aroclor 1254 was used as a positive corfoplCYP1A1l induction. The
production of the deethylation product resorufin was medsfimerimetrically. Results are

mean and SD of 6 measurements. *significantly diffenemhfuntreated controls. * p < 0.05.

Figure 9: Effects of inhibitors of the mitochondriaé@kon transport chain on 3-NBA-induced
ROS production. Cell cultures were treated with 3-NBA dmadviarious inhibitors for 2 hours
and ROS production was subsequently measured by flow cytomitth DCFH-DA. Results
are mean and SD of at least six measurements andvareas relative fluorescence intensities
normalized to untreated controls. *significantly diffearédrom cultures treated with 3-NBA

alone,” p < 0.05.

Figure 10: Effects of 6 umol/L 3-NBA on ROS-production aricaellular calcium in primary
rat AECs. ROS production was measured by flow cytomeitly DCFH-DA (n=4). The
intracellular calcium concentration was measured usiadlubrescent dye Fluo-3 at 1 pmol/L
(n=2). Fluo-3 was incubated for 30 min. Results are mednS&nh and are given as relative
fluorescence intensities normalized to untreated clsntrsignificantly different from controls,
p <0.05.
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Table 1: Metabolism of 3-NBA by human lung epithelial A548sc 3-NBA was added to the
culture medium at 6 pmol/L and incubated for 24 hours. 3-NBAitsrmetabolites were
analyzed in the cell culture medium by HPLC. Resultshosvn as pmol/L and represent
mean and SD of 8 independent measurements. Statis@dysiarfone-way ANOVA)

indicated no effect of treatment. 3-ACABA = 3-acetyirambenzanthrone.

Without Allopurinol Dicumarol
inhibitor (10 pmol/L) (10 pmol/L)
3-AcABA 0.107+ 0.034 0.10& 0.035 0.084 0.018
3-ABA 3.723+ 0.464 3.753 0.350 4.03% 0.686
3-NBA 0.075+ 0.098 0.106& 0.133 0.10% 0.105
Recovery
(% of initial dose) 65 66 70
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Table 2: Effect of 3-NBA and BP on the cell cycle imfan lung epithelial A549 cells. Cell
cultures were treated for 4 or 24 hours with 6 umol/L BRB-NBA with or without the
enzyme inhibitors allopurinol, dicumarol and SKF525A (10 WiolCell cycle analysis was
done by flow cytometry. Results are meaBD (n = 5). Statistical analysis was done by one-
way ANOVA and Student-Newman Keuls test: * significandlifferent from controls,”

significantly different from cultures treated with 3-NB#one (p < 0.05)

4 hours
% GO/G1 % S-phase % G2/M
control 62.4+ 4.38 28.5+ 4.28 9.2+ 0.77
BP 64.4+1.76 26.3+ 2.68 9.3t 1.19
3-NBA 67.9+1.94 24. 7+ 1.85 7.4 0.72%
3-NBA + allopurinol 66.0+ 1.0 23.0+ 3.18 11.@ 2.53
3-NBA + dicumarol 67.1+2.75 24.9+ 2.41 8.@ 3.03*
3-NBA + SKF 63.7+ 1.98 24.2+ 3.83 12.1+ 1.87
24 hours
% GO/G1 % S-phase % G2/M
control 75.4+ 4.20 18.1+ 2.17 5.2+1.04
BP 71.4+2.72 25.Gt 2.87* 3.6+ 2.86
3-NBA 68.8t 1.96 31.%1.93* 0.1+ 0.08
3-NBA + allopurinol 70.3+ 2.31 27.3 3.57* 2.4+ 2.94
3-NBA + dicumarol 67.7+ 6.03 31.4+5.73* 1.0+1.81
3-NBA + SKF 68.1+ 6.45 28.6t 3.27* 3.3+ 3.39
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