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Abstract

Arachidonic acid (AA) reaction with cyclooxygenase (COX) and lipoxygenases (ILOX) yield eicosanoids that can mediate
prostate cancer proliferation and enhance both tumour vascularization and metastasis. Increasingly measurement of
eicosanoids with liquid chromatography is employed to implicate LOX activity in different biological systems and in
particular link LOX activity to the progression of cancer in experimental models. This study demonstrates that simply
identifying patterns of eicosanoid regio-isomerism is insufficient to designate LOX activity in prostate cancer cells and the
analysis must include complete stereochemical assignment of the various isomers in order to validate the assignment of LOX

activity.
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Introduction

Eicosanoids and related compounds prostaglandins
such as prostacyclin, leukotrienes and thromboxanes
are metabolites of arachidonic acid that are produced
by many different cells types. Although their primary
physiological actions are generally related to inflam-
mation and haemostasis, by nature they are vasoac-
tive agents that can modulate cardiovascular
function, particularly in relation to the maintenance
of blood pressure and vascular tone [1]. Their effects
are highly localized and collectively they can act as
paracrine hormones being released locally by cells to
act on nearby cells.

The synthesis and biological action of eicosanoids
has increasingly become a focus for therapeutic
development in the setting of cancer [2,3]. Recent
evidence has demonstrated that eicosanoids are po-
tent cell cycle regulators with specific 15-LLOX iso-
forms and their products associated with anti-tumour

activity, while the 5- and 12-LOX enzymes and their
respective eicosanoid products increase during tu-
mour development in some cancers [3,4]. Consistent
with this idea, pharmacologic and natural inhibitors of
5-LOX are effective tumour suppressors in some
experimental models of cancer [5,6].

It is also well established that eicosanoid synthesis
from labelled AA is greater in malignant than benign
prostate cancer tissue, suggesting an increased AA
flux through the COX and LOX pathways [7].
Monitoring hydroxyeicosatetraenoic acid (HETE) as
an index of LOX activity has been used in studies of
cancer [8-11] and other inflammatory disorders [12—
14] as the primary means to assign LOX activity.

LOX enzymes generate regio-selective hydroperox-
yeicosatetraenoic acid products (H(P)ETE) that are
reduced to the corresponding HETE. The chemical
structures of the 5-, 12- and 15-H(P)ETE and
the corresponding HETE products are shown in
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Scheme 1 with their respective stereogenic centres
highlighted.

Each AA oxidation product is characterized by the
site of modification on the fatty acid backbone. For
example, 5-, 12- or 15-HETE products are generated
by the corresponding 5-, 12- or 15-L.OX. Each regio-
specific product contains a mixture of R- and S-
HETE stereo-isomers (termed racemic when the S/R
ratio = 1). Irrespective of regio-outcome, LOX activ-
ity yields primarily the S-HETE in enantiomeric
excess and this affords a S/R ratio of HETE >1
[15,16]. This combined regio- and stereo-specificity
is confounded by the production of peroxyl radicals
that ‘leak’ from the LOX active site [17] or through
the autoxidation of AA. Free radicals stimulate AA
oxidation by a radical-chain mechanism vyielding
similar regio-isomeric distributions as LOX. The
key to differentiating non-enzymatic (non-stereo-
selective) from enzymatic (stereo-selective) oxidation
is determination of the S/R-HETE ratio since free
radical-mediated oxidation affords the S- and R-
HETE in equal yield and affords a S/R ratio of ~ 1.

In this study we demonstrate that the defining
parameter for the unambiguous assignment of LOX
activity in cultured prostate cancer cells is the
identification of the ratio of S/R-HETE products
and not the assessment of the regio-isomeric distribu-
tion.

Materials and methods
Cells

Two prostate cancer cell lines (LNCaP and PC3)
were used as models of prostate cancer. These cell

lines differ by isolation site and androgen sensitivity.
LNCaP (#CRL-1740) and PC3 (#CRL-1435) cell

Scheme 1. Chemical structures of LOX-mediated AA
oxidation products with the stereogenic centres shown at
the 5, 12 or 15-regioisomer. Structures with R = -OOH
correspond to the (i) 5-, (ii) 12- and (i) 15-H@P)ETE
products while structures with R = -OH correspond to the
(i) 5-, (ii) 12- and (iii) 15-HETE products. Note, these AA
oxidation products are distinct from the isoprostane series
of AA oxidation products that contain a fused pentacyclic
ring.

lines were purchased from American Type Cell
Collection (ATCC) (Rockville, MD). LNCaP cells
were isolated from a supraclavicular lymph node
metastasis of human prostate cancer. This cell line
is androgen sensitive and is used as the model for
androgen-dependent prostate cancer [18]. Cultured
PC3 cells represent an androgen insensitive cell line
that was derived from bone metastasis.

Cell culture

Prostate cancer cells were routinely cultured in
RPMI-1640 media (containing 11 mM glucose)
supplemented with 10% v/v Foetal Calf Serum
(FCS), Penicillin (50 U/ml) and Streptomycin (100
g/ml). Cells were cultured in sterile (75 cm?) tissue
culture flasks (Asahi Technoglass, Tokyo, Japan) at
37°C with 5% COy, in a humidified atmosphere to
~ 80% confluence before use in further experiments.
Where required, cells were harvested by washing the
monolayers in warm phosphate buffered saline (PBS)
containing 33% trypsin (0.05% v/v)-EDTA for 15
min at 37°C and then neutralizing the trypsin by
addition of an equal volume of warm FCS. Cells
from 8-10 culture flasks were combined to yield a
single pooled cell pellet for use in AA oxidation
studies. Total protein (BCA assay, Sigma Australia)
was then measured in these pooled samples prior to
their use in AA oxidation studies. The values
obtained were as follows: PC3 cells protein =8.7 +
0.1 mg/mL; LNCaP cells=9.5+0.2 mg/mL. The
high cell densities were required to generate signifi-
cant amounts of AA oxidation products suitable for
HPLC analysis.

Cell studies

Cultured LNCaP and PC3 prostate cancer cell lines
were initially treated with 1 and 1.5 mM Ibuprofen,
respectively—DMSO was employed as control. Ibu-
profen was employed as a non-specific COX inhibitor
to minimize the contribution of COX to AA meta-
bolism in these cell preparations. Next, the cell
samples were incubated at 37°C for 72 h, harvested,
cell density was adjusted to yield final cell pellets
~ 10 mg total cell protein/mL and then isolated cell
samples were incubated with 0.1 mM purified AA at
37°C for 1 h. The ratio of added AA to total cell
protein in these reactions were determined to be
~ 3400 and 3800 pg/ug protein for LNCaP and PC3
cells, respectively. These levels of AA are comparable
to total AA determined in the brain of rodents (9632
pg/ug protein [19]), albeit that this concentration of
lipid is a measure of total tissue AA and not
necessarily a measure of the pool of free AA available
for enzymic oxidation.

Note, commercial AA contains oxidation products
that must be removed with reversed-phase chromato-
graphy and analytical purity verified before use—
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refer below for chromatographic method. Samples
containing phosphate buffered saline (PBS; pH 7.4;
NaCl 150 mM) and purified AA served as the vehicle
control. Total lipids were extracted into chloroform/
methanol/water (5:1:1 v/v/v), centrifuged (3600 x g,
15 min), the chloroform phase dried and the residue
reconstituted with methanol/water (9:1 v/v) for use in
the chromatographic separations below.

In some experiments cultured LNCaP cells were
pre-treated with the selective inhibitor of 5-LOX,
MKS886 (Sigma, Australia), prior to exposure to AA
and assessment of the S-to-R ratio of HETE pro-
ducts. Under these conditions cells were pre-incu-
bated at 37°C for 48 h with the inhibitor present at a
final concentration of 18 pM. This dose was selected
as cytotoxicity studies showed that this concentration
corresponded approximately to the ~ICs, value for
this inhibitor (data not shown).

Autoxidarion of purified AA

Stock solutions of AA were purified by HPLC (see
below) and diluted to a final concentration of 100
mM. Samples designated for autoxidation were
placed into plastic screw cap tubes and allowed to
stand at 37°C with constant exposure to ambient
light. After 72 h, the samples were extracted for
assessment of HETE products as outlined below.

Liquid chromatography

Native and oxidized AA in the cell samples were
separated by reversed-phase HPLC using a LC18-
DB column (25 x 0.46 cm, particle size 5 pm) eluted
with methanol/water/ethanoic acid (90:10:0.1, v/v/v)
at 1 mL/min. Unresolved mixtures of (R/S)-
H(P)ETEs eluted between 4-7 min and authentic
AA at 15-18 min, as determined by comparison with
appropriate standards (Cayman, Australia). The
eluting (R/S)-H(P)ETEs were collected, dried and
resuspended in methanol then treated with 5 mM
sodium borohydrate to generate the corresponding
HETESs. The mixture was mixed vigorously, centri-
fuged (3600 x g, 15 min) and extracted into chloro-
form/methanol/water (5:1:1 v/v/v). The chloroform
layer was removed, the aqueous phase re-extracted
with chloroform and the combined extracts dried and
the residue resuspended in hexane.

Enantiomeric mixtures of 5(R/S)-, 8(R/S)-, 11(R/
8)-, 12(R/S)- and 15(R/S)-HETE were separated by
normal-phase chromatography using a LLC-Si column
(25 x 0.46 cm, particle size 5 um) eluted with hexane/
isopropylalcohol/acetic acid (120:2:0.1 v/v/v) at 1
mL/min. The 12(R/S)-, 15(R/S)- 11(R/S)-, 8(R/S)-
and 5(R/S)-HETE eluted between 7-8, 9-11, 14-16,
20-25 and 35-45 min, respectively. The mixtures of
5(R/S)-, 8(R/S)-, 11(R/S)-, 12(R/S)- and 15(R/S)-
HETE were collected, dried and resuspended in
hexane then resolved into R or S stereo-isomers
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with a Chiralcel chiral column (Diacel Industries)
eluted with hexane/isopropylalcohol/acetic acid
(115:5:0.1v/v/v) at 1 mL/min and monitoring pro-
ducts at 238 nm.

Results

Cell-derived eicosanoids were initially separated
from native AA to decrease the possibility of
adventitial oxidation after isolation from the cell
fraction (Figure 1A). Any ongoing oxidation in the
absence of cell proteins is likely to involve radical-
mediated processes and this may affect the final
stereoisomeric distribution of HETE products. The
regio-distribution of this mixture was determined
with normal-phase chromatography [15,16]. As
anticipated the regio-distribution of HETE products
isolated from mixing AA with (Figure 1B) or with-
out (Figure 1C) cancer cells were similar. These
data confirmed that same regio-isomeric distribution
of products can be obtained through enzymic or free
radical-mediated AA modification. Next, the iso-
lated 12 and 15 regio-isomers (corresponding to the
major AA oxidation products) were separated into
the S- and R-HETE products with chiral chromato-
graphy.

Separation of the various stereo-isomers in this way
allowed a comprehensive quantification of the ratio of
enantiomers for these major products (Table I).
Typically, AA oxidation stimulated by either
cancer cell type yielded predominantly 15(S)-HETE
(Figure 2). The S/R ratio of HETEs obtained from
mixing cells with AA is>1, indicative of LOX
enzymic activity. Whereas, in the absence of cells
the S/R ratio of ~1 for the recovered HETE
oxidation products is typical of non-stereo-selective
AA oxidation that occurs as a result of free radical-
mediated oxidation (Table I).

In separate studies, we investigated the effect of the
5-LOX inhibitor MK886 on the stereoisomer distribu-
tion of 5-HETE products obtained from LNCaP cells
(Table IT). Consistent with enzymic oxidation of added
AA by 5-LOX, the S/R ratio of 5-HETE products
was > 1 in the absence of MK886. Pre-treatment with
MKS886 significantly inhibited the yield of racemic
5-HETE (relative yield 0.35+ 0.13, representing a
decrease of 65%; p<0.05; n=3) consistent with a
majority of the accumulated 5-HETE products result-
ing from enzymic oxidation of AA. However, some
significant residual oxidation remained after inhibition
of 5-LOX and the isolated products yielded 5-HETE
with an S/Rratio ~ 1. This latter observation indicated
that inhibition of 5-L.OX did not completely ablate AA
oxidation and that non-enzymic pathways continued
to accumulate (S and R) 5-HETE products in near
equal proportions.
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Figure 1. Purified AA (ImM) free of detectable oxidation
products was exposed to cultured LNCaP cells. (A) Oxidation
products were isolated from excess AA (see Methods). (B) The
isolated products were separated into HETE regio-isomers using
normal-phase chromatography. (C) AA autoxidation yields a
similar pattern of HETE regio-isomers to that in the presence of
cells. Data are representative of that obtained from at least 3
independent experiments using different cell preparations.

Table I. Stereo-selective AA oxidation by prostate cancer cells.”

Cell-type 12-HETE (ratio S/R) 15-HETE (ratio S/R)

LNCaP 2.840.4 (2.6-3.2)%
PC3 2.940.4 (2.6-3.2)*
Cell free 1.040.1 (0.9-1.0)

1.840.8 (1.2-2.1)*
2.140.5 (1.7-2.7)*
1.040.0 (0.99-1.1)

“S/R ratios were determined by chiral separation as described in
the methods. The S/R ratio represents a quotient of the corres-
ponding peak areas from the resolution of the 12- and 15-HETE
stereo-isomers by chiral HPLC. Data represent mean+SD, n =3-4
experiments (data range in brackets).

* Significantly different to the cell free system; p <0.05.
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Figure 2. Isolated HETE regio-isomers from cell (A) or cell free
studies (B) were separated into R or S stereo-isomers with chiral
chromatography (confirmed by spiking with authentic 12/15-S-
HETE). Peak area was used to assess the S-to-R ratio as a surrogate
for LOX activity. Data are representative of that obtained from at
least 3 independent experiments using different cell preparations.

Discussion

We wished to monitor LOX activity in cultured
prostate cancer cells. In reviewing the available data
and methodologies, we have identified that in many
cases researchers in various fields including cancer
have commonly utilized determinations of regio-iso-
mer distribution combined with pharmacologic inhi-
bition to imply changes in LOX activity [8,9,11,20—
23]. This practice can lead to the incorrect interpreta-
tion of the data since (i) free radical-mediated AA
oxidation leads to the same regio-isomer distribution
and (ii) it is not clear whether LOX inhibitors may also
act as chain breaking antioxidants or exhibit other
LOX-independent activities. For example, mitochon-
dria are direct targets of the 5-1.LOX inhibitor MK886.

Where added to PC3 with prostate cancer cells at a

final concentration of 10 pM, MK886-mediated
changes to the mitochondrial transition pore, inhibited
respiration and increased cell death [24]. By contrast,
addition of 1 pM MK886 had no major effect on PC3
cell survival [24]. Interestingly, the free radical spin
trap N-tertbutylnitroxide (NTBN) promotes apopto-
sis in lung and pancreatic cancer cells by the same
mechanism as the 5-LOX inhibitor MK866, but acts
distinctly from the pro-apoptotic 5-LOX inhibitor
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Table II. AA oxidation mediated by LNCaP cells in the presence
or absence of the 5-LLOX inhibitor Mk886.¢

Reaction conditions 5-HETE (ratio S/R)

LNCaP - 18 pyM MKk886
LNCaP+18 uM Mk886

1.740.4 (1.3-2.0)
0.9440.3 (0.91-0.97)

“S/R ratios were determined by chiral separation as described in the
methods. The S/R ratio represents a quotient of the corresponding
peak areas from the resolution of the 5-HETE stereo-isomers by

chiral HPLC. Data represent mean +SD (data range in brackets).

SC41661A [25,26]. These data are suggestive that
inhibiting radical-mediated oxidation of AA canyield a
similar anti-tumourigenic effect as blockade of the
5-LOX pathway and further emphasizes the impor-
tance of appropriate validation for implicating LOX
enzyme activity in cancer studies.

Reversed-phase chromatography readily separates
regio-isomers of CH)-(R/S)HETE in malignant pros-
tate cancer cells exposed to (H)-labelled AA. Assign-
ment of LOX activity is made by comparing product
retention times with the corresponding (CH)-regio-
isomer (racemic mixture) or the pure (S) or (R)
HETEs. Note, racemic (R/SYHETE elutes with
identical retention time as the pure HETEs. Although
monitoring (*H)-labelled HETEs is useful for assign-
ing HETE regio-isomers, monitoring regio-isomer
distribution is not sufficient to assign LOX activity as
free radical-mediated oxidation of AA yields the
identical HETE products. This complication has
been identified in other areas of medical research
such as atherosclerosis where the production of
HETE stereoisomers has been employed to ascertain
the contribution of enzymic vs non-enzymic lipid
oxidation to lipoprotein modification in vitro [27] and
in atherosclerotic lesions formed in the vessel wall
[28,29].

In addition to the combined use of reversed- and
chiral-phase liquid chromatography for the isolation
of HETE enantiomers, the development of techni-
ques that couple liquid chromatography with mass
spectrometry represents a significant advance in the
study of LOX activity in biological samples [30]. The
ability to now reproducibly detect and quantify a wide
array of HETE stereo-isomers in cells and intact
human tissues [31] is an important step in the
rigorous identification of roles for LOX and their
eicosanoid products in cancer progression. Another
alternate method for assessing HETE products is use
of a commercial non-radiolabelled ELISA approach,
although we are unaware of any study that compares
and validates this method with HPLC- or mass
spectrometry-based techniques.

As a final caveat to this study, it is important to
point out that at least some of the R-HETE products
of AA oxidation have biological activity in different
tissues, so that while the S-HETE enantiomers
may predominate in tissues where LOX activity is
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enhanced, formation of R-HETE products can lead
to altered function in some biological pathways
[32,33]. Moreover, enzymes forming R-configuration
products are found in both the animal and plant
kingdoms: R-LOX are prevalent in aquatic inverte-
brates with their R-HETE products playing a role in
reproductive function. Also, a 12(R)-LOX has been
found recently in humans and mice and 12(R)-
HETE appears to be involved in the pathophysiology
of psoriasis and other proliferative skin diseases [34].

In conclusion, the assignment of LOX activity
based on monitoring HETE regio-isomers alone
may be misleading. The widespread assessment of
AA oxidation through determining HETE regio-
isomer as a surrogate for LOX activity continues to
be misinterpreted in many fields, but in particular
cancer research. Therefore, it is imperative to fully
assign HETE stereo-isomerism and, thereby, LOX
activity in cancer cells or tissue. Continued inap-
propriate use of HETE regio-distributions [35] or
other non-specific determination of lipid oxidation
[36] as surrogate measures of LOX activity will only
confound future studies.
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