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a b s t r a c t

Growth inhibitory effects of 15-lipoxygenase-1 [13-(S)-HPODE and 13-(S)-HODE] and 15-

lipoxygenase-2 [15-(S)-HPETE and 15-(S)-HETE] (15-LOX-1 and LOX-2) metabolites and the

underlying mechanisms were studied on chronic myeloid leukemia cell line (K-562). The

hydroperoxy metabolites, 15-(S)-HPETE and 13-(S)-HPODE rapidly inhibited the growth of K-

562 cells by 3 h with IC50 values, 10 and 15 mM, respectively. In contrast, the hydroxy

metabolite of 15-LOX-2, 15-(S)-HETE, showed 50% inhibition only at 40 mM by 6 h and 13-

(S)-HODE, hydroxy metabolite of 15-LOX-1, showed no significant effect up to 160 mM. The

cells exposed to 10 mM of 15-(S)-HPETE and 40 mM of 15-(S)-HETE showed typical apoptotic

features like release of cytochrome c, caspase-3 activation and PARP-1 (poly(ADP) ribose

polymerase-1) cleavage. A flow cytometry based DCFH-DA analysis and inhibitory studies

with DPI, a pharmacological inhibitor of NADPH oxidase, NAC (N-acetyl cysteine) and GSH

revealed that NADPH oxidase-mediated generation of ROS is responsible for caspase-3

activation and subsequent induction of apoptosis in the K-562 cell line.
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1. Introduction

Lipoxygenases (LOXs) are a group of closely related non-heme

iron containing dioxygenases, which catalyze the addition of

molecular oxygen into polyunsaturated fatty acids (PUFAs)

containing cis, cis 1-4 pentadiene structures to yield their

hydroperoxy derivatives. LOXs are classified depending on

their site of oxygen insertion on arachidonic acid (AA) into 5-,
* Corresponding author. Tel.: +91 40 23010745; fax: +91 40 23010745.
E-mail address: prsl@uohyd.ernet.in (P. Reddanna).

Abbreviations: AA, arachidonic acid; DAPI, 40,6-diamidino-2-pheny
diphenylene iodonium; GSH, reduced glutathione; 13-(S)-HODE, 13-(S
yoctadecadienoic acid; 15-(S)-HETE, 15-(S)-hydroxyeicosatetraenoic
linoleic acid; 15-LOX, 15-lipoxygenase; NAC, N-acetyl cysteine
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8-, 12- and 15-LOXs [1] and according to the positional

specificity of arachidonate oxygenation into S and R isoforms

[2]. 15-LOX has two isoforms, 15-LOX-1 and 15-LOX-2.

Linoleate (LA) is the preferred substrate for 15-LOX which is

metabolized to 13-(S)-HPODE that eventually gets reduced to

13-(S)-HODE. 15-LOX-2, on the other hand, oxygenates mainly

AA to 15-(S)-HPETE that is reduced to 15-(S)-HETE (hereafter,

13-(S)-HPODE and 13-(S)-HODE are mentioned as 15-LOX-1
lindole; DCFH-DA, 20,70-dichlorodihydrofluorescein diacetate; DPI,
)-hydroxyoctadecadienoic acid; 13-(S)-HPODE, 13-(S)-hydroperox-
acid; 15-(S)-HPETE, 15-(S)-hydroperoxyeicosatetraenoic acid; LA,

.
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metabolites and 15-(S)-HPETE and 15-(S)-HETE as 15-LOX-2

metabolites according to their substrate preferentiality to

make a distinction, though these metabolites are not

exclusively produced by the specified enzyme).

The role of various LOXs in regulating carcinogenesis was

very well documented. 5-LOX, 8-LOX and 12-LOX were shown to

have a procarcinogenic role, whereas 15-LOX was shown to be

anti-carcinogenic [3]. Among the two isoforms, the role of 15-

LOX-2 as anti-carcinogenic agent is established [4], the role of

15-LOX-1 in controlling carcinogenesis is still unclear. It was

shown that 15-LOX-1 is expressed at higher levels in colorectal

carcinoma and in tumors associated with prostate [5,6]. How-

ever, Shureiqi et al. reported the higher expression of 15-LOX-1

in normal tissues compared to the tumors [7]. Non-steroidal

anti-inflammatory drugs (NSAIDs) and histone deacetylase

(HDAC) inhibitors were shown to induce the expression of

15-LOX-1 in colorectal carcinomas and this up-regulation of

15-LOX-1 is critical for subsequent induction of apoptosis [8–

10]. The expression of 15-LOX-2 and the production of its

metabolite 15-(S)-HETE were found to be reduced in prostate

carcinomas [11]. We have earlier shown that 15-LOX-2 meta-

bolites [15-(S)-HPETE and 15-(S)-HETE] exert differential effects

on BHK-21 cell proliferation. While 15-(S)-HPETE inhibited

the proliferation of these cells potently, 15-(S)-HETE at the

same concentration did not show any significant effect [12].

Recently, Maccarrone et al. demonstrated that, various LOX

metabolites induce apoptosis in neuronal and leukemic cell

types in vitro [13]. Although it is clear that 15-LOXs play a role

in regulating carcinogenesis and induce apoptosis, the mole-

cular mechanisms mediating these effects are still unknown.

This study is designed to understand the molecular mechan-

isms mediating 15-LOX metabolite-induced apoptosis in

human chronic myeloid leukemia cell line (K-562). Apoptosis

induced by 15-LOX metabolites in K-562 cell line was found to be

very rapid and hydroperoxy metabolites [15-(S)-HPETE and 13-

(S)-HPODE] induce cell death more effectively compared to the

corresponding hydroxy metabolites [15-(S)-HETE and 13-(S)-

HODE]. The mechanistic aspects of 15-(S)-H(P)ETEs suggest that

these metabolites activate the intrinsic cell death pathway

through cytochrome c release and caspase-3 activation. These

effects were found to be mediated by reactive oxygen species

(ROS) generated through the activation of NADPH oxidase.
2. Materials and methods

2.1. Materials

Cell lines used in this study, K-562 (chronic myeloid leukemia),

U-937 (human histiocytic leukemia), HL-60 (human promye-

locytic leukemia) and Jurkat (human peripheral blood T cell

leukemia) were obtained from the National Center for Cell

Science, India. Phosphate buffered saline (PBS), RPMI medium

and fetal bovine serum (FBS) were purchased from GIBCO Ltd.

(BRL Life Technologies, Inc., USA). All the fine chemicals used

in the study were procured from Sigma Chemical Co., USA.

Nitrocellulose membranes and the ECL kit were from

Amersham Biosciences, USA. Mouse monoclonal antibodies

against cytochrome c were from Santa Cruz Biotechnology,

Inc., USA. Polyclonal antibodies of poly(ADP) ribose polymer-
ase (PARP) were from R&D systems, USA and polyclonal

antibodies for caspase-3 were purchased from Cell Signaling

Technology, Inc., USA. DCFH-DA was purchased from

Molecular Probes, USA. Fluorogenic caspase-3 substrate—

Ac-DEVD-AFC, caspase-3 inhibitor—Ac-DEVD-CHO and cell

permeable caspase inhibitor—Z-VAD-FMK were from BD

Biosciences, USA. Diphenylene iodonium (DPI) were procured

from Calbiochem (EMD Biosciences, USA). The LOX metabo-

lites used in this study were prepared through enzyme

catalysis reactions by incubating arachidonic acid or linoleic

acid with commercially procured Soybean LOX according to

the procedures described elsewhere [14,15]. These metabolites

were purified on straight phase HPLC (Shimadzu model

equipped with SPD 6AV and CR4A chromatopac) using CLC-

SIL (25 cm � 0.4 cm) column and they are confirmed by LC–MS

analysis by Flow Injection Analysis in the negative ion mode

employing electron spray ionization (ESI) on 1100 Series LC-

MSD, Agilent Technologies.

2.2. Cell culture and treatment

The leukemic cell lines (K-562, U-937, HL-60 and Jurkat) were

grown in suspension in RPMI 1640 medium supplemented

with 10% heat inactivated fetal bovine serum (FBS), 100 IU/ml

penicillin, 100 mg/ml streptomycin and 2 mM L-glutamine in a

humidified atmosphere with 5% CO2 at 37 8C. Exponentially

growing K-562 cells resuspended in fresh culture medium with

1% FBS were treated with HPLC purified 15-LOX metabolites

[15-(S)-HPETE, 15-(S)-HETE, 13-(S)-HPODE and 13-(S)-HODE]

dissolved in ethanol. The final concentration of the vehicle

never exceeded 0.1%. Wherever the inhibitors were used in

this study, toxic-profiling in terms of dosage and time was

carried out and the non-toxic and efficient doses were used for

studies.

2.3. Cell viability and cytotoxicity

15-LOX metabolite-induced growth inhibitory effects were

assessed using the MTT assay as described [16]. For the MTT

assay, 5 � 103 exponentially growing cells were plated in 100 ml

of the growth medium in the presence or absence of 1–20 mM

of hydroperoxy 15-LOX metabolites [15-(S)-HPETE and 13-(S)-

HPODE] and 10–160 mM of hydroxy 15-LOX metabolites [15-(S)-

HETE and 13-(S)-HODE] in 96 well plates and cultured at 37 8C

in 5% CO2 for 3–24 h. The cells were then incubated with 20 ml

of MTT (5 mg/ml) at 37 8C for 4 h. After dissolving the crystals

in a triplex solution containing 12% SDS, 5% isobutanol and

12 mM HCl, the plates were read in a microtiter plate reader at

570 nm. Each concentration was tested in three independent

experiments run in four replicates. Standard errors of means

were calculated and reported as %growth versus control. The

concentration of the compound that inhibited cell growth by

50% (IC50) was determined from cell survival plots.

2.4. DNA fragmentation assay

K-562 cells were treated with either 15-(S)-HPETE (5 and 10 mM

for 3 h) or 15-(S)-HETE (20 and 40 mM for 6 h) for indicated time

periods and used for the isolation of the DNA. DNA laddering

was detected by isolating fragmented DNA using the SDS/
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proteinase K/RNase A extraction method, which allows the

isolation of only fragmented DNA without contaminating

genomic DNA [17]. Fragmented DNA was resolved on 1%

agarose gel in TBE (44.6 mM Tris, 44.5 mM boric acid and 1 mM

EDTA), stained with ethidium bromide (0.5 mg/ml) and

visualized by UV light.

2.5. Quantification of apoptosis by flow cytometry

Flow cytometric analysis using propidium iodide was per-

formed to quantitate apoptosis. Cells that were less intensely

stained than G1 cells (sub G0/G1 cells) in flow cytometric

histograms were considered apoptotic cells. The DNA staining

was carried out as described previously [18] with minor mod-

ifications. After treatment, cells were prepared as a single cell

suspension in 200 ml PBS, fixed with 2 ml of ice-cold 70%

ethanol and incubated overnight at 4 8C. The cells were resu-

spended in 500 ml PBS supplemented with 0.1% Triton X-100

and RNase A (50 mg/ml), incubated at 37 8C for 30 min and stai-

ned with 50 mg/ml propidium iodide (PI) in the dark at 4 8C for

30 min. The red fluorescence of individual cells was measured

with a FACS Calibur flow cytometer (Becton Dickinson, San Jose,

USA). A minimum of 10,000 events were counted per sample.

2.6. Preparation of whole cell extracts and immunoblot
analysis

The cell lysis was carried out based on a method described

earlier [19]. Whole cell extracts were prepared in RIPA lysis

buffer and protein estimation was done by Bradford method

[20], cell lysates were resolved on 8–12% SDS-PAGE gels along

with protein molecular weight standards and then transferred

onto nitrocellulose membranes. The transfer was confirmed

with Ponceau S staining, membranes were blocked and incub-

ated with primary antibodies (for caspase-3 and PARP) follo-

wed by peroxidase conjugated secondary antibodies. Signals

were detected using peroxidase substrate TMB/H2O2 or with

ECL Western blotting detection kit (Amersham Biosciences,

USA) according to the manufacturer’s recommendations. The

blots were probed with b-actin antibodies to confirm equal

loading.

2.7. Detection of cytochrome c release using Western blot
analysis

Upon exposure to 10 mM 15-(S)-HPETE or 40 mM 15-(S)-HETE, the

cells were collected and washed once with PBS and subse-

quently with buffer A (0.25 M sucrose, 30 mM Tris–HCl, pH 7.9,

1 mM EDTA). Cells were then resuspended in buffer A contain-

ing 1 mM PMSF, 1 mg/ml leupeptin, 1 mg/ml pepstatin, 1 mg/ml

aprotinin, homogenized with a glass dounce homogenizer and

centrifuged at 21,000 � g for 10 min. Thirty micrograms of

cytosolic protein extract was used for Western blot analysis as

described above. Cytochrome c was detected using a mouse

monoclonal antibody directed against human cytochrome c.

2.8. Measurement of reactive oxygen species (ROS)

ROS production upon treatment with 15-LOX metabolites was

detected using the dye, DCFH-DA. DCFH-DA, a non-fluorescent
cell-permeant compound, is cleaved by endogenous esterases

inside the cell and the de-esterified product becomes the

fluorescent compound 2070-dichlorofluorescein (DCF) upon

oxidation by ROS [21,22]. Prior to the treatments, cells were

incubated with 10 mM DCFH-DA at 37 8C for 15 min and then

washed twice in PBS supplemented with 10 mM glucose.

Washed cells were resuspended in the same buffer and treated

with either 10 mM 15-(S)-HPETE or 40 mM 15-(S)-HETE for various

time periods and ROS measurement was carried out on FACS

Calibur flow cytometer. Data were collected using the data

acquisition program CELLQuest (Becton Dickinson, San Jose,

CA). DCF data were collected with the following excitation and

emission wavelengths: lexc = 488 nm, lem = 525 nm. Ten thou-

sands events were analyzed per sample.

2.9. Estimation of the cellular glutathiones (GSH and
GSSG)

After the treatments with either 15-(S)-HPETE (10 mM) or 15-(S)-

HETE (40 mM), equal number of cells were collected and

washed twice with phosphate buffered saline, lysed and

protein concentrations were estimated. The cell lysates were

then incubated with sulfosalicylic acid (10%, w/v) for 10 min to

precipitate the proteins and centrifuged at 10,000 � g for 5 min

to remove denatured proteins. GSH and GSSG were estimated

by the enzymatic method (DTNB recycling assay) [23] using a

standard curve with known amounts of GSH.

2.10. Caspase-3 activity assay

After the stipulated treatments, 2 � 106 cells were lysed in

100 ml of CHAPS lysis buffer by three to four freeze–thaw

cycles. The extracts were centrifuged at 12,000 � g and the

resulting supernatants were used for the assay. The assay

was performed according to the manufacturer’s protocol (BD

biosciences, USA). The assay buffer contained 20 mM PIPES,

100 mM NaCl, 10 mM DTT, 1 mM EDTA, 0.1% (w/v) CHAPS,

10% sucrose, pH-7.2. 50 mg of the protein and 10 ml of the

substrate (Ac-DEVD-AFC, 1 mg/ml) were added to 1 ml of

the assay buffer and incubated for 1 h at 37 8C. Measure-

ments were done on spectrofluorimeter with an excitation

wavelength of 400 nm and an emission wavelength of 480–

520 nm.

2.11. Glutathione peroxidase (GPx) assay

5 � 106 cells were lysed in 200 ml of lysis buffer containing

10 mM Tris, pH 7.5, 150 mM NaCl, 0.1 mM EDTA, 0.5% Triton X-

100, incubating on ice for 10 min. Cell lysates were spun at

12,000 � g for 10 min and the supernatants were used for the

assay of GPx. GPx activity was measured by a procedure

described by Paglia and Valentine [24] and the activity was

calculated with an extinction coefficient of 6.22 mM�1 cm�1.

One unit of GPx activity was defined as 1 nmol of NADPH

oxidized per minute.

2.12. Statistical analysis

Data were presented as the mean � S.E. of three independent

experiments. Statistical analysis of differences was carried out
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by one-way analysis of variance (ANOVA). A p-value of less

than 0.05 was considered to be significant.
3. Results

3.1. Effect of 15-lipoxygenase metabolites on the growth of
K-562 cell line

Cells were cultured in RPMI 1640 + 10% FBS and treatments

were carried out in medium containing 1% FBS with 1–20 mM

15-(S)-HPETE and 13-(S)-HPODE, 1–160 mM 15-(S)-HETE and 13-

(S)-HODE for 3–24 h and the cytotoxicity and cell proliferation

were evaluated by the MTT assay. Under these experimental

conditions, 15-(S)-HPETE and 13-(S)-HPODE inhibited the

growth of K-562 cells rapidly by 3 h with IC50 values 10 and

15 mM, respectively (Fig. 1A and C). While 15-(S)-HETE showed
Fig. 1 – Effect of 15-LOX-1 (13-(S)-HPODE and 13-(S)-HODE) and 1

growth of human chronic myeloid leukemia-K-562 cell line. Cel

(S)-HPETE (A), 15-(S)-HETE (B), 13-(S)-HPODE (C) and 13-(S)-HODE (

12 and 24 h post treatment. The values represent the mean W S
maximum cytotoxicity at higher concentrations than its

corresponding hydroperoxide (15-(S)-HPETE) with an IC50

value of 40 mM by 6 h (Fig. 1B), 13-(S)-HODE did not show

any significant effect until extremely high concentrations

(160 mM) were employed (Fig. 1D). Further studies to elucidate

the mechanism of 15-LOX metabolite-induced cell death were

carried out with 15-LOX-2 metabolites, 15-(S)-HPETE and 15-

(S)-HETE, with the above mentioned doses and time periods.

3.2. Flow cytometric analysis of 15-LOX-2 metabolite-
induced apoptosis

Phase-contrast and Fluorescence microscopic (with DNA

binding dye, DAPI) studies carried out with 15-LOX-2 meta-

bolite (15-(S)-H(P)ETE) treated cells showed characteristic

features of apoptosis, such as membrane blebbing, nuclear

condensation, marginalization and fragmentation (data not
5-LOX-2 (15-(S)-HPETE and 15-(S)-HETE) metabolites on the

ls (5 T 103) were treated with various concentrations of 15-

D) and the cell viability was measured by MTT assay at 3, 6,

.E. from three independent experiments.



Fig. 2 – Flow cytometric analysis of 15-LOX-2 metabolite-induced apoptosis in K-562 cells by propidium iodide (PI) staining.

The cells (1.3 T 106 cells) treated with 5, 10 mM 15-(S)-HPETE for 3 h and 20, 40 mM 15-(S)-HETE for 6 h were fixed in 1 ml of

70% ethanol with 0.5% Tween-20 at 4 8C for 30 min and suspended in PBS. The cells were then stained with PI solution for

1 h and analyzed for DNA content by flow cytometry. Data represent the result from one of three similar experiments. (A)

Control; (B) 15-(S)-HPETE (5 mM); (C) 15-(S)-HPETE (10 mM); (D) 15-(S)-HETE (20 mM); (E) 15-(S)-HETE (40 mM).
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included). The induction of apoptosis in 15-LOX-2 metabolite-

treated K-562 cells was verified further and quantified by flow

cytometric analysis of DNA content. Fig. 2 illustrates the DNA

content of 15-LOX-2 metabolite-treated permeabilized cells

obtained after PI staining. Typical sub-diploid apoptotic peaks

were observed in K-562 cells treated with 15-(S)-HPETE (5 and

10 mM for 3 h) and 15-(S)-HETE (20 and 40 mM for 6 h). FACS

analysis of control cells, on the other hand, showed prominent

G1, followed by S and G2/M phases. Only around 4% of these

cells showed hypodiploid DNA (sub G0/G1 peak) (Fig. 2A). This

value of 4% hypodiploid DNA in control cells increased to 18.25

and 50.37% in 15-(S)-HPETE (5 and 10 mM) treated cells (Fig. 2B

and C) and to 32.16 and 42.36% in 15-(S)-HETE (20 and 40 mM)

treated cells (Fig. 2D and E). Increase of hypodiploid apoptotic

cells in response to 15-LOX-2 metabolite treatment is

concentration-dependent and a decrease in the percentage

of cells is noticed in other phases of the cell cycle.

3.3. Cytochrome c release, caspase-3 activation and PARP
cleavage in response to 15-(S)-HPETE and 15-(S)-HETE
treatment

The levels of cytochrome c in the cytosol were elevated within

1 h of treatment with 10 mM 15-(S)-HPETE (Fig. 3A) (lanes 2 and

3) and the levels were further increased at later time points

(lanes 4 and 5). In case of 15-(S)-HETE (40 mM) treatment, the

same time dependent increase in the level of cytochrome c in

the cytosol (lanes 2–4) in comparison to the control (lane 1) was

observed by Western blot analysis (Fig. 3B). Western blot

analysis showed time dependent activation of caspase-3 in

cells treated with both 10 mM 15-(S)-HPETE (Fig. 3C) and 40 mM

15-(S)-HETE (Fig. 3D). Caspase-3 activity was quantified by a
fluorimetric assay with the caspase-3 specific substrate Ac-

DEVD-AFC. Treatment with 10 mM 15-(S)-HPETE resulted in

nearly 5-fold (5 � 0.34, n = 3, p < 0.05) (Fig. 3E) increase in

caspase-3 activity compared to control by 2 h. Cells treated

with 40 mM 15-(S)-HETE showed 3.5–4-fold (3.5 � 0.4, n = 3,

p < 0.05) increase in caspase-3 activity by 4 h (Fig. 3F). 15-LOX-2

metabolite-induced apoptosis was abrogated completely

when cells were pretreated with 25 mM Z-VAD-FMK (a broad

spectrum caspase inhibitor) for 1 h. As depicted in Fig. 3G, after

treatment with 10 mM 15-(S)-HPETE and 40 mM 15-(S)-HETE, the

percentage of apoptotic cells from 6.2 � 1.2 in control raised to

43.5 � 3.4 (n = 3, p < 0.05) and 37 � 2.5 (n = 3, p < 0.05), respec-

tively. However, pretreatment with 25 mM Z-VAD-FMK resu-

lted in decrease of apoptosis to 7.5 � 1.3% (n = 3, p < 0.05) from

43.5% in case of 10 mM 15-(S)-HPETE and to 5.93 � 1.2% from

37% in case of 40 mM 15-(S)-HETE. These results clearly show

that caspase-3 activation occurs and is an essential event in

15-LOX-2 metabolite-induced apoptosis. PARP is a 116 kDa

protein and is cleaved by caspases during apoptosis to gene-

rate 89 and 23 kDa fragments. PARP cleavage was monitored

with PARP antibodies, which recognize the 23 kDa fragment of

the cleaved PARP and intact 116 kDa PARP protein. Fig. 3H and I

illustrates the dose dependent increase in the accumulation of

the 23 kDa cleavage product with 15-LOX-2 metabolite treat-

ment. In contrast, the control cells showed very small

amounts of 23 kDa fragment of PARP (lane 1).

3.4. 15-LOX-2 metabolites induced DNA fragmentation in
K-562 cells

Agarose gel electrophoresis of DNA extracted from K-562 cells

treated with 15-(S)-HPETE (5 and 10 mM for 3 h) and 15-(S)-HETE
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(20 and 40 mM for 6 h) showed a progressive increase in the

non-random DNA fragmentation into a ladder of 180–200 bp

Fig. 4, lanes 2–5). Such a pattern corresponds to internucleo-

somal cleavage, reflecting the endonuclease activity charac-

teristic of apoptosis. Control cells did not show any

internucleosomal DNA fragmentation (lane 1).

3.5. Reactive oxygen species (ROS) are generated upon 15-
LOX-2 metabolite treatment

ROS induction upon 15-LOX-2 metabolite treatments was

examined through DCFH-DA analysis. Upon treatment with

10 mM 15-(S)-HPETE, significant generation of ROS was

observed within minutes as evidenced by the shift in DCF

fluorescence, 6.29 � 0.32 (n = 3, p < 0.05) folds over control in

30 min and 8.95 � 0.57 folds over control in 60 min (Fig. 5A).

Treatment with 15-(S)-HETE (40 mM) resulted in significant

generation of ROS compared to control although the magni-
Fig. 3 – Effects of 15-(S)-HPETE (10 mM) and 15-(S)-HETE (40 mM)

cleavage. (A and B) Cytochrome c release. Equal amounts of pro

HPETE (A) and 40 mM 15-(S)-HETE (B) for the indicated times were

cytochrome c antibody. (C and D) Detection of caspase-3 cleavag

on 12% SDS-PAGE and probed with anti-caspase-3 antibodies th

(S)-HPETE (10 mM); (D) 15-(S)-HETE (40 mM). Actin was probed to

cleavage by spectroflourimetric assay. K-562 cells after treateme

(S)-HETE (for 2, 4 h) were lysed and assayed for caspase-3 activ

Ac-DEVD-CHO, a specific inhibitor for caspase-3 was used as an

HPETE—1 h; 3, 10 mM 15-(S)-HPETE—2 h; 4, 10 mM 15-(S)-HPETE—

40 mM 15-(S)-HETE—2 h; 3, 40 mM 15-(S)-HETE—4 h; 4, 40 mM 15-(

of Z-VAD-FMK, a broad spectrum caspase inhibitor on 15-LOX-

preincubated with a cell permeable caspase inhibitor Z-VAD-FM

HPETE for 3 h or with 40 mM 15-(S)-HETE for 6 h and scored for

staining. Data presented here represent the mean W S.E. from t

established at *p < 0.05. (H and I) Detection of PARP cleavage in K

15-(S)-HPETE (10 mM) (H) and 15-(S)-HETE (40 mM) (I). Cells (3.5 T 1

times in a time dependent manner. Fifty micrograms of total pr

gel was electroblotted onto a nitrocellulose membrane. PARP (1

detected using a goat polyclonal anti-PARP antibody. Actin was
tude of ROS generation is somewhat less than that observed

with 15-(S)-HPETE (Fig. 5B). This differential induction of ROS

by the hydroperoxy [15-(S)-HPETE] and hydroxy [15-(S)-HETE]

metabolites may play a key role in the difference in their

growth inhibitory effects and induction of apoptosis. ROS

production in case of 15-LOX-2 metabolite treatment is

associated with changes in reduced glutathione (GSH) levels.

This is evident by an increase in the levels of GSH in the earlier

time points with a decrease at later time points. This decrease

in the GSH levels was not associated with any significant

change in the levels of oxidized glutathione (GSSG), which

further resulted in decrease in GSH/GSSG ratio as depicted in

Fig. 5C. To examine the role of ROS generation and glutathione

depletion in 15-LOX-2 metabolite-induced apoptosis, the cells

were pretreated with 50 mM NAC (a glutathione precursor and

an anti-oxidant) for 3 h followed by 10 mM 15-(S)-HPETE or

40 mM 15-(S)-HETE treatments and analyzed for ROS produc-

tion and inhibition of apoptosis. NAC pretreatment resulted in
on cytochrome c release, caspase-3 cleavage and PARP

tein (30 mg) from the K-562 cells treated with 10 mM 15-(S)-

analyzed on 15% SDS-PAGE and immunoblotted with anti-

e by Western blotting. Treated cell extracts were resolved

at specifically detect cleaved caspase-3 fragments. (C) 15-

confirm equal loding. (E and F) Detection of caspase-3

nt with either 10 mM 15-(S)-HPETE (for 1, 2 h) or 40 mM 15-

ity with a fluorogenic caspase-3 substrate—Ac-DEVD-AFC.

assay control. (E) 15-(S)-HPETE: 1, control; 2, 10 mM 15-(S)-

2 h + Ac-DEVD-CHO (1 mg/ml). (F) 15-(S)-HETE: 1, control; 2,

S)-HETE—4 h + Ac-DEVD-CHO (1 mg/ml). (G) Protective effect

2 metabolite-induced apoptosis. K-562 cells were

K (25 mM) for 1 h and then treated with either 10 mM 15-(S)-

apoptotic cells on flow cytometer using propidium iodide

hree independent experiments and the significance was

-562 cells using Western blot analysis after treatment with

06) were seeded in 60 mm dishes and treated for indicated

otein extract were separated on a 12% SDS-polyacryamide

16 kDa) and the cleavage product of PARP (23 kDa) were

used as a control for equal loading.



Fig. 3. (Continued ).
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reduction of cellular ROS levels by 52% in 15-(S)-HPETE (Fig. 6A)

and by 63% in 15-(S)-HETE treatment (Fig. 6B) and reduced

apoptotic induction by 63.2 and 47% in 15-(S)-HPETE (Fig. 7A)

and 15-(S)-HETE treatments (Fig. 7B), respectively. Apoptosis

induced by 10 mM 15-(S)-HPETE (Fig. 7A) and 40 mM 15-(S)-HETE

(Fig. 7B) was reduced by 66.8 and 55%, respectively, when cells

were pretreated with 200 mM GSH, corroborating with previous

observations of induction of ROS and depletion of reduced

glutathione during 15-LOX-2 metabolite-induced apoptosis.

These anti-oxidants inhibit the activation of caspase-3 (Fig. 8A

and B) and thereby abrogating the subsequent induction of

apoptosis.
3.6. NADPH oxidase activation by 15-LOX-2 metabolites
initiates ROS generation and subsequent induction of
apoptosis

Pretreatment of K-562 cells with 10 mM DPI for 1 h followed by

treatments with 10 mM 15-(S)-HPETE for 1 h or 40 mM 15-(S)-

HETE for 1.5 h, resulted in the reduced intracellular ROS levels

(Fig. 9A and B). Pretreatment of DPI inhibited 85% of ROS

production induced by 15-(S)-HPETE and 76% of ROS produc-

tion induced by 15-(S)-HETE. These results demonstrate that

NADPH oxidase is the site of ROS production in case of both 15-

(S)-HPETE and 15-(S)-HETE treatments. When K-562 cells were



Fig. 4 – Induction of DNA fragmentation by 15-LOX-2

metabolites. DNA was isolated from K-562 cells treated

with various concentrations of 15-(S)-HPETE (for 3 h) and

15-(S)-HETE (for 6 h) as indicated, and separated on 1.5%

agarose gel. DNA was stained with ethidium bromide and

visualized under UV light.

Fig. 6 – ROS analysis by DCFH-DA of K-562 cells pretreated

with 50 mM N-acetyl cysteine (NAC—glutathione

precursor) for 3 h followed by treatment with 15-LOX-2

metabolites. (A) 1, control; 2, 10 mM 15-(S)-HPETE—60 min;

3, 10 mM 15-(S)-HPETE—60 min + 50 mM NAC. (B) 1, control;

2, 40 mM 15-(S)-HETE—90 min; 3, 40 mM 15-(S)-HETE—

90 min + 50 mM NAC.
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pretreated with 10 mM DPI and analyzed by propidium iodide

staining, a dose dependent decrease in the induction of

apoptosis was observed (Fig. 7A and B). The abrogation of

apoptosis by DPI pretreatment was preceded by concomitant
Fig. 5 – (A and B) 15-(S)-HPETE and 15-(S)-HETE induced ROS gene

DCFH-DA for 15 min and then washed and incubated in PBS (con

40 mM 15-(S)-HETE for indicated time periods. DCF fluorescence w

using 530 nm emission filter. (A) 1, control; 2, 10 mM 15-(S)-HPET

40 mM 15-(S)-HETE—30 min; 3, 40 mM 15-(S)-HETE—60 min; 4, 40

on glutathione depletion, as represented by GSH/GSSG ratio. GSH

with 15-(S)-HPETE (10 mM) and 15-(S)-HETE (40 mM) for indicated

sulfosalicylic acid (w/v) and the protein free extracts were used

Data presented represent the mean W S.E. of three independent

compared to 0 h treatments.
inhibition of caspase-3 activation (Fig. 8A and B). As DPI was

also shown to inhibit inducible nitric oxide synthase (iNOS)

[25], we examined the effects of L-NMMA, a more specific

inhibitor of iNOS on 15-LOX-2 metabolite-induced apoptosis to

determine the role of iNOS. The results presented in Figs. 7(A

and B) and 8(A and B), clearly show that L-NMMA can neither

rescue cells from cell death nor inhibit caspase-3 activation

ruling out the possibility of iNOS activation. These data further

substantiate NADPH oxidase role in 15-LOX-2 metabolite-

induced ROS generation and apoptosis.
ration in K-562 cells. K-562 cells were incubated with 10 mM

taining 10 mM glucose) with either 10 mM 15-(S)-HPETE or

as detected by flow cytometry after stipulated treatments

E—30 min; 3, 10 mM 15-(S)-HPETE—60 min. (B) 1, control; 2,

mM 15-(S)-HETE—90 min. (C) Effect of 15-LOX-2 metabolites

and GSSG levels were measured after treating K-562 cells

time periods. The cell lysates were treated with 10%

to measure GSH and GSSG levels by DTNB recycling assay.

experiments. The significance was established at *p < 0.05



Fig. 7 – Inhibitory effects of NADPH oxidase inhibitor (DPI),

iNOS inhibitor (L-NMMA), ROS inhibitors (NAC, GSH and

catalase) on 15-LOX-2 metabolite-induced apoptosis. K-

562 cells were pretreated with various classes of

inhibitors—10 mM DPI (1 h)/200 mM L-NMMA (3 h)/50 mM

NAC (3 h)/200 mM GSH (3 h)/1000 U/ml catalase (1 h) and

followed by 15-LOX-2 metabolite treatment. (A) K-562 cells

treated with various inhibitors and/or with 10 mM 15-(S)-

HPETE as shown in the figure; (B) K-562 cells treated with

various inhibitors and/or with 40 mM 15-(S)-HETE. Data

represent mean W S.E. from three independent

experiments and the significance was established at
*p < 0.05 compared with respective 15-LOX-2 metabolite

treatment.

Fig. 8 – Inhibitory effects of 10 mM DPI (1 h)/50 mM NAC (3 h)/

200 mM GSH (3 h)/200 mM L-NMMA (3 h)/1000 U/ml catalase

(1 h) on 15-LOX-2 metabolite-induced caspase-3 activity.

K-562 cells were pretreated with various classes of

inhibitors followed by 15-LOX-2 metabolites as shown in

the figure. (A) K-562 cells treated with various inhibitors

and/or 15-(S)-HPETE (10 mM) (1, control; 2, 15-(S)-HPETE—

10 mM (15HPT10); 3, catalase—1000 U/ml + 15HPT10; 4,

NAC—50 mM + 15HPT10; 5, GSH—200 mM + 15HPT10; 6,

DPI—10 mM + 15HPT10; 7, L-NMMA-200 mM + 15HPT10). (B)

K-562 cells treated with various inhibitors and/or 15-(S)-

HETE (40 mM) (1, control; 2, 15-(S)-HETE—40 mM (15HT40);

3, DPI—10 mM + 15HT40; 4, catalase—1000 U/ml + 15HT40;

5, NAC—50 mM + 15HT40; 6, GSH—200 mM + 15HT40; 7, L-

NMMA-200 mM + 15HT40). Data represent one of the three

independent experiments carried out.
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3.7. Effect of catalase on 15-LOX-2 metabolite-induced
apoptosis

Pretreatment with 1000 U/ml of catalase, an anti-oxidant

enzyme, resulted in the inhibition of 15-(S)-HPETE induced

apoptosis by 80% (Fig. 7A) and 15-(S)-HETE induced apoptosis

by 55% (Fig. 7B). Pretreatment by Catalase also inhibited

caspase-3 activation by 72% in 15-(S)-HPETE and by 42% in 15-

(S)-HETE treatment (Fig. 8A and B).

3.8. Cellular glutathione peroxidase levels and induction of
apoptosis by 15-LOX-2 metabolites

In view of differential effects of hydroperoxy and hydroxy

metabolites, further studies were undertaken on the enzyme

activity levels of GPx in K-562 and other leukemic cell lines, U-

937, HL-60 and Jurkat for comparison. These studies revealed

very low levels of GPx activity in K-562, Jurkat and high levels
in U-937 cells (Fig. 10A). In the light of above, Jurkat (with low

GPx) and U-937 (with high GPx) were treated with different

concentrations of 15-(S)-HPETE and 15-(S)-HETE and analyzed

by MTT assay. These studies illustrate that U-937 cell line, with

high levels of GPx, was found to be highly resistant compared

to Jurkat with low levels of GPx to 15-LOX-2 metabolite

treatment (Fig. 10B).
4. Discussion

LOXs have been implicated in the pathogenesis of several

disorders including asthma, allergy, inflammation, psoriasis

and atherosclerosis. The relationship between LOXs and

carcinogenesis is well established and recent studies show

that various LOX pathways exist in a dynamic balance that

shifts towards 5-, 8- and 12-LOXs and away from 15-LOX

during carcinogenesis [7]. Even though the role of 15-LOX in



Fig. 9 – ROS analysis by DCFH-DA of K-562 cells pretreated

with 10 mM DPI, an NADPH oxidase inhibitor for 1 h and

followed by the treatment with 15-LOX-2 metabolites. (A)

control; 2, 10 mM 15-(S)-HPETE—60 min; 3, 10 mM 15-(S)-

HPETE—60 min + 10 mM DPI. (B) 1, control; 2, 40 mM 15-(S)-

HETE—90 min; 3, 40 mM 15-(S)-HETE—90 min + 10 mM DPI.

Data presented represent one of the three independent

experiments.
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mediating anti-carcinogenic effects was established, the

mechanisms mediating these effects are still unclear. In this

study, we analyzed the growth inhibitory effects of metabo-

lites of 15-LOX-1 [13-(S)-HPODE and 13-(S)-HODE] and 15-LOX-

2 [15-(S)-HPETE and 15-(S)-HETE] on chronic myeloid leukemia

(K-562) cells. Both 15-(S)-HPETE and 15-(S)-HETE showed rapid

growth inhibitory effects on K-562 cells, the former being more

potent than the latter. Among 15-LOX-1 metabolites, 13-(S)-

HPODE showed potent growth inhibitory effects but the

hydroxy metabolite, 13-(S)-HODE, showed no significant effect

even at concentrations as high as 80 mM. These results are in

agreement with earlier reports where in 50 mM of 13-(S)-HODE

did not inhibit the proliferation of colorectal carcinoma cells

(Caco-2 and DLD-1) [26] and prostatic cancer cell lines (LNCaP,
Fig. 10 – (A) Analysis of glutathione peroxidase levels in various

as units/mg protein. One unit of GPx activity was defined as on

the mean W S.E. from three independent experiments; (B) growt

Jurkat cell lines. 5 T 103 cells were treated with 10 mM 15-(S)-HP

analyzed by MTT assay as described in methodology. Data pres

experiments.
PC3 and DU145) [27]. Both phase-contrast and DAPI-DNA

binding fluorescent microscopic studies showed that 15-(S)-

HPETE and 15-(S)-HETE trigger cell death through induction of

apoptosis in K-562 cells. K-562 cells treated with 10 mM 15-(S)-

HPETE and 40 mM 15-(S)-HETE, revealed membrane blebbing,

chromatin condensation, and formation of apoptotic bodies,

all characteristic features of cells undergoing apoptosis. Flow

cytometric analysis showed a prominent sub G0/G1 peak with

both 15-(S)-HPETE and 15-(S)-HETE treatments. 15-(S)-HPETE

treatment as shown in Fig. 2C resulted in 50% of cell death by

3 h where as 15-(S)-HETE showed similar effects at 40 mM

concentration by 6 h. Similar effects have been observed with

parent polyunsaturated fatty acids but only at very high

concentrations [28]. DNA laddering, observed in 15-(S)-HPETE

and 15-(S)-HETE treated cells further substantiates the induc-

tion of apoptosis by 15-LOX-2 metabolites.

Mitochondria play a key role in the activation of the

caspase cascade via the release of cytochrome c from the

mitochondrial intermembrane space [29]. Release of cyto-

chrome c into the cytosol is one of the early events that init-

iate apoptosis. Consistent with these findings, we observed

release of cytochrome c at earlier time points of exposure to

15-(S)-HPETE and 15-(S)-HETE. Once released into the cytosol,

in the presence of dATP, cytochrome c participates in a

protein-protein interaction with Apaf-1, which leads to the

sequential activation of procaspase-9 and procaspase-3 [30]. In

the present study the release of cytochrome c is followed by a

clear time dependent activation of caspase-3. PARP cleavage

products observed in K-562 cells exposed to 15-(S)-HPETE

and 15-(S)-HETE provides an evidence for the caspase-3

activation during 15-LOX-2 metabolite-induced apoptosis.

These findings demonstrate that 15-LOX-2 metabolites induce

apoptosis by activating the intrinsic death pathway through a

series of events involving cytochrome c release, caspase-3

activation, PARP cleavage and DNA fragmentation.

Cytochrome c leakage is associated with mitochondrial

permeability transition perturbations and generation of reac-

tive oxygen species (ROS) [31–33]. The possible involvement
cancer cell lines as indicated and the activity is represented

e nmole of NADPH oxidized per min. The values represent

h inhibitory effects of 15-LOX-2 metabolites on U-937 and

ETE and 40 mM 15-(S)-HETE for 3, 6, 12 and 24 h and

ented represent the mean W S.E. from three independent



Fig. 11 – Scheme depicting the proposed mechanism of

induction of apoptosis in K-562 cells by 15-(S)-HPETE and

15-(S)-HETE.
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of ROS generation in 15-LOX-2 metabolite-induced apoptosis

investigated through DCFH-DA analysis in the present study

indicates that there is many-fold induction of ROS within

minutes of 15-LOX-2 metabolite treatment. This is associated

with the depletion of cellular glutathione levels, the cellular

anti-oxidant defense system, which paralleled the apoptotic

induction;N-acetyl cysteine (NAC), a glutathione precursor and

reduced glutathione (GSH) have diminished the ROS production

induced by 15-LOX-2 metabolites and inhibited subsequent

activation of caspase-3 and induction of apoptosis. DPI, an

NADPH oxidase inhibitor has reduced ROS produced by both

15-(S)-HPETE and 15-(S)-HETE, abrogated the activation of

caspase-3 and subsequent induction of apoptosis. These results

clearly indicate that ROS generated through the activation of

NADPH oxidase is an upstream event of cytochrome c release

and caspase activation in 15-LOX-2 metabolite-induced apop-

tosis. Several independent studies have shown that NADPH

oxidase-mediated ROS generation is critical to trigger apoptosis

[34]. DPI also inhibits other flavoprotein-using enzymes, such as

inducible nitric oxide synthase (iNOS) [25]. However, L-NMMA, a

more specific inhibitor of iNOS did not inhibit 15-LOX-2

metabolite-inducedapoptosis significantly, demonstrating that

nitric oxide and reactive nitrogen intermediates are not

involved in 15-LOX-2 metabolite-induced apoptosis. These

observations reinforce our hypothesis that NADPH oxidase

generated ROS mediates 15-LOX-2 metabolite-induced apop-

tosis.

Pretreatment of cells with catalase inhibited the apoptosis

induced by 15-(S)-HPETE to a larger extent and partially

inhibited apoptosis induced by 15-(S)-HETE. Inhibiton of

apoptosis by catalase pretreatment suggests that H2O2 is

being accumulated within the cells upon 15-LOX-2 metabolite

treatment. ROS generation shown earlier by DCFH-DA

analysis further supports such a possibility. Glutathione

peroxidase (GPx) across the cell lines is the principal enzyme

in reducing hydroperoxy metabolites to less toxic hydroxy

metabolites [35]. The levels of GPx are varying across the cell

lines (K-562, Jurkat, HL-60 and U-937) and there is a direct

relevance to the anti-proliferative effects of 15-LOX-2 meta-

bolites and GPx levels in the cell line. Both, 15-(S)-HPETE, the

hydroperoxy metabolite and 15-(S)-HETE, hydroxy metabolite,

showed diminished anti-proliferative effects in cells with high

peroxidase activity. 15-(S)-HETE, though required in higher

concentrations, induced apoptosis through a mechanism

similar to that of 15-(S)-HPETE. In contrast to the hydroxy

metabolite of 15-LOX-2 [15-(S)-HETE], the hydroxy metabolite

of 15-LOX-1 [13-(S)-HODE] did not induce apoptosis until very

high concentrations were applied. In the light of these

differential anti-proliferative effects of 15-LOX metabolites

on the cell lines with varied levels of GPx, we hypothesize that

15-(S)-HETE undergoes further oxygenations inside the K-

562 cells and these oxygenated metabolites induce apoptosis.

Our hypothesis draws support from earlier observations

that 15-(S)-HETE which has got additional doubly allelic

methylene groups can undergo further oxygenation once

entered into the cell [36]. 13-(S)-HODE, however, lacks these

groups to undergo further oxygenation. 15-(S)-HETE, after

entering the cell can be converted to a hydroperoxy, hydroxy

metabolite like 5-hydroperoxy-15-(S)-HETE or 8-hydroperoxy-

15-(S)-HETE depending on the type of LOX present in the cell,
which subsequently generates ROS and induces apoptosis. In

support of this hypothesis, chronic myeloid leukemia cells

have been shown to contain other LOX enzymes [37,38].

In the current study,we haveshown the differentialability of

15-LOX metabolites to exert growth inhibitory effects and rapid

induction of apoptosis in chronic myeloid leukemia (K-562) cell

line. We have further delineated the pathway of apoptotic

induction by 15-LOX-2 metabolites and the molecular mechan-

isms associated with it. Our results clearly indicate that the

apoptosis induced by 15-(S)-HPETE and 15-(S)-HETE is asso-

ciated with the release of cytochrome c, activation of caspase-3,

PARP cleavage and DNA fragmentation. We have shown for the

first time that ROS produced by NADPH oxidase activation is

responsible for the 15-LOX-2 metabolite-induced apoptosis

through intrinsic death pathway (Fig. 11). In the present study,

we come up with a hypothesis that addresses the discrepancies

existing between the differential effects shown by the two 15-

LOX isoforms and their hydroperoxy and hydroxy metabolites.
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