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ABSTRACT

Pro-inflammatory death is presumably an undesirable event mterca
prevention process, thus biochemical comprehension and moleefiladtiah of this
process could have important clinical implications. In tles@nt study, we examined
the cytophysiological conversion of cell death mode by benzyl isgtimade (BITC)
in human cervical cancer HelLa cells. The detailed studiggy flow cytometric and
morphological analyses demonstrated that the cells treatitl appropriate
concentration (25uM) of BITC showed apoptotic feature, such as chromatin
condensation, DNA fragmentation, and preserved plasma membragetyntwhereas
these features were disappeared by treatment with higher caticent{100uM).
The treatment with 2-deoxyglucose, an inhibitor of ATP synshelsastically increased
in the ratio of necrotic dead cells, while it influencdlditthat of apoptotic cells.
Moreover, an analysis using the mitochondrial DNA deficientddetlls demonstrated
that thep® cells were more susceptible to the BITC-induced necribsiseell death
compared to the wild-typep() cells, whereas the ROS production was significantly
inhibited in thep® cells. It is likely that the BITC-induced ROS is dedvfrom
mitochondrial respiratory chain and ruled out the contributiondartechanism of cell
death mode switching. In addition, the BITC treatment teduin a more rapid
depletion of ATP in th@® cells than in th@" cells. Furthermore, a caspase inhibitor,
Z-VAD-fmk counteracted not only apoptosis, but also necrosis-likedeath induced
by BITC, suggesting that increment in this cell death patteight be due to the
interruption of events downstream of a caspase-dependent pathwidye obtained
data suggested that the decline in the intracellular AV® plays an important role in

tuning the mode of cell death by BITC.
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1. Introduction

A number of studies support the idea that certain food phytacaknprotect
against cancer. An important group of food compounds that haveneerc
chemopreventive property are organosulfur compounds including isothiteyana
(ITCs). ITCs are compounds that occur as glucosinolates in etyani cruciferous
vegetables such &sussica species. Naturally occurring ITC compounds are effective
preventive agents against chemical carcinogenesis inutigg the esophagus, the
mammary gland, the liver, the small intestine, the coland the bladder [1].
Epidemiological studies also indicate a significant cormatalietween the dietary intake
of ITC-containing foods and the reduced risk for several cand@r3,4].
Mechanistically, ITCs are capable of inhibiting both the fation and development of a
cancer cell through multiple pathways; i.e., the inhibitimfncarcinogen-activating
cytochrome P450 monooxygenases, induction of carcinogen-detoxifying esjzyme
induction of apoptosis, and inhibition of the cell cycle progoes$b]. We recently
clarified the molecular mechanism underlying the relationshiydsn cell cycle arrest
and apoptosis induced by benzyl-ITC (BITC) [6]. Additionallg demonstrated that
antioxidant mechanisms also potentially contribute to a Bl'Ediated
chemoprevention against inflammation-related carcinogengsis [

In contrast, there is abundant evidence that ITCs inducellarelstress
themselves [8]. The concentration of ITCs required fdlulee stress induction
exceeds or, at least some parts, overlaps those needeuaefenhancement of the
cellular antioxidant protein expression or apoptosis induction. uhfevorable effect
of higher concentrations of ITCs has been observed; e.g.tréhément with an
excessive concentration of BITC resulted in severe cytatgxiwith caspase-3
inactivation and no DNA ladder formation [6,9]. Some in viwperiments also
demonstrated the enhancement of tumorigenesis by ITCs. n&@ance, both BITC

and phenethyl ITC (PEITC) promote urinary bladder carcinogeiresigs treated with
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diethylnitrosamine andN-butyl-N-(4-hydroxybutyl)nitrosamine. Since the employed
dose was higher than that required for chemoprevention [10prtimeotional effect of
ITCs could be dependent on their concentration. Taken togdthe suggested that
accidental cell death induced by higher concentrations of BITgBtrbe involved in its
ability to promote carcinogenesis [11].

The death of a cell can be defined as an irreversike df plasma membrane
integrity [12]. Historically, three types of cell death haveen distinguished in
mammalian cells by morphological criteria. =~ ‘Apoptosis’ isc@opanied by
rounding-up of the cell, retraction of pseudopodes, reduction of celMame
(pyknosis), condensation of the chromatin, fragmentation of theusu(teryorhexis),
little or no ultrastructural modification of cytoplasmic orgde®l plasma membrane
blebbing, and maintenance of an intact plasma membrane untitiges of the
process. ‘Autophagic cell death’ is characterized by a massocumulation of
two-membrane autophagic vacuoles in the cytoplasm. ‘Necrasisusually
considered as a type of cell death with no signs of apopiosiautophagy, which is
a negative definition [13]. The distinction between celltideigpe is important,
particularly because necrosis is often associated with mamtad cell loss in human
pathologies [14,15,16] and can lead to local inflammationsymnably through the
liberation of factors from dead cells that alert the ienenmune system [14,17,18].
Although recent some researches suggest a ‘programed’ necibtieath for some
reasons [19,20,21] it’s still obscure that molecular mechaafsthemopreventive ITC
induced necrotic cell death.

In the present study, we examined the switching mechanitime ckll demise
mode from apoptosis to necrosis-like cell death using diffe@mcentrations of BITC.
We also observed that BITC-induced ROS production is closely atadelwith
modification of mitochondrial respiration chain but ruled outh@ mechanism of cell

death mode alteration. This is the first report that chantiagnode of cell death
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produced by BITC depends on its concentration and intraceftiRitevel.

2. Materialsand Methods

2.1. Chemicals

BITC and Triton X-100" were obtained from Nacalai Tesque, Inc., Kyoto,
Japan. Trypan Blue and 2-deoxyglucose (2-DG) were purchased Sigma, St.
Louis, MO. Propidium iodide (PI) and 2',7'-dichlorofluorescin digeeta
(H.DCF-DA) were obtained from Molecular Probes, Inc., Eugene, QRVAD-fmk
was obtained from Peptide Institute (Osaka, Japan). Allr othemicals were

purchased from Wako Pure Chemical Industries, Osaka, Japan.

2.2. Cell culture and preparation of p cells
The human cervix adenocarcinoma HelLa cells (provided by Dr. Hideki
Shibata of Nagoya University) were maintained in DMEM (NisSwakyo, Japan)
supplemented with 10% FBS, 50 units/ml penicillin, andugml streptomycin, and
grown in an atmosphere of 95% air and 5%,@0O87C. The HelLa° cells depleted
of mtDNA were generated from the HelLa wild typé)(cells by long-term exposure
to ethidium bromide [22]. Briefly, HeLa cells were cultuiadlO % FBS containing
DMEM supplemented with 0.0fg/ml ethidium bromide, 0.05 mg/ml uridine, 0.11
mg/ml sodium pyruvate, and 3.5 mg/ml glucose for more thannmooeth. The
surviving HelLap® cells that formed colonies in the culture dish were hasdeand
tested as described below. The depletion of mitochondhe Was confirmed by
PCR using the following primer: 5-GTAGGAGAGTGATATTTGATGAG-3', and
5-CCATCTGCCTACGACAAACAGACC-3.
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2.3. Assay for cell viability

The MTT assay and Trypan blue dye exclusion assay were cautiédr the
quantitative analysis of cell viability. ~After culturingith BITC at 37C for 18 h, 10
pl of an MTT solution were added to each well, and theriscence was measured
with excitation at 560 nm and emission at 590 nm accordingpegartanufacturer's
instructions after incubation at ¥7 for 2-3 h in a humidified CQincubator. The
obtained values were compared with each of the controlsatedlwith vehicle only.
For the Trypan blue dye exclusion assay, the cells cultuittdBANTC at 37C for 24 h
were harvested, collected by centrifugation, and resuspemdd?BE. The cell
suspensions were mixed with 0.4% trypan blue stain. Theckitaland viable cells
(cell that excluded blue dye) were counted using a hemoctgono@der a light

micoroscope.

2.4. Detection of nuclear fragmentation

For the DNA fragmentation analysisis, HelLa cells (5 X t6lls) were
incubated in culture medium in the presence or absence of BIE@pposide (ETP).
Both the attached and floating cells were pelleted byribegation, and DNA was
isolated from the cell pellets as previously described [6B[lhe DNA was then
subjected to electrophoresis in 2% agarose gels, staitiecethidium bromide, and
imaged with a Fluorimager (Molecular Dynamics, Tokyo, Japapyptotic cell death
was also evaluated by fluorescence microscopy. After itedbsith BITC, HelLa cells
staining with Hoechst 33342 and Pl were observed under a confooetstcence

microscope (LSM 510 META, Carl Zeiss, Inc., Thornwood, NY).

2.5. Flow cytometric analysis
For the analysis of apoptosis/necrosis, we used an Annekiil @-Apoptosis

Detection kit (Medical & Biological Laboratories Co., LttNagoya, Japan) according
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to the protocol by the manufacturer. Both the attached aatirfyy cells were stained
with annexin V-FITC and Pl. Flow cytometric analyses waeeformed using BD
FACSCanto Il (BD Bioscience, San Jose, CA). The inthaleel oxidative products
were detected by #CF-DA asan intracellular fluorescence probe. Briefly, tbés

were treated with fDCF-DA (50 uM)for 30 min at 37°C. After washing twice with
PBS, the BITC was added to the complete medium and incufzataxdother 2 hours.
Then, flow cytometric analysis was performed to detect B@fed by the reaction of

H,DCFwith the intracellular oxidative products.

2.6. Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated with Isogen reagent (Nippon Gerkyd, Japan)
and spectrophotometrically quantified. The RT reaction wasnpeed with 1ug of
total RNA using the SuperScriptFirst-Strand Synthesis System for RT-PCR
(Invitrogen, Carlsbad, CA) according to the manufacturer's pohtocPCR was
carried out using TaKaRa Ex Taq (TaKaRa bio, Inc., Tokyo,njJapdhe following
primers were used: SOD1-(F) 5-CGAGCAGAAGGAAAGTAATGG-and (R)
5-AAGTCGTTTGGCTTGTGGTGT-3' and SOD2-(F)
5-CCTGGAACCTCACATCAACG-3' and (R)
5-GAAGGTAGTAAGCGTGCTCC-3' and glutathione peroxidase 1 XGHF)
5-AGTCGGTGTATGCCTTCTCG-3' and (R) 5'-GAATCTCTTCGTTCTBEG-3'

and GPx4-(F) 5'-GCACATGGTTAACCTGGACA-3' and (R)
5-AAATAGTGGGGCAGGTCCTT-3' and thioredoxin (TR)-(F)
5-TCGCTTTGGAGTGCGCTGGA-3' and (R)

5-GGCCACAAGCACCATATTCCAA-3 and glutathione-S-transferase P1
(GSTP1)-(F) 5'-CTCACTCAAAGCCTCCTGCCTAT-3' and (R)
5'-CAGGATGGTATTGGACTGGTACAG-3' and glutamate-cysteingake catalytic
subunit  (GCLC)-(F) 5-TTGATTAAGGCTTTCTTTGGTAGG-3' and (R)
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5-TTTCAATAAATCAGGTCCCAGG-3' and B-actin-(F)
5-GTCACCCACACTGTGCCCATCTA-3' and (R)
5-GCAATGCCAGGGTACATGGTGGT-3 and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)-(F) 5-AACCCATCACCATCTTCCAGGAGCid (R)
5-CACAGTCTTCTGAGTGGCAGTGAT-3'

2.7. Measurement of intracellular ATP level

Intracellular ATP was measured using an ATP DetermindioiiMolecular
Probes) according to the manufacturer’s protocol. Briefly, att@ched cells were
harvested with 10U of 100 mM Tris-HCI| and 4 mM EDTA, boiled for 2 min, and
centrifuged at 4000 rpm for 1min.  After mixing ilDfrom each of the supernatants
or the 0-25uM ATP standard solution with 9@l of the ATP standard reaction
solution, the emitted light was measured. Aliquots fromhesmmple were used for
measuring protein concentration using the BCA protein assgRikitce). The blank
value (no ATP) was subtracted from each sample’s raw dath,finally the ATP
concentrations were calculated from the linear part ofadsird curve and expressed

as the relative ATP content or n mol per mg protein.

2.8. Caspase activity determination

Caspase-3-like activity was monitored by the cleavage of
Ac-Asp-Glu-Val-Asp-p-nitroanilide (DEVD-pNA) according toetprotocol outlined

by the manufacturer in a Caspase-3 Colorimetric Proteasey ASsdMedical and
Biological Laboratories, Nagoya, Japan). The caspase-adiidty was determined

in the cytosolic extracts of HelLa cells that had been pubeted with or without 12.5
mM 2DG for 12.5 hours followed by treatment with (28 BITC for 9 hours.

2.9. Satistical analyses
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When applicable, the mean + Standard Deviation (SD) valteesstaown.
Significant difference among treatments was examined usindeStfs t-test (two

sided), which assumed unequal variance.

3. Results
3.1. BITC-induced cell death with apoptotic and necrotic feature in HeLa cells

In our and other previous studies, BITC showed a cytotoxic effeseéveral
cultured cell lines [6,9,23,24,25,26,27,28,29,30,31,32]. Sinceetleell lines have
individually different cellular features associated with delath regulatory factors, such
as the intracellular redox status, MAP kinase activitesl cell cycle regulation-related
proteins, the 50% inhibitory concentrations of BITC were divémseach of the cell
lines. Therefore, we used the human cervix adenocarcinoma étdls widely used
in various investigations of cancer biology. First, we moaddhe cytotoxic activity
of BITC in the HelLa cells using the modified MTT assay dngpban blue exclusion
assay. When Hela cells were incubated with BITC, tladiMy was inhibited in a
concentration-dependent manner up to iRDwith an 1G, value of 42uM (Fig. S1A
in the supplemental data available with this article onlindhe Trypan blue exclusion
assay also showed that the ratio of dead cells dose-depgnidereased (Fig. S1B).
Furthermore, the loss of cell membrane integrity was alssured by release of lactate
dehydrogenase (LDH) into the cell culture medium (Fig. S1@)though LDH release
was observed with a time- and dose-dependency up 250 further increase was
detected when the cells were treated with more thguV2BITC, which might be due
to the direct interference of LDH activity by BITC. Wext performed an annexin V/
Pl analysis to examine the membrane reconstitution and pbilimation associated
with BITC-induced cell death (Figs. 1A — C, Fig. S1D). #wwn in Fig. 1A, the

treatment with 2%M BITC for 3 h resulted in a significant increase in #mmexin (+)/
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Pl (-) and annexin (+)/ Pl (+) populations (2.6-fold increase ematpwith control).
The change in these populations [annexin (+)] is time-dependgntl®). However,
a greater amount of the annexin V (+)/ Pl (+) population was edlby 100uM BITC
although the annexin V (+)/ Pl (-) one was slightly induced.(EA). Besides, 100
MM BITC induced a rapid and significant membrane permeabiizatvaluated by the
Pl uptake, when compared to treatment withuR6BITC (Fig. 1B). Furthermore, the
exposure of HelLa cells to 1Q0M BITC resulted in a rapid cell swelling with a peak at
1 h accompanied by a 1.5-fold cell size change (Fig. 1C)erdstingly, we observed
that the swollen cells still remained their membrantegrity after the 1 h treatment with
100 uM BITC, suggesting severe cell swelling occurred prior e tmembrane
disruption (Fig. S1D). In contrast, although|#8 BITC induced a weak cell swelling
with a peak at 3 h (1.19-fold increase), it coincidethwhe cell membrane disruption
(Figs. 1B and C). These morphological distinctions between2fh and 100uM
BITC-induced cell deaths suggest that obviously different delith forms were
dose-dependently induced by BITC.

To obtain further evidence, the membrane disruption and nuclear
fragmentation were investigated using a fluorescence dymdnembrane permeable
Hoechst 33342. As a result, although treatment witu5BITC for 2 h showed
little effect on the membrane disruption (stained less 4h%), many of the cells were
stained by PI after treatment with 1M BITC (Fig. S1E). Additionally, after
treatment with 25uM BITC for 20 h, we observed the nuclear chromatin condensed
cells (9 of 53 cells in Fig. S1E), some of which sti&an intact cell membrane (6 of
9 cells in Fig. S1E). Furthermore, treatment of thesaeith 25uM BITC resulted in
a significant DNA fragmentation (Fig. 1D). Interestinglfhen the cells were treated
with 50 uM BITC, DNA fragmentation was not detected in spite of Hsvere
cytotoxicity, while the treatment of an excessive conceotratf etoposide (ETP, 500

MM) resulted in the DNA fragmentation. These results gtbthat 100uM BITC

10
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induces cell death with neither a DNA fragmentation noryesggbptotic feature. Our
previous report demonstrated that caspases-3 and -9 weraegttby BITC at lower
concentrations, while their activities were reduced at thieehni§ITC concentration in
RL34 cells [9]. Taken together, we further confirmed BEEC is able to regulate

cell death mode dependent on its concentration.

3.2. Involvement of intracellular ATP level to the determination of BITC-induced cell
death form

It is widely accepted that the intracellular ATP leiglone of the important
factors to decide the cell death form when the cellsewexposed to a lethal
stimulation [10,11,33]. Therefore, we compared betweenntiacellular ATP level
and necrotic cell ratio in BITC-treated attached Heéllsc As shown in Fig. 2A, the
treatment with 5M of BITC for 3 h significantly reduced the ATP level36 % of
the control level coincided with 25% of the necrotic-featured deglls. These
results suggested that depletion of ATP might be due to notealtyby enhancement
of membrane permeability but also inhibition of ATP synthesi¥ext, to examine the
involvement of the intracellular ATP level on the switching apfoptosis/necrosis,
HelLa cells were pretreated with an ATP synthesis inhibRateoxyglucose (2DG).
Treatment with 12.5 mM 2DG resulted in an ATP depletiobd@6 of the control level
and a slight cytotoxicity in HelLa cells (Fig. S2). As shownFig. 2B, the 2DG
pretreatment enhanced the susceptibility to both apoptosis eordtin cell death
induced by BITC. Particularly, a higher ratio of necrotiatieed cells was detected
in the ATP-depleted cells treated with @81 BITC. Consistent with this, caspase-3
activity was significantly reduced by 2DG pretreatment (AG). These results
suggested that regulation of the intracellular ATP leveBbyC plays an important

role in the determination of the mode of cell death.

11
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3.3. Effect of BITC on intracellular ROS production and cytotoxicity in HeLa & cells

The mitochondrial DNA-deficienp® cell is widely used in studies of the
mitochondrial function, respiration, and mitochondria-derived ROEherefore, we
prepared HelLa® cells (Fig. 3A) to investigate the involvement of mitochoaidri
function alteration in the BITC-induced change of cell deathenod\s shown in Fig.
3B, the intracellular ROS level in the HepAcells was significantly lower than in the
wild type (") cells under the normal culture conditions. Moreover, BITC-induce
enhancement of the ROS level was significantly suppressttepf cells, although
the inhibitory effect on the 5M BITC-induced ROS production was also partly
suppressed. In the meantime, we observed that the ROS produncticred by
rotenone, a mitochondrial respiration inhibitor, was completblylished in thep’
cells whose mitochondrial membrane voltage was dysregulatgedS®). In addition,
no significant differences of various antioxidant enzyme expmessietween in thg"
and p° cells were observed (Fig. 3C). Furthermore, BITC daite induce the
antioxidant enzyme expression including aldo-keto reductase 1C1/2 (AKR1C
thioredoxin (TR), and GSTP1 in Held cells (Fig. S4). These results indicated that
the BITC-induced ROS mainly originated from mitochondrial respiyachain but not
from the alteration of antioxidant defense system, consistéht aur reports that
BITC can directly modify the mitochondrial function [9,34].

Hence, we examined the effect of mitochondria deficiency ba t
BITC-induced apoptosis and necrosis in the mitochondria DNAidsfig® cells. As
shown in Fig. 4A, the ratio of apoptotic cell death induced by BiT@ep" cells
increased in a dose-dependent manner up {db0 Conversely, apoptotic cell death
in the p° cells were transiently increased with the peak of 2apiptosis at 25M.

In the p° cells, treatment with 5aM BITC resulted in reduction of the apoptotic cell
ratio and an increase in the cells with features ofrasex (Fig. 4B). Also, the

BITC-induced DNA fragmentation was dose-dependently detectdtkiHeLap" cells,

12
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while a smaller amount of fragmented DNA was observed in theVPBITC-treated
HeLap® cells (Fig. 4C) despite the flow cytometry data thatannexin V-positive cell
ratio induced by 25M BITC was quite similar between these cells (Fig..4AThese
contradictory observations might be due to the fact that tR& Dagmentation is
downstream of the apoptosis process compargthdsphatidylserine outer membrane
exposure or that the concentration of BITC au®bis nearly a threshold of tuning the
mode between apoptosis and necrosis-like cells.

In any case, significant apoptosis/necrosis switching irptheells might be
selective to BITC, because cycloheximide (CHX), an-eaticer antibiotic inhibiting
protein synthesis, exhibited a more potent cytotoxic effect op'theells than thep”

cells, and apoptosis/necrosis switching was not observed HAgsd B).

3.4. Effect of BITC onintracellular ATP level in HeLa ¢° cells

To further explore the regulating mechanism of BITC-inducdd death
mode, we investigated the intracellular ATP level usingptheells.  As shown in Fig.
6, the ATP level in th@" cells was increased by 281 BITC up to 3 h, and sustained
at the basal level 24 h after the treatment. Conversa ATP level in the® cells
was significantly decreased 3 h after the BITC treatnaemt,continuously declined up
to 24 h. Thus, BITC might affect energy production system reeverely in the®
cells than in the@" cells. Most of the energy production in fpfecells depends on the
glycolytic system due to the deficiency of mitochondrial etecttransport chain.
The GAPDH activities, one of the key enzymes for glycolgtistem and it has been
reported that BITC is able to inactivate GAPDvitro by modulating the cysteine
residue at an active site center, slightly, but signitiga decreased in a BITC
dose-dependent manner in the bothpdfand p* cells (Fig. S5). Although these
partial inhibitory effects may be insufficient to explaire trapid ATP decline, BITC is

very likely to modify the total activity of glycolytic syste

13
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3.5. Involvement of caspase cascade to the apoptosis/necrosis switch by BITC

Our previous report showed that BITC activates caspase-93aaharing the
apoptosis induction [9]. Here we examined the effect ofassspnhibitor on the
BITC-induced cell death in the® cells. Interestingly, z-VAD-fmk, a caspase inhibitor,
was capable of rescuing the cells not only from apoptosis ip‘tbells, but also from
necrosis-like death in the’ cells regardless of the ATP deprivation (Fig. 7). These
results suggest that necrotic-featured cell death irnbgdITC is placed downstream

of the caspase cascade.

4. Discussion
In this study, we examined the molecular mechanism of dekth
morphology alteration induced by the different concentration of BI'Ead

demonstrated the involvement of the intracellular ATP lev@he complete apoptotic
process involves energy requiring steps such as caspaseti@ttiv@nzymatic
hydrolysis of macromolecules, chromatin condensation, bleb formatidrapoptotic
body formation. A deficiency of ATP in these steps would prexdownstream
processes including caspase-3 activation, because, for exathplefailure of
apoptosome formation is unable to not only activate but also gmthkf caspase
cascade [35]. Also, low intracellular levels of free FATmight permit apoptotic
stimuli to induce necrosis [33,36,37,38,39,40]. Consistent with results from
previous studies, the present results showed that a greater aohaahts had their
death form shifted to necrosis in experiments upieglls as well as using 2DG (Figs.
2 and 4). Hence, our results demonstrated here that higheentrmtion of BITC
itself rapidly reduced the intracellular ATP level (FBA), which might block the
completion of apoptosis. Also, not only higher concetration ofCBitBelf [9] but

also 2DG pretreatment significantly inhibited caspase-%igc(Fig. 2C). Although
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further study to reveal the detailed mechanism for the ddéfine by BITC is required,
we showed that both the membrane permeability enhancementniibition of
glycolytic system by BITC would partially contribute to energypridation. Taken
together, it appears certain that the intracellular A@\Rllis a key determinant to
decide the cell death form.

In addition to the significant role of ATP, we demonstrathdt thot only
apoptosis, but also necrosis were counteracted by treawmitbnthe caspase inhibitor,
Z-VAD-fmk (Fig. 7). These results implied that the Bl-induced necrotic-featured
cell death might be a consecutive event from the apoptosisapnagcompletion rather
than simple accidental death by severe physiological damiigeugh BITC itself has
a weak membrane lytic activity (unpublished observation) has recently been
reported that cells triggered to undergo apoptosis are inBigzatl to die by necrosis
when the energy level is rapidly compromised [36,41]. Theoghisr evidence that in
vivo, under pathological conditions, apoptosis and necrosis may ajexist. These
imply that several types of cell death pathway can cbexthe same cell. In contrast
to apoptotic cells, which are cleared by phagocytosis and sudrgequracellular
degradation [42], necrotic cells are thought to promote anmninfi@ory response
mainly caused by the leakage of nucleic acids prior to plytagis [43,44]. Therefore,
reducing the necrotic cell death by regulation of the enlengsl might be practical for
the prevention of an undesirable phenomenon by cytotoxic agents.

We previously demonstrated that the BITC-induced intracelloxgdation of
H,DCF-DA is mainly due to the production of hydrogen peroxide derifreth
superoxide radical dismutation [9]. Our findings were that Béili€ctly modifies the
mitochondrial respiratory chain [9,34] and activates ataxlanggectasia-mutated
(ATM) possibly in response to DNA oxidative damage and ATM-dep@n@&3
accumulation [24]. Previous reports indicated that ROS producébdsytrigger the

activation of antioxidant response elemrnt (ARE) following toEARiven antioxidant
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enzyme induction, such as GSTP1, GCLC, TR, and AKR1C1, thranwegNrf2/Keapl
pathway [45,46]. Consistent with previous results, an ROSnadation occurred in
the BITC-treated wild-typep® Hela cells, while thep® cells exhibited a lower
sensitivity (Fig. 3B). Thus the present experiment usiigHelLa cells further
confirmed that BITC-induced ROS originated from mitochondriakcteon transfer
chain with no significant change of various antioxidant enzyme gepessions. We
observed that thg? cells are sensitive to BITC cytotoxic stimulus, even thothgtir
apoptosis/necrosis ratio was quite distinct from that ofptheells, indicating that the
mode of cell death induced by BITC is independent of the ROS prddand this will
depend on the reactive preference of BITC against the emeeggbolism such as
glycolysis or tricarboxylic acid cycle. It should be pointed that, experimentally,
hydrogen peroxide failed to induce apoptosis in cells in which Telévels are below
roughly 25% of the control ATP levels [47,48]. Therefore,@3Rwere attributable to
the BITC-induced cell death, it would also depend on thadstiular ATP level

Future studies will examine the molecular targets and paththay account for
the BITC-induced alteration of the ATP level in both piecells andp® cells. The
rapid loss of membrane integrity in cells treated with BI&S ¢videnced by the PI
uptake) indicates that the BITC-induced necrosis derivesrirfrpa the direct attack
on the cell membrane. BITC is known to modify protein sulfhigdi¥,34,49,50] and
thus BITC may not act on membrane lipids, even though BITC-inducesl €D
oxidize them. BITC has been shown to modify and inhibit thevides of various
proteins [7,50]. As well, we observed that GAPDH actj\igving a cysteine residue
at the active site, was slightly decreased by BITC in twip® andp® cells (Fig. S5).
The critical task for apoptosis/necrosis switching researidhbe to identify the
specific molecular targets that initiate ATP deprivation.

In conclusion, to the best of our knowledge, the present studyeidirst

published report to convincingly document the induction of nedngsas ITC class of
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dietary chemopreventive agents. The present study also privadegical evidence
of cell death mode switching from apoptosis to necrosis-likeleath by BITC. The
switching was dose-dependently induced by BITC, in whichritiagellular ATP level
plays a critical role in it. We preliminarily observeloat higher concentration of
BITC exhibits ATP-dependent alteration of cell death modevarsécell lines such as
the renal proximal tubular epithelial LLC-RIKells (Nakamura, Y. et al., unpublished
data), suggesting that these phenomena might not be due tpemfieseffects. The
ITCs are one group of the most promising cancer preventivesaifjémtir amounts are
relevant.  However, BITC experimentally possesses bothincgenesis and
anti-carcinogenesis activity in a dose-dependent manner. e@uits support the idea
that the intake of excess amount of ITCs, inducing necroticdealh, would provoke
an inflammation reaction which could contribute to promoting ¢hecinogenesis
process. In this study, we examined the concentration of BIF@ 100uM as a
supra-pharmacological but locally achievable dose, since thentrgareclinical
evaluation revealed that ITCs concentration in the igafimina was temporally
achieved to approximately 600-20QM, after the consumption of the broccoli extract
[51]. Therefore, more attention should be paid to the dose adered as a
supplement of condensed extracts, and thus carefully desigmaanacokinetics

studies are needed before clinical testing of ITCs.
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Figure legends

Fig. 1. Dose-dependent effect of BITC on the apoptosis andsiecdnduction.
HeLa cells were treated with BITC at indicated conceiomat (A) Effect of BITC on
the plasma membrane reconstitution. The cell population okemxg+)/ Pl (-) ©)
and annexin V (+)/ Pl (+)®) in each quarter area of flow cytometric analysis
(Representative data are shown in Supplemental Fig. 1D avere)quantified using
BD FACSDiva software. Data are means of three experimenB.and C.
summarized the effect of BITC on plasma membrane disruppan(d cell swelling
(C), performed quantitative analyses by BD FACSDiva sarfiwfor the cells treated
with 25 (e), or 100 @) BITC for indicated times. Statistical significanceasv
determined by the Student’s t test and expressed as: *, \@saterpart of the cells
treated with 25uM BITC, P < 0.05. (D) DNA fragmentation in the BITG#ated
HelLa cells. The cells were incubated with BITC or etafmgETP; lane 7) at the

indicated concentration for 18 hours.

Fig. 2. Involvement of intracellular ATP level in BITC-irchd apoptosis and
necrosis. (A) Time-dependent effect of BITC on the intfatzel ATP level and

necrosis in the attached Hela cells. Values are me@DB (n = 3). No error bar
means standard deviation for the experiments was within Satistical significance
was determined by the Student’s t test and is expresset astsus control (0 h)
treated only with DMSO, P < 0.05. (B) Effect of an Agyhthesis inhibitor on the
BITC-induced apoptosis and necrosis. The cells pretreatdd (afien bars) or
without (closed bars) 2-deoxyglucose (2-DG) for 12.5 hours were eadfdoBITC at

the indicated concentration for 9 hours. Annexin V/ Pl analysi®e performed to
identify the apoptotic (annexin V (+)/ Pl (-)) and necrotic (aamé&/ (-)/ Pl (+)) cell

death. (C) Effect of an ATP synthesis inhibitor on the Bli@uced caspase-3
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activation.  Statistical significance was determined bg Student’s t test and
expressed as: a, versus BITQM group, P < 0.05, b, versus control (without 2-DG)

group with the same BITC concentration, P < 0.05.

Fig. 3. Effect of BITC on ROS production in Helpacells. (A) The depletion of
mitochondrial DNA in HeLap? cells. (B) Effect of BITC on the intracellular ROS
production in HelLgp cells. The wild type HeLa" (closed bars) and mitochondrial
DNA-deficient p° (open bars) cells were incubated withD€F-DA (50 pM) for 30
min and then stimulated by BITC. Values are mean *(BD= 3). Statistical
significance was determined by the Student’s t test and ssqueas: *, versus tig
cells group with the same BITC concentration, P < 0.05. ni@NA expression

profile of antioxidant enzyme genes in fifeandp® cells were analyzed by RT-PCR.

Fig. 4. Effect of BITC on cytotoxicity in HeLa cells. (A, B) Apoptosis and necrosis
induction by BITC in HeLap cells. The HelLa" (closed bars) ang’ (open bars)
were treated with BITC at the indicated concentration 9& hours. Statistical
significance was determined by the Student’s t test and ssqueas: *, versus tig
cells group with the same BITC concentration, P < 0.05) DA fragmentation in
the BITC-treated HeLg cells. The HelLa cells were incubated with BITC at the

indicated concentration for 18 hours.

Fig. 5. Effect of cycloheximide on cytotoxicity in Hepecells. (A, B) Apoptosis and
necrosis induction by cycloheximide (CHX) in Hepacells. The HelLg" (closed
bars) and® (open bars) were treated with CHX at the indicated coratémirfor 9.5
hours. Values are mean + SD (n = 3). Statistical sgamte was determined by the
Student’s t test and expressed as: *, versusptheells group with the same CHX

concentration, P < 0.05.
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Fig. 6. Effect of BITC on intracellular ATP level ineHa p cells. The HelLap"
(closed bars) ang® (open bars) were treated with or without 28 BITC for the
indicated times. Values are mean + SD (n = 3). 38talssignificance was
determined by the Student’s t test and expressed as: *, \thesp cells group with

the same BITC concentration, P < 0.05.

Fig. 7. Inhibitory effect of caspase inhibitor on the BITC-induegdptosis and
necrosis in HeLa cells. The HeLa" andp® cells were treated with BITC for 9 hours
in the presence or absence of the caspase inhibitor, Z-VAD-fifihe maximum SD
for the duplicated experiments was 5% (n=3). a, significaditfgrent in apoptosis
from each " or p° control (OuM BITC and z-VAD-fmk), P < 0.05; b, significantly
different in necrosis from eacp’(or p°) control (OuM BITC and z-VAD-fmk) , P <
0.05; ¢, significantly different in total cell death (apopgosinecrosis) from eacp'(or

p°) control (OuM BITC and z-VAD-fmk) , P < 0.05.

26



60 1.6 -
0
2
g s 14~
= 40| N °
Q ~ 3
o o] ©
> c >
z £ S
= T B
S 20 g
S 8
8 i
HH H 10
0 0 ‘ ‘ 0.9 ‘ ‘
25uMBITC(h) 0136 - - - - 0 3 6 0 3 6
100uMBITC(h) - - - - 0136
" ®) Treatment (h) Treatment (h)

Fig. 1, Miyoshi, et al.



BITC ETP
M O 5 10 25 50 500 (uM)

Fig. 1, Miyoshi, et al.



% to control

50 ¢
40 |
30 ¢
20 |

Cell Death (%)

10
0

BITC(uM) 0 125

75-
| —®— ATP
S0 o Necrosis
25 -
oi\ I ' I
0 2 3
Incubation time (h)
a,b
m control [
O + 2-DG
a a,b
5l I
_ﬁf fm o
25 0 12.5 25
apoptosis necrosis

Fig. 2, Miyoshi, et al.



> 87
=
; % 6
= J
c
T g
=
o © 47
(2]
< 3
oL 2]
S
@)
O_
2DG (mM)
BITC (uM)

0
0

12.5
0

T_

0
25

12.5
25

Fig. 2, Miyoshi, et al.



oy,

Relative fluorescence
intensity (DCF)

p* pY
mtDNA

4 r
mpP’
3 B Dpo
2 | *
il SN =
O 1L 1 1L ]
0 25 50

12.5
BITC (uM)

Fig. 3, Miyoshi, et al.



= N w S
o o o o

o

Apoptotic cell death (%)

60
50
40
30
20
10

Necrotic cell death (%)

BITC
(uM)

| mP
ap

i 1.

= B

+

25 50

0 12.5
BITC (uM)
' i
- m p+
- O pO

0 12.5 25 50
BITC (uM)
HeLa p* HeLa p°
0 125 25 0 6.25 125 25

Fig. 4, Miyoshi, et al.



+ o
a o
m O

ohl

| |

o
<
(%) yre

<

o o o o
o™ N —

ap 199 anoldody

500 750

250

CHX (uM)

-
-
c

H_Z.Z_Um

o
Qa Q
m O
o O O
o n <
(%) yreap |92 2110109N

500 750

250

CHX (uM)

Fig. 5, Miyoshi, et al.



ATP (n mole/mg protein)

12

10

o N b~ OO ©

me
ae

1

3 6

Incubation time (h)

Fig. 6, Miyoshi, et al.



60 _ b,c

O necrosis

__ 50}
L B apoptosis
S pop
S
< 30 L
QL a,c
g 20 L

10 L

0

BITC@wM) O 0 25 25 0 0 25 25

z-VAD-fmk (uM) o 50 0 50 0 50 0 50

Fig. 7, Miyoshi, et al.



