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Abstract

The balance of putative pro- and anti-inflammatory lipoxygenase (LOX)-derived S
hydroxyeicosatetraenoic acids (S-HETES) in colon mucosa is a potential target for modulating
colon cancer risk and progression. The biological effects of SHETES and R-HETEs (produced by
distinct pathways) may differ, but levels of these compounds in colon are unknown. The objective
of this study was to develop chiral methods to characterize HETE enantiomers in colonic mucosa
and evaluate the effects of fish oil on HETE formation. C57BL/6 mice (COX-1 null, COX-2 null,
wild-type) were fed a diet supplemented with either olive oil or menhaden oil for 11 weeks, and R/
S-HETES in colonic mucosa were quantified by chiral LC-MS/MS. The R-enantiomer comprised
60-72% of 5-HETE, 18-58% of 15-HETE and 1-16% of 12-HETE in colonic mucosa, suggesting
that non-LOX sources contribute to HETE profiles. Fish oil reduced levels of both /- and &
HETEs, and increased the preponderance of the R-enantiomers (particularly 12- and 15-HETES).
There was apparent shunting of arachidonic acid t012/15-LOX in the COX-1 null animals. This is
the first report of the enantiomeric composition of HETES in the colon in vivo.
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INTRODUCTION

Formation of pro-inflammatory eicosanoids is a potential target for prevention of colorectal
cancer. The role of cyclooxygenases (COX) and their arachidonic acid metabolites,
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particularly prostaglandin Eo(PGEy), in colorectal cancer has been studied much more
extensively than the role of lipoxygenase (LOX) products. Upregulation of COX-2 and
increased PGE, synthesis have been considered hallmarks of colorectal cancer progression
(1-3). The target for cancer prevention, however, is normal colon. For studying early
changes, it therefore may be more pertinent to evaluate the role of eicosanoids that are
characteristically higher in normal than tumor tissue, such as the lipoxygenase (LOX)
product 15-S-hydroxyeicosatetraenoic acid (HETE) (4-7). LOXs convert arachidonic acid to
5-,12-, and 15-S-HETEs (Fig. 1a). LOXSs are stereospecific: SSLOXs, which predominate in
the colon, form greater than 99% S-HETES and less than 1% A-HETEs (8-11). Although R-
LOXs exist, they have not been detected in the colon (12).

LOX and HETE levels in colonic mucosa are correlated with inflammation and
hyperproliferation. Compared to normal mucosa, transformed mucosa has reduced 15-LOX
and increased 5- and 12-LOX expression (6, 7, 13-15). 15-HETE appears to have protective
and anti-inflammatory activities, while 5- and 12-HETEs are thought to be pro-
inflammatory (16-18). The literature thus supports the hypothesis that LOX expression
levels and the levels of their HETE products in colon mucosa are useful biomarkers for
assessing colonic inflammation and colorectal cancer risk (4, 19).

The utility of HETES as biomarkers of LOX status is confounded by the fact that non-LOX
sources also contribute to HETESs pools (20) (Fig. 1b). Non-enzymatic oxidation of
arachidonic acid generates racemic mixtures (1:1) of /- and SHETESs (20, 21). CYP450s
also generate HETES through LOX-like bis-allylic oxidation of arachidonic acid (22, 23).
Human CYP450s synthesize predominantly R-HETES /n vitro (24), but the stereospecificity
of CYP450-mediated synthesis appears to be tissue-specific and the resulting A/ Sratios in
the colon are unknown (23, 25). Finally, acetylated COX-2 (formed by aspirin) produces 11-
Rand 15-R- HETEs instead of PGH> (the precursor of PGE5) in intestinal cells and tumors
(26, 27). The relative contributions of LOXs vs. these other sources to total HETE levels and
the resulting stereochemical ratios (R/S) present in colon mucosa are unknown since non-
chiral HPLC measures total (R + S) HETES, and common ELISA methods are fairly specific
for S-HETEs. Chiral analysis is therefore necessary to define the stereochemistry of HETES
in colonic mucosa.

The objective of this study was to develop chiral HPLC methods for analysis of the
enantiomeric composition of 5-, 12-, and 15-HETEs in colonic mucosa and to characterize
the ratios of enantiomers for each HETE /n vivo. We present an example of how both /- and
S-HETEs levels in colonic mucosa can be modulated by dietary manipulation of fatty acids
in mice with and without intact COX enzyme. The results show the range of levels of each
enantiomer in the colon and large effects of fish oil, which demonstrates both the feasibility
and necessity of characterizing HETESs stereochemistry 77 vivo. These data can be used to
guide further characterization of HETEs stereochemistry in the colon and other tissues, as
well as mechanistic work on the biological effects of these eicosanoids in colon cells. In
addition, the effects of genetic deletion of COX-1 or COX-2 (which are more common
targets for colon cancer prevention) are shown, and we hypothesized that this could make
more substrate fatty acids available for LOX action.

MATERIALS AND METHODS

Animals and Diets

All animal protocols for this experiment were approved by the University Committee on Use
and Care of Animals at the University of Michigan. Six-week old female C57BL/6 mice
(wild-type, COX-1 null, or COX-2 null, 7=20 per group) were obtained from Taconic
(Hudson, NY). Mice were fed one of two modified AIN-93 diets (7=10 per genotype per
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group) ad libitum for 11 weeks. The modified AIN-93 had a basal fat composition (6% by
wt.) comprised of a broad mixture of fatty acids present in European and American diets,
composed of coconut oil (45 wt. % supplying saturated fats), olive oil (30 wt. % supplying
oleate), corn oil (15 wt. % supplying linoleic acid) and soybean oil (10 wt. % supplying a.-
linolenic acid). The basal diet was modified with an additional 6% by wt. olive oil [oleate
diet, as olive oil contains large amounts of oleic acid (18:1w9)] or 6% by wt. menhaden oil
[fish oil diet, rich in EPA (20:5w3) and DHA (22:6w3)] (Table 1). Mice were maintained on
a 12 h light/dark cycle. At the end of the study, animals were sacrificed by isoflurane
inhalation and decapitation.

The colon was immediately removed and rinsed with cold PBS containing indomethacin
(5.6 g/mL). The colon was sliced vertically, and the mucosa was then scraped off, snap
frozen in liquid nitrogen, and stored at —80°C prior to processing (28, 29). Blood was
collected following sacrifice from the neck. Serum was prepared by centrifugation and
stored at —80°C prior to processing. Blood from animals sacrificed on the same day in each
diet*genotype group was pooled to increase volume available, resulting in three pooled
blood samples per group since animals were sacrificed in batches on three different days.

Frozen mucosal samples (~140 mg) were pulverized using a Multisample Bio-Pulverizer
(Research Products International Corp., Mt. Prospect, IL) that was cooled with dry ice and
liquid nitrogen. Homogenates were then prepared in 500 L cold PBS containing 5.6 pwg/mL
indomethacin. The suspension was further homogenized by ultrasonication in ice water for 3
min (20 s sonication, 20 s cooling cycle), further diluted with 500 L cold PBS/
indomethacin, snap frozen, and stored at —80°C for no more than one week prior to analysis
of eicosanoids. A small portion (10 pL) of the homogenate was analyzed for protein content
using Advanced Protein Assay (Cytoskeleton, Denver, CO).

Chiral Analysis of HETEs

For extraction of HETEs for chiral analysis, 400 L of the homogenate was added to 12 x
75 mm glass tubes on ice, along with 1N citric acid (20 L), 30 mM disodium EDTA (50
pL), and deuterated internal standards (10 p.L of a solution containing 200 ng/mL 12-S-
HETE-dg, 100 ng/mL 5-S-HETE-dg, 100 ng/mL 15-S-HETE-dg in methanol). The resulting
solution was then extracted twice with 2 mL hexane: ethyl acetate (1:1 v/v, containing 0.1%
BHT w/v) by vortexing (3 min), centrifugation (2000 x g, 10 min, 4°C), and collection of
the organic layer. The pooled extracts were evaporated under vacuum and reconstituted with
100 p.L cold methanol: ammonium acetate buffer (10 mM, pH 8.5) (80:20 v/v), sonicated,
centrifuged, and placed in Total Recovery HPLC vials (Waters, Milford, MA) for analysis
by chiral LC-MS/MS (40-60 p.L injections).

Chiral HPLC separation was performed on a Waters 2695 separations module, employing a
Chiral-Pak AD-RH analytical column (2.1 x 150 mm, 5 pm particle size) (Chiral
Technologies, West Chester, PA) based upon the method of Carter ef a/. (30). The column
was maintained at 40°C. Gradient elution was performed with a binary solvent system:
phase A: 95% H,0, 5% ACN, 0.025% formic acid; phase B: 5% H,0, 95% ACN, 0.025%
formic acid (30). The system flow rate was 0.2 mL/min. The linear gradient program was as
follows: 50% B (0-10 min), 60% B (25 min), 100% B (27-30 min), 50% B (31-40 min).
Samples were maintained at 10°C prior to injection. The effluent was introduced into a
Finnigan TSQ Quantum Ultra triple quadrupole mass spectrometer, electrospray ionization
(ESI) and detection of negative ions. The ESI voltage was —3 kV, and the capillary
temperature was 350°C, with nitrogen as the nebulizing and sheath gases (31). Following
ionization, deprotonated molecular ions ([M—H]-) were fragmented by collision-induced
dissociation using argon gas, and detection was performed by selected reaction monitoring
(SRM) of fragment ions (see Table 2). The SRM mass span was + 0.15 Da, with scan dwell
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time of 0.2 s per transition. Quantification was performed by the stable isotope dilution IS
method. All eicosanoid standards were obtained from Cayman Chemical (Ann Arbor, MlI).
Both R- and S-enantiomers of 5-, 12-, and 15-HETESs were calculated relative to the
corresponding SHETE-dg IS. HETE levels in colon mucosa were hormalized to protein
levels.

Fatty Acid Analysis

For extraction of fatty acids, 10 pL of internal standard (17:0, 1 mg/mL in hexane) was
added to 100 pL of serum. Fatty acids were extracted with Folch reagent and fatty acid
methyl esters (FAMESs) were prepared using METH-PREP |1 derivatization reagent (0.2N
methanolic (m-trifluoromethylphenyl)trimethylammonium hydroxide, Alltech, Deerfield,
IL). For quantification, standard curves were prepared using mixtures of fatty acids in
varying concentrations derivatized in the same manner as serum fatty acids. GC analysis
was performed on an Hewlett Packard 5890 GC with a 5971 MSD (Santa Clara CA) and a
SP-2330 capillary column 30 m x 0.32 mm, 0.2 um film thickness (Supelco, Bellefonte,
PA) as previously described (32). Selected ion monitoring was used that was optimized for
each fatty acid.

Data Analysis

RESULTS

Fatty Acids

Statistical analyses were performed by 2-way ANOVA using Least-Squares Difference
(LSD) for multiple comparisons (PASW Statistics software v.18, SPSS, Chicago, IL).
Significance was defined as < 0.05.

Fish oil feeding effectively modified the fatty acid composition of serum (Table 3), with no
differences between genotypes within each diet. Mice fed the oleate diet had serum fatty
acid composition ranging from 41-50% arachidonic acid, which was significantly reduced
by the fish oil diet for all genotypes to 14-16% arachidonic acid. EPA was significantly
increased in all genotypes from roughly 0.2% in mice fed the oleate diet to 12-13% in mice
fed the fish oil diet. This resulted in a significant decrease in the ratio of highly unsaturated
20 carbon fatty acids (AA/EPA) from 198:1-297:1 in mice fed the oleate diet to roughly 1:1
in mice fed the fish oil diet. This indicates a shift in fatty acid availability from
predominantly w6 arachidonic acid to a balance of arachidonic acid and w3 EPA. Similar to
EPA, DHA was significantly increased in all genotypes from roughly 6-7% in mice fed the
oleate diet to 16-17% in mice fed the fish oil diet. The shift in the relative availability of w6/
w3 fatty acids for LOX and COX metabolism is reflected by the w3 HUFA (highly
unsaturated fatty acid) score [the % of highly unsaturated fatty acids (=20 carbons and =3
double bonds) that are w3] (33). The w3 HUFA scores were 10-14% in mice fed the oleate
diet, and increased significantly to 61-65% in mice fed the fish oil diet.

HETEs Enantiomers

The chiral HPLC method achieved excellent resolution of the enantiomers of each HETE
regioisomer, with typical resolution of =5 min between /- and S-forms (Fig. 2). The
absolute levels of 7~ and SSHETES in mouse colon mucosa are shown in Fig. 3, and the
chiral composition of each HETE regioisomer (% of the total comprised of the R-
enantiomer) is shown in Table 4. The results indicate that in animals fed the oleate fat
control diet, levels of 12-S-HETE were highest followed by 15-S-HETE and low levels of 5-
S-HETE. For R-HETES in all groups, 15-R-HETE was generally present at the highest
levels in the colonic mucosa, followed by 5-R-HETE and with very low levels of 12-R-
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HETE. The R-enantiomer comprised 60-72% of 5-HETE, 18-58% of 15-HETE and 1-16%
of 12-HETE, depending on the treatment group. In mice fed fish oil, the % of total HETEs
comprised by the R-enantiomer was generally elevated compared to oleate diet (Table 4),
particularly for 12- and 15-HETESs. This suggests that the relative contribution of non-LOX
pathways such as CYP450 and free-radical oxidation (which produce appreciable % of /-
enantiomers) is elevated relative to LOX pathways (which largely generate SSHETES) when
fish oil is administered. This is the first report of the enantiomeric composition of HETES in
the colon /n vivo.

Mice fed fish oil had reduced levels of both /- and S-HETEs compared to mice fed an
oleate fat diet, reflecting the shift in the ratio of arachidonic acid/EPA substrate pools
produced by fish oil. The decrease in 5-S-HETE with fish oil feeding was observed in all
groups but was not statistically significant in wild-type mice with intact COX activity (Fig.
3). COX genotype had less of an effect on HETE levels than diet, as could be expected.
Levels of both 5-Sand 5-R-HETEs were higher in COX-2 null mice versus wild type.
Levels of 12-S-HETE were unaffected by COX status, although a non-significant increase
was observed in COX-1 mice. Levels of 15-HETEs tended to mirror that of 12-HETEs, but
the higher levels of the S-enantiomer in COX-1 null versus wild type mice was statistically
significant for 15-S-HETE. These data suggests possible shunting of arachidonic acid
t012/15-LOX in COX-1 null animals.

DISCUSSION

The relative levels of the HETE regioisomers in animals fed the oleate diet are consistent
with previous reports of the relative levels of HETESs in both normal and inflamed colonic
mucosa of rodents decreasing in the order 12-HETE > 15-HETE > 5-HETE (34). In human
colonic mucosa, reported 15-HETE levels were between 2- and 100-fold higher than 12-
HETE, with 5-HETE being present at much lower concentrations (7, 19, 34, 35). These
species differences are likely due in part to the fact that 12-Sand 15-S-HETEs are produced
by a 12/15-LOX in rodents (which produces mainly 12-HETE), whereas they are produced
by two distinct enzymes in humans (36, 37). Therefore, in humans, the relative //Sratios for
12- and 15-HETEs also may differ from those seen in mice.

The relatively low levels of 5-S-HETE relative to the 12- and 15-S-HETES may be due to
the low expression of 5-LOX in normal mucosa (13), as well as consumption of the 5-5
H(P)ETE intermediate (the 5-LOX product) by the LT pathway, rather than reduction to 5-
S- HETE. In normal colon, COX-1 is present but COX-2 expression is generally very low
(38-40). COX-2 deletion did, however, increase levels of 5-S-HETE and 5-R-HETE relative
to the wild type (Fig. 3), indicating that COX-2 may have a regulatory role for 5-LOX or
that substrate was shunted to the LOX pathway.

Fish oil was highly effective for decreasing levels of both S- and R-HETEs, and this may be
due in part to the reduced arachidonic acid levels. In addition to altering arachidonic acid
levels, the levels of the w3 fatty acids EPA and DHA relative to arachidonic acid are critical
for determining eicosanoid synthesis. EPA may compete with arachidonic acid as a substrate
for LOXs (41-43) and also appears to reduce LOX expression (44). An alternative
explanation may be that EPA in fish oil inhibited LOX-mediated oxidation of arachidonic
acid (45, 46), similar to the inhibition of COX-1 by EPA (47). These results are consistent
with a previous report that feeding fish oil lowers levels of total 12- and 15-HETES in rat
colonic mucosa (48).

In addition to decreased levels of HETEsS after fish oil feeding, the enantiomeric
composition of HETEs differed for each HETE regioisomer, as well as between diets and
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genotypes (Table 4). Therefore, the contribution of LOX vs. non-LOX sources to the
enantiomeric composition of HETES in colonic mucosa warrants further investigation. The
present data suggest that the balance of //S-HETEs could be modified by non-toxic dietary
approaches and/or pharmacological strategies. The bioactivity of the 7 vs. S-forms remains
to be clarified, but it should be possible to target optimal profiles of pro- and anti-
inflammatory enantiomers in the colon with preventive strategies. Therefore, chiral analysis
of HETEs /n vivo is necessary to accurately assess the impact of dietary or pharmacological
interventions targeting HETES, as such treatments clearly affect enantiomeric composition
as well as absolute levels.

The balance of HETEsS in the colon may be important for colon cancer prevention. Data is
sparse, but the impact of 5-, 12-, and 15-HETESs on pathways and outcomes central to
inflammation and cancer (COX-2 expression, PGE, synthesis, proliferation, apoptosis, etc.)
appear to differ: 5- and 12-HETESs appear to be pro-carcinogenic while 15-HETE appears to
be anti-carcinogenic (17, 18). Additionally, the potential exists for increased production of
R-HETES by non-enzymatic oxidation in inflamed tissues. The profiles of total HETEs
present in colon have been shown to be altered during colonic inflammation and
carcinogenesis, and this could be related to increased formation of R/~-HETES (19, 34, 49,
50). It would therefore be of interest to evaluate the enantiomeric composition of HETESs in
tissues during progression from normal to disease states.

Limited available data indicate that in addition to the differences in activity between
positional isomers, the biological activities of /- vs. SHETES in the colon differ as well
(51-53). Specifically, 12-R-HETE stimulates proliferation (52). However, the anti-
inflammatory and anti-cancer activities of /- vs. SHETES on outcomes central to
inflammation and cancer progression (proliferation, apoptosis, etc.) in colon cells have not
been systematically compared for all the major HETES, possibly due to the lack of data on
the levels of enantiomers in colonic mucosa which is needed to design such studies.
Furthermore, no data exist on the impact of //S-HETESs on early responses to inflammatory
stress (i.e. NF-xB signaling). This makes it difficult to interpret the biological significance
of these results at the present time.

The present data suggest that R/-HETEs are present in substantial quantities in colon mucosa
relative to SHETES, and the concentrations reported here can guide use of appropriate,
HETE levels for /n vitro mechanistic studies. The presence of substantial levels of ”-HETEs
in the colon signifies that more research is needed on non-LOX-mediated synthesis of
HETES, enantiomeric ratios occurring /n7 vivo in normal vs. inflamed/cancerous colonic
mucosa, and on the biological roles of both //S-HETEs in the colon.
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EPA eicosapentaenoic acid

ESI electrospray ionization

DHA docosahexaenoic acid

HETE hydroxyeicosatetraenoic acid

HODE hydroxyoctadecadienoic acid

HUFA highly unsaturated fatty acid

LOX lipoxygenase

MUFA monounsaturated fatty acid

PGE> prostaglandin Ep

SRM selected reaction monitoring
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A: Structures of measured HETES in colonic mucosa. Chiral carbons are indicated by *. B:
Pathways of arachidonic acid metabolism leading to the formation of 7- and SSHETESs. The
enantiomeric composition of non S-LOX mediated pathways are unknown.
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Selected reaction monitoring (SRM) chromatograms demonstrating the resolution of /- and
S-HETES in mouse colonic mucosa by chiral LC-MS/MS.
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Levels of R- and SSHETESs in mouse colon mucosa. Error bars represent SEM. Brackets
indicate significant differences between means (*£<0.05). Note the different scales for 12-S
HETE and 12-R-HETE.
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Fatty acid composition of the diets. Mice were fed a modified AIN-93 diet containing 6% western fat blend

and either 6% olive oil (oleate diet, representing a diet high in MUFA) or 6% fish oil (high PUFA)f

diet
fatty acid
oleate fish ail
Composition  stearic acid (18:0) 2.7 3.3
(Okgdiet)  eic acid (18:109) 593 302
linoleic acid (18:2w6) 15.9 11.3
linolenic acid (18:3w3) 1.4 15
arachidonic acid (20:4w6) 0 0.7
EPA (20:503) 0 7.9
DHA (22:6w3) 0 5.2
SF N2 36.2 46.2
MUFA 62.3 34.6
PUFA 17.1 313
w3 11 175
w6 16.0 12.1
9 61.9 34.4
Ratios w3/wb 0.1 14
w9/wb 3.9 2.9
arachidonic acid/EPA - 113
EPA/DHA - 15

#

MUFA: mono-unsaturated fatty acids, PUFA: poly-unsaturated fatty acids

iSFA: saturated fatty acids,
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Selected reaction monitoring (SRM) transitions for chiral LC-MS/MS analysis of R- and S-HETE enantiomers

[M-H]- Collison Energy TubelLens

Compound (m/z) SRM Transition (eV) V)
5—R/S—HETEsT 319 319.5 — 115.27 27 —42
5- S-HETE-dg 327 327.50 — 116.30 28 -102
19- R/S-HETEsf 319 319.24 — 179.09 26 -55
12-S-HETE-dg 327 327.24 — 184.09 22 =55
15- R/S-HETEsf 319 319.31 — 219.30 20 -52
15- S-HETE-dg 327 327.20 — 226.05 20 -52

fln chiral LC, the R- and S-enantiomers of each HETE are resolved and elute as 2 distinct peaks. Both peaks for each HETE were quantified
relative to the respective S-HETE-dg internal standard.
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Enantiomeric composition of 5-, 12- and 15-HETEs in mouse colon mucosa.

Treatment % R-en.':ln’(iomerT'JF
Genotype Diet 5-HETE 12-HETE 15-HETE
COX-1null  oleate 59527 13+0.2 18.0+2.32
fishoil  58.8+5.02 7.3+£25° 469 +£5.7°
COX-2null  oleate 61.9+2.4 45%17 39.7 £5.6°
fishoil 674£80 157+6.9%° 576+66°
wild-type oleate  65.6 2.7 20+05 343+39
fishoil 722+25 6.6+19 54.7 £ 4.2¢

fVaIues represent mean = SEM

Page 17

’tWithin each column, statistically significant differences (P<0.05) between means are indicated by superscripts: 8significantly different from wild-

type mice fed the same diet, bsignificantly different from COX-1 null mice fed the same diet, Csignificantly different from mice fed the oleate diet

in the same genotype
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