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Lipoxygenase (LO) enzymes catalyze the conversion of
arachidonic acid (AA) into biologically active lipidmediators.
Two members, 12/15-LO and 5-LO, regulate inflammatory
responses and have been studied for their roles in atherogen-
esis. Both 12/15-LO and 5-LO inhibitors have been suggested
as potential therapy to limit the development of atheroscle-
rotic lesions. Here we used a genetic strategy to disrupt both
12/15-LO and 5-LO on an apolipoprotein E (apoE) athero-
sclerosis-susceptible background to study the impact of dual
LO blockade in atherosclerosis and inflammation. Resident
peritoneal macrophages are themajor cell type that expresses
both LO enzymes, and we verified their absence in dual LO-
deficient mice. Examination of AA conversion by phorbol
myristate acetate-primed and A23187-challenged macro-
phages from dual LO-deficient mice revealed extensive
accumulation of AA with virtually no diversion into the most
common cyclooxygenase (COX) productsmeasured (prostag-
landin E2 and thromboxane B2). Instead the COX-1 by-prod-
ucts 11-hydroxy-eicosatetraenoic acid (HETE) and 15-HETE
were elevated. The interrelationship between the two LO
pathways in combination with COX-1 inhibition (SC-560)
also revealed striking patterns of unique substrate utilization.
5-LO- and dual LO-deficient mice exhibited an attenuated
response to zymosan-induced peritoneal inflammation,
emphasizing roles for 5-LO in regulating vascular permeabil-
ity. We observed gender-specific attenuation of atheroma
formation at 6 months of age at both the aortic root and
throughout the entire aorta in chow-fed female dual LO-de-
ficient mice. We propose that some of the inconsistent data
obtained with single LO-deficient mice could be attributable
to macrophage-specific patterns of altered AA metabolism.

Lipoxygenase (LO)2 enzymes are an important source of lipid
mediators throughout the plant and animal kingdoms (1, 2). In
mammals, these mediators are predominantly formed from
arachidonic acid (AA) and act in various physiological and
pathological contexts (1–3). Accordingly 5-LO and 12/15-LO
are two members of the LO family involved in cardiovascular
and inflammatory diseases expressed to variable degrees in sev-
eral cell types of the myeloid lineage, and their expression is
strictly regulated and incompletely understood (2, 4, 5). Despite
considerable structural homology between 5-LO and 12/15-
LO, both enzymes generate distinct products. The 5-LOmetab-
olite leukotriene (LT) A4 is precursor to the proinflammatory
LTB4 and cysteinyl LTs, which regulate leukocyte subset-spe-
cific chemotaxis (LTB4) and vascular permeability (cysteinyl
LTs), both crucial events during acute peritonitis (1, 6, 7). 12-
and 15-HETE, end products synthesized by 12/15-LO, play
potential roles in cellular chemotaxis, cancer growth, and
inflammation (2, 8). Transcellular interaction products derived
from both 12/15-LO and 5-LO, such as lipoxins and maresins,
indicate that these enzymes can possess anti-inflammatory
activities in innate immunity and the resolution of inflamma-
tion (9, 10).
In mice, only one cell type is known to express substantial

quantities of both 5-LO and 12/15-LO, the peritoneal macro-
phage (PM�) (2, 11, 12). However, differences in subcellular
localization, trafficking, and activation (8, 12–16) of these two
LOs indicate that they are independently regulated and not
functionally coupled. Tissue-resident M� (such as PM�) rep-
resent the first line of defense against invading pathogens and
activate the immunological and inflammatory response (17).
These phagocytes are capable of elaborating awide spectrumof
bioactive lipid mediators from the LO and cyclooxygenase
(COX) pathways. Little is known about the regulation and puta-
tive interdependence of these pathways. Some insight was
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gained using mice lacking 12/15-LO where substrate shunting
from the 12/15-LO into the 5-LO pathway was observed (12).
The generation of knock-out mice for 12/15-LO (12) and

5-LO (18) has enabled the study of these lipid mediator path-
ways in models of health and disease. Because 12/15-LO and
5-LO are primarily expressed in distinct hematopoietic cells,
their implication in various inflammatory disorders andmodels
of host defense mechanisms have been investigated (2, 3). Ath-
erosclerosis, an inflammatory disease prevalent in societies
with high dietary fat intake, is initiated by low density lipopro-
tein (LDL) retention in the vascular wall (19) and subsequent
oxidative modification. This process greatly enhances the LDL
atherogenic potential, and intriguingly 12/15-LO can contrib-
ute to lipoprotein oxidation (11, 20). Initial studies using 12/15-
LO- and 5-LO-deficient mice indicated proatherogenic roles
for these enzymes (20, 21). Additionally mice lacking the LTB4
receptor BLT-1 exhibit protection in early atherogenesis (22),
but subsequent data from our laboratory using 5-LO-deficient
mouse models have not supported an involvement of 5-LO in
atherogenesis (3, 23, 24). Here we studied the consequences of
simultaneous 12/15-LO and 5-LO knock-out on peritoneal
inflammation and atherosclerosis in apoE-deficient mice and
surmised whether some of the capricious results in atheroscle-
rotic lesion studies could be attributable to variable eicosanoid
profiles.

EXPERIMENTAL PROCEDURES

Animals and Procedures—12/15-LO-deficient, 5-LO-defi-
cient, and apoE-deficient mice (The Jackson Laboratory, Bar
Harbor, ME), backcrossed to C57BL/6 background �9 times,
were crossbred to obtain four genotypes on an apoE�/� back-
ground (abbreviated designations in parentheses): 12/15-
LO�/� 5-LO�/� (12�5�; also referred to as “wild type” (wt)),
12/15-LO�/� 5-LO�/� (12�5�), 12/15-LO�/� 5-LO�/�

(12�5�), and 12/15-LO�/� 5-LO�/� (12�5�). In addition,
apoE�/� (C57BL/6) control mice were used in some experi-
ments. Mice were housed in the Queen’s University transgenic
animal facility at constant temperature (20–22 °C) and given
free access to water and normal chow diet. Experimental mice
were housed for 6 months � 2 weeks of age or until cutaneous
xanthomas/dermatitis appeared that are commonly observed
in C57BL/6 apoE-deficient mice (25). Tail clip DNA of mice
from all colonies was regularly genotyped by PCR after weaning
and again after euthanization. Formost experiments,micewere
weighed and sacrificed by CO2 inhalation followed by perito-
neal lavage (see below). For lipid analysis, blood was collected
from the inferior vena cava and allowed to coagulate at room
temperature. Following overnight storage at 4 °C, serum was
obtained by centrifugation at 2000 � g for 5 min and kept at
�80 °C until collective analysis for triglycerides (TGs), choles-
terol, high density lipoprotein (HDL) and LDL was performed
in theCore Laboratory at KingstonGeneralHospital (Kingston,
Ontario, Canada). Spleens were dissected, weighed directly
after blood collection, and used to calculate the spleen/body
weight ratio (SBR). All experiments were performed in accord-
ance with the guidelines of theQueen’s University Animal Care
Committee.

Cells—Resident peritoneal exudates were collected from
mice immediately after euthanization by peritoneal lavage with
3� 5ml of completemediumconsisting of RPMI 1640medium
(Sigma) supplemented with 10% fetal bovine serum (HyClone,
Fisher Scientific), L-glutamine (HyClone), penicillin, and strep-
tomycin (both from Invitrogen) and kept on ice. Some mice
received 1 ml of sterile thioglycollate (TGL) solution (4% in
H2O; Sigma) intraperitoneally 3–4 days prior to euthanization.
The exudates were centrifuged (240 � g for 10 min at 4 °C),
resuspended in complete medium, counted, and plated
according to our experimental design. Typically after 1.5–2 h
at 37 °C in a 95% air, 5% CO2 incubator, adhered resident
(res-) or TGL-elicited PM� were washed twice with phos-
phate-buffered saline (PBS) to remove non-adherent cells
prior to experimentation.
Flow Cytometry—Peritoneal exudate cells were resuspended

in PBS containing 5% fetal bovine serum and incubated with 2
�g/ml fluorochrome-tagged primary antibodies for 60 min on
ice: anti-CD11b (clone A95-1; BD Biosciences), anti-F4/80
(BM8; Biolegend, San Diego, CA), anti-B220 (RA3-6B2; Bioleg-
end), and respective isotype controls. Cells were washed with
PBS plus 5% fetal bovine serum, resuspended in PBS, and kept
on ice until analyzed by flow cytometry (FC500, Beckman
Coulter,Mississauga,Ontario, Canada). Importantly to prevent
artifactual results due to increasing adherence or death of M�
during sample processing, samples were prepared in random
order in each experiment. Propidium iodide staining (1 �g/ml)
was used to gate live cells prior to antigen analysis. A total of
50,000 events was recorded per sample. Data were analyzed
using CXP analysis software (Beckman Coulter).
RNA Extraction and Real Time PCR Analysis—mRNA was

extracted from res- or TGL-elicited PM� (TGL-PM�) (cul-
tured for 1.5 or 24 h as indicated) using the Qiagen minikit
(Qiagen, Mississauga, Ontario, Canada), eluted with 30 �l of
DNase-free water, and quantified spectrophotometrically by
NanoDrop (Thermo Scientific,Wilmington, DE). Up to 5 �g of
RNA were reverse transcribed into cDNA using a SuperScript
III Reverse Transcriptase kit (Invitrogen). 50–200 ng of
cDNA/well was subjected to real time PCR using the SYBR
Green (Applied Biosystems) relative quantification method on
an Applied Biosystems 7500 Real Time PCR instrument.
Intron-spanning primers were designed to yield amplicons of
�100-bp length for 12/15-LO (forward (f) 5�-GGGCAACTCT-
TGCCTATAGCC-3�, reverse (r) 5�-AAGTCTGAGCTTCG-
GACCCA-3�), 5-LO (f 5�-CGGGAACAGCTTATCTGCGA-
3�, r 5�-GTCAGATCCTGGACAGCCCTC-3�), 18 S rRNA (f
5�-TGTCTCAAAGATTAAGCCATGCAT-3�, r 5�-AAC-
CATAACTGATTTAATGAGCCATTC-3�), and glyceralde-
hyde-3-phosphate dehydrogenase (f 5�-CTGGAGAAACCT-
GCCAAGTA-3�, r 5�-TGTTGCTGTAGCCGTATTCA-3�)
with 18 S rRNA or glyceraldehyde-3-phosphate dehydrogenase
used as normalizers. Dissociation curve analysis following each
amplification reaction was done to confirm specificity of the
amplification. RNA expression was determined based on the
��Ct comparative method of relative quantification according
to the manufacturer. Non-reverse transcribed RNA from wt
PM� was used as a control to determine contamination by
genomic DNA.
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Immunocytochemistry—Res-PM� were plated on 8-well
glass slides (BD Biosciences), washed, fixed using 4% paraform-
aldehyde, and permeabilized (0.1% Triton X-100 for 10 min).
Alternatively peritoneal exudates in complete medium were
cytospun (550 rpm for 4 min) onto Superfrost glass slides
(Fisher Scientific) either directly or after incubation with 0.44
mM additional CaCl2 and 5�M ionophore A23187 (Sigma) for 5
min at 37 °C and subsequently fixed in acetone/methanol (1:1)
for 5 min at �20 °C. Cells were blocked in 5% normal goat
serum (Cedarlane Laboratories, Burlington, Ontario, Canada)
in PBS, and primary antibodies in 5% normal goat serum/PBS
against murine 12/15-LO (26), 5-LO (LO32; a gift fromDr. J. F.
Evans while atMerck Frosst Canada), and/or CD68 (AbD Sero-
tec, Oxford, UK) were applied overnight at 4 °C. The wells were
then washed three times; incubated with fluorescein isothio-
cyanate-coupled goat anti-rabbit antibody and/or Texas Red-
coupled goat anti-rat antibody in 5% normal goat serum/PBS
(both from Jackson ImmunoResearch Laboratories, West
Grove, PA) for 2 h at room temperature; washed three more
times; and mounted in Pro-Long Antifade GOLD (Invitro-
gen) containing 4�,6-diamidino-2-phenylindole. Cytospin
slides received an additional blocking step with 5% normal
goat serum/PBS between primary and secondary antibody
application. Fluorescence micrographs were acquired with a
Zeiss fluorescence microscope using 40� or 100� oil
immersion objectives.
Western Blotting—Res-PM� were lysed by sonication in

T-PER reagent (Pierce) supplemented with a protease inhibitor
mixture (Roche Applied Science) and centrifuged (13,000 � g
for 5 min). Aliquots of the supernatant were mixed with 2�
Laemmli buffer and subjected to SDS-PAGE in 10% gels using a
Bio-Rad Mini Protean system. After blotting to Immobilon-P
membranes (Millipore, Etobicoke,Ontario, Canada) and block-
ing in 2% dry milk, Tris-buffered saline, primary antibodies (in
5% bovine serum albumin, Tris-buffered saline) against
murine 12/15-LO (26), 5-LO (LO32), or �-actin (Sigma)
were applied overnight at 4 °C followed by secondary anti-
bodies (Sigma) and detection using an ECL chemilumines-
cence kit (GE Healthcare).
Eicosanoid Analysis—Res-PM� from three to four mice

were pooled and plated in two wells of a 6-well plate (Corning,
Lowell, MA) in complete medium, washed after 1.5 h, and sup-
plemented with 1.8 ml of colorless Dulbecco’s modified Eagle’s
medium (D1145, Sigma) containing penicillin/streptomycin
but no fetal bovine serum. Cells ((3.0 � 0.5) � 106/well) were
primed with phorbol myristate acetate (75 nM; Sigma) for 45
min and preincubated with COX-1 inhibitor SC-560 (10 �M;
Cayman Chemical (27)) or vehicle for 20 min. Then eicosanoid
biosynthesis from endogenous AA was induced by an addi-
tional 0.44 mM CaCl2 and 5 �M ionophore A23187 (Sigma).
After 45min, 200�l of ethanol was added, and themediumwas
collected immediately. The total cellular protein of each sample
was established by T-PER extraction and the Bradford method
(Bio-Rad). To the medium, prostaglandin (PG) B2 (50 ng; Cay-
man Chemical) as internal standard and 1 N HCl (20 �l) for
acidification were added followed by centrifugation (2000 � g
for 10 min) and purification using Alltech C18 solid-phase
extraction columns (Fisher Scientific). The eluate in methanol

was evaporated to dryness, resuspended in 80 �l of methanol,
centrifuged (16,000 � g for 10 min), and filtered through
0.22-�m particle filters (Waters). Aliquots (5 �l) were injected
on a Waters Acquity C18 column (2.1 mm � 100 mm, 1.7-�m
particle size) in a Waters Acquity Ultra-Performance Liquid
Chromatography (UPLC) system. HETEs and leukotrienes
were eluted isocratically with a mixture of acetonitrile, metha-
nol, water, and acetic acid (45:24:31:0.007) and detected at 235
nm (HETEs) or 278 nm (PGB2, LTB4 and LTB4 isomers) by a
photodiode array detector. The remainder of the samples was
used for liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis. Each sample was injected into an high
pressure liquid chromatography gradient pump systemdirectly
interfaced to the electrospray source of a Sciex API 3000 triple
quadrupole mass spectrometer (PE Sciex, Toronto, Canada)
equipped with a Gemini 5-�m C18 (2.0 � 150-mm) column
(Phenomenex, Torrance, CA). Starting from 55% solvent A
(water/acetic acid, pH 5.7; v/v), 45% solvent B (acetonitrile/
methanol, 65:35, v/v), analytes were eluted on a linear gradient
up to 80% solvent B followed by an increase to 98% solvent B
and isocratic elution at 98% solvent B. Eicosanoids were
detected in the negative ion mode by multiple reaction moni-
toring ofm/z 3693 169 for thromboxane (Tx) B2,m/z 3513
271 for PGE2, m/z 333 3 235 for PGB2, m/z 624 3 272 for
LTC4,m/z 3353 195 for LTB4 and the 6-trans-LTB4 isomers,
m/z 335 3 115 for 5,6-diHETE, m/z 335 3 201 for 5,15-di-
HETE, m/z 3513 115 for both lipoxin A4 and lipoxin B4, m/z
3193 115 for 5-HETE,m/z 3193 155 for 8-HETE,m/z 3193
151 for 9-HETE,m/z 3193 167 for 11-HETE,m/z 3193 179
for 12-HETE,m/z 3193 219 for 15-HETE, andm/z 3033 205
for AA. Although neither lipoxin A4 nor lipoxin B4 could be
detected in these studies, the limit of detection of our method
was determined to be 50–100 pg injected on column. Eico-
sanoids were quantified using PGB2 as an internal standard
with standard curves calculated for PGE2, TxB2, LTC4, LTB4,
5-HETE, and AA. The LTB4 curve was also used to quantify the
6-trans-LTB4 isomers, 5,6-diHETE, and 5,15-diHETE. The
5-HETE curve was used to quantify 8-HETE, 9-HETE,
11-HETE, 12-HETE, and 15-HETE. Each of the standard curve
points was solid-phase-extracted to account for differences in
recovery as compared with PGB2. Presented data were calcu-
lated from initial area analyte/area PGB2 data, normalized to
protein content, and converted to ng of analyte/mg of protein.
In Vivo PeritonitisModel—Mice (8–14weeks) were anesthe-

tizedwith ketamine/xylazine and placed on a heated pad. Evans
Blue dye (0.5% aqueous solution in saline; General Diagnostics,
Warner Chilcott) was injected into the tail vein as a weight-
corrected volume (200 �l/25 g of body weight) followed by an
intraperitoneal injection (500 �l) of zymosan (stock 2mg/ml in
PBS, boiled andwashed; Sigma) or PBS.After 60min,micewere
killed by cervical dislocation, and the peritoneal exudate was
collected using 3 ml of PBS. Exudates were centrifuged (240 �
g), and supernatants were analyzed for Evans Blue bound to
plasma albumin at 595 nm in a plate reader (Fluostar Optima,
BMG Labtech, Fisher Scientific) and for eicosanoid levels as
mentioned above.
Lipoprotein Uptake Assay—LDL was isolated from EDTA-

anticoagulated blood (25 ml) drawn from healthy volunteers
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(approved by Queen’s University Health Sciences Research
Ethics Board) by sequential ultracentrifugation (28) with mod-
ifications. In brief, plasma was adjusted with NaBr (Sigma) to a
density of 1.02 g/ml and centrifuged at 100,000 � g for 2 h at
4 °C, and the infranatant was collected. Phenylmethanesulfonyl
fluoride (1 mM; Sigma) was routinely added to prevent proteol-
ysis. The lipoprotein solution was then adjusted to a density of
1.063 g/ml with NaBr and centrifuged again under the condi-
tions described above. The LDL-containing supernatant was
collected and dialyzed twice in Slide-A-Lyzer cassettes (cutoff,
2,000 kDa; Pierce) against 20mMHEPES and 150mMNaCl, pH
7.4 for 4 and 18 h followed by protein assay according to the
Bradfordmethod.Native (n) LDL (approximately 1mg/ml) was
stored under nitrogen gas at 4 °C in the dark. Acetylated (Ac)
LDL was obtained by mixing 200 �l of nLDL with 200 �l of
saturated sodium acetate solution and 5 additions of 1 �l pure
acetic anhydride (Sigma) in 10min intervals during continuous
rotation at 4 °C based on (29). After additional rotation for 30
min, the solution was dialyzed as described above against 150
mM NaCl, 400 �M EDTA, pH 7.4 for 4 and 18 h. Aliquots of
nLDL and AcLDL were assessed for protein content by the
Bradford test and analyzed for successful modifications on a
0.5% agarose gel in barbital buffer (Sigma). Purity and integrity
of the preparations were assured using a 4–20% Tris-glycine
gradient gel (Invitrogen) followed by silver staining.
Res-PM� were maintained in 8-well slides for 1.5 h after

extraction, washed twice with PBS, and exposed to nLDL (100
�g/ml) or AcLDL (40 �g/ml) dissolved in minimal medium for
24 h at 37 °C and 5% CO2. Following careful washing (three
times) with PBS, cells were fixed in 10% buffered formalin
(Fisher Scientific) for 30 min, washed briefly, and stained for
lipids by Oil Red O (Sigma). Counterstaining was done using
Harris’ modified hematoxylin (Fisher Scientific). Cells were
mounted in AquaPerm (Shandon Immunon, Fisher Scientific),
allowed to dry overnight, and mounted in Cytoseal 280 (Fisher
Scientific) plus a coverslip prior to analysis by bright field
microscopy (40�; Zeiss). Res-PM� with �1 lipid droplet were
defined as positive, and the number ofmedium sized lipid drop-
lets (diameter, 1–2 �m) was counted and averaged per positive
cell.
Aortic Root and en Face Lesion Analysis—Mice were kept on

regular chow diet until 6 months � 2 weeks of age and then
euthanized. After peritoneal lavage and blood collection from
the inferior vena cava, vessels were perfused with copious
amounts of ice-cold PBS through the left ventricle. Aortae were
dissected from the heart to the iliac bifurcation and fixed in 10%
buffered formalin (Fisher Scientific) overnight. Hearts with
aortic roots were embedded in Tissue-Tek optimal cutting
temperature compound. (VWR International, Mississauga,
Ontario, Canada) and frozen at �80 °C until 8-�m sections
were cut with a Cryostat (Leica, Richmond Hill, Ontario, Can-
ada). Sections were washed with water for 10 min, fixed in 10%
buffered formalin, and stainedwithOil RedOandhematoxylin.
Analysis of micrographs taken with a 5� objective was per-
formed using Image-Pro Plus software (Media Cybernetics, Sil-
ver Spring, MD). The total lesion area of three to four sections
per mouse was averaged. Fixed entire aortae were washed in
PBS, cleaned, opened longitudinally, stained with Sudan IV

(Sigma), and pinned onwax (Minutien Insect Pins, Fine Science
Tools, North Vancouver, British Columbia, Canada). En face
lesion area relative to the total aortic areawas determined using
Image-Pro Plus software.
Statistics—Data are expressed asmean� S.E. Statistical anal-

ysis (one-way analysis of variance or Student’s t test for
unpaired or paired observations as appropriate or Fisher’s exact
test for non-parametric analysis) was performed using Graph-
Pad InStat software (La Jolla, CA). A p value of 	0.05 (*) was
considered significant (**, p 	 0.01).

RESULTS

Comparative Analysis of Lipoxygenase Transcripts Reveals
Significant Differences between Macrophage Populations—In-
hibition of either 12/15-LO or 5-LO enzymes has been consid-
ered as potential therapy for cardiovascular disease (3, 24, 26).
To examine the effects of inhibition of both enzymes simulta-
neously, we generated dual 12/15-LO- and 5-LO-deficientmice
on an atherosclerosis-susceptible apoE-deficient background
and characterized LO-expressingmacrophages. TGL-PM� are
a frequently used source of macrophages. However, these cells
show phenotypic disparities compared with res-PM� (30). We
sought to compare relative transcript levels of 12/15-LO and
5-LO in TGL-PM� and res-PM� and to verify the knock-out
status of the four strains of mice. Strikingly wt TGL-PM� cul-
tured 1.5 h ex vivo expressed only 1% of the quantity of
12/15-LO transcripts detected in res-PM� from wt mice (Fig.
1A). TGL-PM� from the other three genotypes, including
12/15-LO�/� cells, showed similar low expression presumably
due to residual transcriptional activity of the 12/15-LO neomy-
cin cassette-disrupted allele. Likewise 12�5� res-PM� dis-
played 3.5% residual expression compared with wt (Fig. 1A).
However, transcripts with gene-disrupting neomycin cassettes
(confirmedby genotyping) donot translate a functional enzyme
(12, 18). 5-LO mRNA transcripts in TGL-PM� from wt mice
were detected at only 28% the level found in wt res-PM� and
were virtually undetectable in 5-LO�/� cells, thus verifying the
knock-out (Fig. 1B). We also investigated 12/15-LO and 5-LO
transcripts in res-PM� cultured ex vivo for 24 h. Notably the
relative quantities of 12/15-LO and 5-LO transcripts were
reduced to 42� 7 and 52� 9%, respectively, of the levels found
in macrophages cultured for 1.5 h. These results established
that only wt res-PM�, but not TGL-PM�, cultured for 1.5 h
show a high abundance of 12/15-LO and 5-LO mRNA tran-
scripts and are the most suitable cells and conditions to study
LO-dependent effects.
Assessment of Lipoxygenase Protein Levels in Macrophages—

We verified the phenotypic knock-out of both LO proteins in
res-PM� by immunofluorescence microscopy. Whereas wt
cells (Fig. 2,A,B,E, and F) displayed strong immunostaining for
12/15-LO (Fig. 2, A and B) and 5-LO (Fig. 2, E and F), 12�5�
cells (cultured for 2 h) were negative (Fig. 2, C, D, G, and H).
12/15-LO and 5-LO were also detected by Western blotting in
res-PM� from wt mice but not from 12–5- mice (Fig. 2I). To
visualize the subcellular localization of both LOs, resting wt
cells were cultured for 18 h to allow for acquisition of charac-
teristically spread morphology. Clearly 12/15-LO localized to
the cytoplasm (Fig. 2, A and B), whereas 5-LO was detected
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within the nucleus (Fig. 2, E and F). We determined whether
this distribution is also found in freshly extracted cells from the
peritoneal cavity. No major difference was apparent for 12/15-
LO. However, 5-LO was evenly dispersed in the cytoplasm and
in the nucleus with some accumulation at the nuclear envelope
(supplemental Fig. 1, A and C). Brief (5-min) stimulation by
Ca2� ionophore A23187, a strong cellular stimulus applied in
the eicosanoid biosynthesis experiments (see below), caused
5-LO to become enriched (punctate staining) inside the
nucleus and at the nuclear envelope, whereas 12/15-LO dis-
played only a slight redistribution to cytoplasmic and nuclear
membranes (supplemental Fig. 1, B and D).
Altered Eicosanoid Profiles in LO-deficient Res-PM�—As

M� play important roles in atherosclerosis, inflammation, and
immunity (31), they produce a variety of inflammatory lipid
mediators. We assessed the eicosanoid profiles of res-PM� in
relation to the presence or absence of 12/15-LO and 5-LO. In
addition, we analyzed the effects of pharmacological COX-1
inhibition by SC-560 (27). Priming by phorbolmyristate acetate
and stimulation by Ca2� ionophore induced endogenous AA

FIGURE 2. Lipoxygenase expression in resident peritoneal macrophages.
Res-PM� were seeded on 8-well glass slides, fixed, and immunolabeled for
LOs. Cells from wt mice (A, B, E, and F) were cultured for 18 h to allow cell
spreading, which revealed mostly cytoplasmically localized 12/15-LO (A and
B) and nuclear 5-LO (E and F). Cells from 12�5� mice (C, D, G, and H) displayed
only background fluorescence for 12/15-LO (C and D) and 5-LO (G and H).
Overlays with nuclear 4�,6-diamidino-2-phenylindole staining (B, D, F, and H)
show co-localization with 5-LO (F) but not with 12/15-LO (B) in 12�5� cells.
Scale bar, 10 �m. I, Western blot detection of proteins (12/15-LO, 5-LO, and
�-actin) in lysed res-PM�. Purified 5-LO protein (lane 3) was used as positive
control. Blots and micrographs are representative of at least three independ-
ent experiments.

FIGURE 1. Analysis of 12/15-LO and 5-LO mRNA transcripts in peritoneal
macrophages. mRNA levels of 12/15-LO and 5-LO were investigated in resi-
dent or TGL-elicited PM� cultured 1.5 h ex vivo. The figure shows relative
quantities of 12/15-LO (A) or 5-LO (B) mRNA transcripts in TGL-PM� (TGL) or
res-PM� (res) from LO-positive (�) or -negative (�) cells normalized to res-
PM� from wt mice (set to 100). Data are expressed as mean � S.E. of n 
 2– 6
independent experiments and were analyzed by analysis of variance. **, p 	
0.01.
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release, LO activation, and partial translocation (supplemental
Fig. 1, B and D). The presence or absence of the 12/15-LO
products 12-HETE and 15-HETE and the 5-LO product
5-HETE displayed in UPLC chromatograms recorded at 235
nm verified the functional knock-out of 12/15-LO and/or 5-LO
in the respective genotypes (Fig. 3A). Surprisingly 15-HETE
was detected in 12�5� cells along with increased amounts of
11-HETE (Fig. 3A). This prompted us to investigate the levels of
several important eicosanoids and free AA inmore detail using

LC-MS/MS normalized to cellular
protein content (Figs. 3B and 4).
As evident in Fig. 4A, absence/in-

hibition of both LOs or of 12/15-LO
and COX-1 increased the quantity
of free AA drastically, peaking in a
90-fold rise with dual LO deficiency
and COX-1 inhibition. The COX
products PGE2 and TxA2 (detected
as stable metabolite TxB2) were
inhibited, albeit incompletely (60–
90%), upon incubation with 10 �M

SC-560. Interestingly COX prod-
ucts were not or were only moder-
ately increased in all LO knock-out
samples (Fig. 4, B and C). Based on
the effects of SC-560, 11-HETE is a
predominant COX-1 product,
whereas 12-HETE is solely gener-
ated by 12/15-LO (Fig. 4, G and H),
thus confirming our initial UPLC
observations (Fig. 3A). In contrast,
although 15-HETE is formed pri-
marily by 12/15-LO in cells of
12/15-LO� genotype, genetic inac-
tivation of 12/15-LO revealed that
substantial quantities of 15-HETE
can be formed by COX-1 especially
when 5-LOwas inactivated in paral-
lel (Fig. 4I). A participation of
COX-1 in 15-HETE synthesismight
explain why in wt cells 15-HETE
increased 2.8-fold upon COX-1
inhibition, whereas the COX-in-
dependent product 12-HETE
increased 5.2-fold upon COX-1
blockage (Fig. 4, H and I). 8-HETE
and 9-HETE were minor products
detected (not shown). All detectable
diHETEs, including LTB4 for com-
parison, are summarized in Fig. 4J.
5,6-diHETE and LTB4 were
dependent entirely on 5-LO and
correlated to the amounts of
5-HETE (Fig. 4D). LTB4 isomers as
well as several other 5,12-diHETE
isomers, surprisingly, were also
detected in 12�5� cells especially
with concomitant COX-1 inhibi-

tion. 5,15-diHETE was only synthesized in wt cells (Fig. 4J).
8,15-diHETE aswell as the triHETEs lipoxinA4 andB4were not
present in detectable quantities. Taken together, substantial
shifts in the abundance and utilization of free AA occur in res-
PM� depending on the presence of functional COX-1 and LO
metabolic pathways, revealing appreciable substrate diversion
into LO pathways when COX-1 is blocked.
Spleen Weight and Peritoneal Lavage Cell Assessment—12/

15-LO was suggested to be involved in myeloproliferative dis-

FIGURE 3. Eicosanoid detection in resident peritoneal macrophage incubations. Pooled res-PM� from
three to four mice were primed with phorbol myristate acetate and preincubated with or without the COX-1
inhibitor SC-560 for 20 min. Eicosanoid biosynthesis from endogenous AA was activated by 0.44 mM additional
CaCl2 and 5 �M ionophore A23187 and analyzed after 45 min. A, representative UPLC chromatograms of HETEs
detected at 235 nm from all four genotypes and the internal standard mixture (top trace) are shown (n � 3).
B, representative LC-MS/MS chromatograms of a 12�5� sample (top row) and a 12�5� sample (bottom row)
were graphically separated to improve clarity. The 12�5� sample shown had a higher analyte recovery,
reflected by the PGB2 internal standard peak area (not shown). cps, counts/s.
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orders as indicated by increased spleen weights (32). Average
spleen weights in our mice at the time of euthanization (�6
months) were 108 � 4 (12�5�), 115 � 6 (12�5�), 124 � 7
(12�5�), and 126 � 4 mg (12�5�). Female mice displayed
higher SBRs than their male counterparts (Fig. 5A), and mice
lacking 12/15-LO consistently showed increased SBRs com-
paredwith wtmice (Fig. 5A, box). In addition, 12�5�mice had
larger spleens than 12�5� mice. However, occasional drastic

increases in spleen weights as
reported previously (32) were not
observed.Mice lacking 12/15-LO or
both LOs tended to have lower body
weights (Fig. 5B). Up to 6 months,
the maximum time point studied,
ourmice frequently developed cuta-
neous xanthomas/dermatitis (Fig.
5C) as previously reported for apoE-
deficient mice (25).
We assessed a potential impact of

genetic LO deletions on myeloid
populations in peritoneal lavages. A
reduced percentage of mature
CD11b� F4/80�M� (supplemental
Fig. 2, A and C) and B220� B lym-
phocytes (supplemental Fig. 2, B
and D) was detected in peritoneal
lavages of 12/15-LO-null mice as
comparedwithwtmice. This reduc-
tion was, however, not apparent in
dual LO-deficient mice where
B220� cells were even increased
(supplemental Fig. 2).
5-LO or Dual LO Deficiency

Attenuates Peritonitis—Intraperito-
neal injection of zymosan activates
local inflammatory cells and results
in increased plasma leakage into the
peritoneal cavity (33). We assessed
the requirement of LOs for this
process in zymosan-induced perito-
nitis. Plasma protein leakage
induced by zymosan injection was
enhanced 3-fold in wt cells and 2.5-
fold in 12�5� mice (Fig. 6A). Sig-
nificantly reduced leakage was evi-
dent in 12�5� and 12�5� mice
(1.9- and 1.7-fold, respectively,
above PBS control). This likely
resulted from the complete absence
of the major 5-LO products (cystei-
nyl leukotrienes) in these two
groups of mice (Fig. 6B) indicating a
role for 5-LO in regulating vascular
permeability. Prostaglandins, LTB4,
and diHETEs were not detectable
under our assay conditions. PBS-in-
jected animals used as controls dis-
played similar background leakage

between all genotypes (absorbance readings of 0.089–0.19),
and 12-HETE and 15-HETE were the only detectable eico-
sanoids under these basal conditions (Fig. 6B).
Serum Lipid Levels—As a prerequisite to our atherosclerosis

study (below), we analyzed serum lipid levels in apoE-deficient
micewith different LOgenotypes. Comparedwithwtmice, lack
of one or both LOs did not appreciably affect serum TG and
total, HDL, or LDL cholesterol levels in the knock-out geno-

FIGURE 4. Altered eicosanoid profiles of resident peritoneal macrophages with LO deficiency and COX-1
inhibition (SC-560). Samples were prepared as described for Fig. 3 and analyzed by LC-MS/MS. Figures show
paired data of control (black bars) and SC-560-treated cells (open bars) of all four genotypes, including free AA
(A), PGE2 (B), TxB2 (C), 5-HETE (D), LTB4 (E), LTC4 (F), 11-HETE (G), 12-HETE (H), 15-HETE (I), and 5,6-diHETE, LTB4,
5,12-diHETE isomers, and 5,15-diHETE (all J). Data are expressed as mean � S.E. from two to five independent
experiments determined over two LC-MS/MS runs. Statistical comparisons between paired bars (�SC-560) are
indicated with * (p 	 0.05) or ** (p 	 0.01). All significant differences are shown. Comparisons between geno-
types are labeled with # (p 	 0.05) or ## (p 	 0.01). In J, statistics of comparisons between black bars are
presented in boxed insets. ctrl, control; ns, not significant.
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types (Fig. 7, A–D). TG levels were somewhat lower in 12�5�
mice (Fig. 7A), and both genotypes lacking 12/15-LO showed a
trend toward reduced HDL serum concentrations (Fig. 7C).
Lipid levels were in the expected range for apoE-deficient mice
with about 5- and 8-fold increased cholesterol and LDL levels,
respectively, and 3-fold raised TG levels as compared with
C57BL/6 control mice (not shown) (34). Thus, deficiency of

12/15-LO and/or 5-LO did not sig-
nificantly modulate physiological
serum lipid concentrations in
apoE�/� mice used in these studies.
Lipoprotein Uptake—M� ingest-

ing modified LDL and turning into
foam cells are a hallmark of athero-
genesis (19). Multiple studies have
indicated roles for 12/15-LO and
5-LO in various aspects of the
atherogenesis process (for a review,
see Ref. 3). Extending previous work
showing an impaired uptake of LDL
in PM� lacking 12/15-LO (11), we
compared the in vitro capacity of
res-PM� to accumulate nLDL and
AcLDL in all four genotypes.
nLDL uptake was not different
between genotypes (Fig. 8A).
However, mice deficient for both
LOs showed diminished AcLDL
uptake compared with wt cells
(Fig. 8, B–F).
Aortic Root and en Face Lesion

Analysis—The atherosclerotic bur-
den of 6-month-old healthy mice
fed regular chow diet was exam-
ined by two experimental
approaches. First cross-sections of
the aortic root were stained for lip-
ids and cholesterol with Oil Red O.
Female mice with both 12/15-LO
and 5-LO deficiency displayed a
�40% reduction in aortic root
lesion area with no significant dif-
ferences between groups of male
mice (Fig. 9, A and B). En face
lesion analysis of the entire aorta
from the aortic root to the iliac
bifurcation revealed significantly
reduced lesion areas for female
mice of either the 12�5� (�50%)
or 12�5� (�37%) genotypes as
compared with wt mice (Fig. 9, C
and D). Male mice had fewer
lesions altogether and no differ-
ences between genotypes (Fig.
9C). These results demonstrate,
therefore, that the severity of ath-
erosclerotic lesion development
wasmarkedly reduced at the aortic

root and throughout the entire aorta of female mice lacking
both 12/15-LO and 5-LO.

DISCUSSION

12/15-LO and 5-LO represent the two lipoxygenase family
members most studied with respect to inflammation and car-
diovascular disease (1–5, 20). Information about the interrela-

FIGURE 5. Spleen weight assessment. The SBR (A) and absolute body weights (B) of mice (average ages, 20 –24
weeks) are shown. Significantly increased SBR was observed in each genotype for the female (�) (right) over
the respective male (�) (left) population as well as between certain genotypes within each gender group.
Statistical comparisons within each gender are displayed in inset boxes to the right (*, p 	 0.05; **, p 	 0.01; ***,
p 	 0.005; ns, not significant). Note that inset genotypes are abbreviated (�/� represents 12�5�; �/�
represents 12�5�; mixed genotypes represented accordingly). C, occurrence of cutaneous xanthomas/der-
matitis in each group, sorted by gender. Relative occurrence (in percent) is displayed in a box to the right. Data
in C were compared by Fisher’s exact non-parametric test. A total of 43 (�/�), 38 (�/�), 39 (�/�), and 64
(�/�) mice was analyzed.
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tionship of these two LO enzymes in cellular and pathophysio-
logical contexts is very limited. Therefore, we analyzed the
consequences of dual LO inhibition for the first time using a
genetic strategy of inactivation of both 12/15-LO and 5-LO on
an apoE-deficient background in macrophages, zymosan-in-
duced peritonitis, and atherosclerosis.
12/15-LO and 5-LOs are expressed predominantly in

selected cell types of the myeloid lineage (2, 8, 15), and they
show differential intracellular localization (cytoplasm versus
nucleus, respectively; supplemental Fig. 1). Among these, res-
PM� constitute the one major cell type with abundant expres-
sion of both enzymes in mice (Refs. 2, 11, and 12; Figs. 1 and 2;
and supplemental Fig. 1). However, their expression decreases
with time of culture, a phenomenon documented previously for
12/15-LO in adherent res-PM� (35). TGL-elicited PM� derive
from monocytes recruited from the bloodstream and are phe-
notypically distinct (30). These cells exhibitminimal expression
of 12/15-LO (1% of res-PM� levels; Fig. 1 and see also Refs. 16

and36) andgreatly reduced5-LO lev-
els (28% of res-PM� levels; Fig. 1).
TGL causes mild peritoneal inflam-
mation (30) and presumably activates
resident phagocytes, which attract
additional inflammatory monocytes/
macrophages, perhaps by means of
5-LO-derived and dual 5-LO-/12/15-
LO-derived chemoattractants (e.g.
LTB4, 5,12-diHETE, 5,15-diHETE,
and 8,15-diHETE isomers) (1, 8, 22),
which were detected in macrophage
incubations (Fig. 4).
We tested the role of both LO

enzymes in amodel of inflammatory
peritonitis induced by zymosan
injection and observed significantly
reduced plasma leakage, a measure
of endothelial cell activation and
vascular permeability, in 5-LO-defi-
cient and dual LO-deficient mice
compared with wt (Fig. 6A).
Decreased plasma leakage was also
reported previously for single 5-LO-
deficient mice (6) as well as for
LTA4 hydrolase-deficientmice (37),
supporting a role for the 5-LO path-
way in this model. Cysteinyl LT
receptors are prime suspects to
mediate the vascular permeability
events (7). The onset of peritoneal
inflammation, as demonstrated by
TGL elicitation of phagocytes (Fig.
1) and by Staphylococcus epidermi-
dis supernatants (38), is accompa-
nied by the advent of 12/15-LO-
negative cells and the disappearance
of 12-HETE from the peritoneal
cavity (38). It may, therefore, be
hypothesized that products of

12/15-LO are only required under homeostatic “resident” con-
ditions but not during acute inflammation. This is supported by
the fact that subcellular relocalization upon acute PM� activa-
tion did not occur for 12/15-LO (supplemental Fig. 1). In con-
trast, 5-LO is considered a quiescent enzyme that typically
becomes activated when the host cell acquires an inflammatory
phenotype as evident by peri- or intranuclear accumulation of
5-LO uponM� activation (supplemental Fig. 1 and Ref.13) and
LT biosynthesis at the nuclear membrane (14). Interestingly
lack of 12/15-LO products caused a relative reduction of M�
and B220� B cells in the peritoneal cavity (supplemental Fig. 2),
apparently perturbing an equilibrium of antagonistic 12/15-LO
and 5-LO products on myeloid cell migration under homeo-
static conditions. Concomitant deletion of 5-LO restored the
balance of normal M� percentages in the cavity (supplemental
Fig. 2). Exactly how 5-LO-derived metabolites might synergize
with 12/15-LO products to orchestrate inflammatory events
and the subsequent proresolving aspects (10, 39) remains to be

FIGURE 6. 5-LO or dual LO deficiency attenuates zymosan-induced peritonitis. Anesthetized mice received
an intravenous injection of Evans Blue dye followed by an intraperitoneal injection of zymosan to induce
peritonitis. A, exudates were collected after 60 min and analyzed for Evans Blue leakage spectrophotometri-
cally at 595 nm. Data (mean � S.E., n 
 8 –11) were normalized to PBS controls (*, p 	 0.05; **, p 	 0.01). B, levels
of free AA and other detected eicosanoids in exudates of zymosan- or PBS (control (ctrl))-injected mice. A total
of n 
 4 –7 samples was analyzed.
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determined because lipoxins were not detected in activated
macrophages (see below).
Using sophisticated liquid chromatography-tandem mass

spectrometry technology (40, 41), we assessed the conse-
quences of dual 12/15-LO and 5-LO inactivation in the pres-
ence/absence of pharmacological COX-1 inhibition on cellular
eicosanoid biosynthesis from endogenous AA in res-PM�.
Drug inhibition of both LO enzymes in the context of athero-
sclerosis has been considered (3, 42), and macrophage-derived
foam cells are themajor inflammatory cell type in these lesions.
Stimulation of PM� by calcium ionophoreA23187 releases AA
predominantly via cytosolic phospholipase A2, allowingmetab-
olism by 12/15-LO, 5-LO, and COX-1 (COX-2 is not present in
unstimulated res-PM� (43)) or reacylation into phospholipids
(44). Our data suggest that conversion of AA by 12/15-LO is
more efficient than metabolism via 5-LO or COX-1 because
12/15-LO inactivation, leads to elevated free AA levels, which
are elevated in the presence of COX-1 inhibition (Fig. 4A). This
is noteworthy because 12/15-LO does not apparently translo-
cate to the nuclear membrane (16) where most AA is released
(supplemental Fig. 1 and Ref. 13). However, intra- and even

intercellular shuttling of AA, which could facilitate utilization
at other membrane sites, is common (45). Suicide inactivation
(46, 47) and/or differences in subcellular localizationmight also
account for the less efficient metabolism of AA by 5-LO and
COX-1 compared with 12/15-LO. Remarkably with all three
enzymes blocked, the concentration of free AA rises 90-fold,
demonstrating that cytosolic phospholipase A2 keeps releasing
AA irrespective of intact functional coupling to downstream
enzymatic pathways. This accumulation occurs despite pre-
sumably intact reacylation pathways (44), indicating that the
acylation reactions are either not enhanced or already satu-
rated. Notably in stimulated primary neutrophils, inhibition of
reacylation by thimerosal drastically increases free AA levels
(48).
Substrate shunting occurs from COX-1 to the 12/15-LO or

5-LO pathways and from 12/15-LO to 5-LO, which was
observed previously (12), but not from 5-LO to 12/15-LO (see
Fig. 4, H and J). Phorbol myristate acetate-primed, ionophore-
activatedwtM� synthesized greater quantities of LTC4 relative
to 5-HETE or LTB4 (Fig. 4, D–F). LTC4 synthase appears to
function at saturating conditions because LTC4 levels remained

FIGURE 7. Serum triglyceride and total/HDL/LDL cholesterol levels. Serum was collected from healthy untreated mice of both genders and analyzed for TGs
(A) and total (B), HDL (C), and LDL (D) cholesterol. Data are expressed as mean � S.E. in mg/dl. The number of independent samples (n) is indicated in the figure.
*, p 	 0.05; ns, not significant.
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constant when freeAA levels rose in
12�5� cells (Fig. 4,A and F).Mean-
while the direct 5-LO products
5-HETE and LTA4 (detected as
non-enzymatic LTB4 isomers in Fig.
4J) as well as LTB4 (derived from
LTA4 hydrolase) increased under
the same conditions (Fig. 4E). 5,6-
diHETE was shown to be solely
dependent on 5-LO activity and,
presumably, its precursor 5-
hydroperoxyeicosatetraenoic acid
(Fig. 4J). 5,15-diHETE was only
detectable in wt cells, indicating
that both 12/15-LO and 5-LO are
required for its biosynthesis. These
diHETEs act as potential chemotac-
tic mediators (8, 9, 39). No lipoxins
were formed by a pure M� popula-
tion in our experimental conditions,
whichmay reflect the need for addi-
tional cell types (e.g. neutrophils)
enabling transcellular metabolism
to generate lipoxins (39, 49). Unex-
pectedly several 5,12-diHETE iso-
mers were detected in 12�5� cells
(Fig. 4J) indicating that some of
these detected products might rep-
resent isoleukotrienes that origi-
nated from free radical action on
phospholipids (50). However, this
finding was not reproduced in dual
LO-deficient cells. Further experi-
mentation will be required to
resolve this phenomenon.
11-HETE was confirmed as a

clear COX-1 product (Fig. 4G)
resulting from incomplete COX
catalysis (51). COX-1 also contrib-
uted to 15-HETE, but not 12-HETE,
production (Figs. 3 and 4,H and I) as
illustrated by two facts. First, sub-
stantial 15-HETE was formed in
dual LO-deficient cells. Second, in
COX-1-inhibited wt and 12�5�
cells, 15-HETE did not increase as
much as 12-HETE, indicating that
COX-1 forms a portion of 15-HETE
in 12/15-LO-positive cells. 15-
HETE is thought to escape the
COX-mediated metabolism of AA
(52).
Dual 12/15-LO- and 5-LO-defi-

cient mice showed no obvious
developmental or breeding abnor-
malities. Their serum lipid levels
were within expected ranges
for atherosclerosis-prone apoE�/�

FIGURE 8. Lipoprotein uptake by resident peritoneal macrophages. Res-PM�, cultured in 8-well slides
for 1.5 h, were exposed to nLDL (100 �g/ml) or AcLDL (40 �g/ml) in minimal medium for 24 h. M� with �1
lipid droplet were defined as positive, and the number of medium sized (diameter, 1–2 �m) lipid droplets
was calculated per positive cell. Incidence of positive cells was �20% for nLDL-treated cells and �80% for
AcLDL-treated cells. A shows nLDL uptake, and B shows AcLDL uptake, given as mean � S.E. Representa-
tive micrographs of M� exposed to AcLDL including high resolution insets are shown (C–F); for all n 
 3.
Arrowheads point to some of the lipid droplets inside cells. *, p 	 0.05. Scale bar, 25 �m.

FIGURE 9. Dual LO deficiency attenuates atherosclerotic lesion development in female mice. Aortic root
sections and entire aortae were prepared from 6-month � 2-week-old healthy mice. A and B, averaged total
lesion area of three to four cryosections per mouse stained with Oil Red O and presented as arbitrary units of
male (�) (A) and female (�) (B) sections (n 
 8 –9/genotype; **, p 	 0.01). C and D, fixed aortae were stained
with Sudan IV, and the en face lesion area relative to the total aortic area was determined. The relative lesion
area for male (C) and female (D) mice is shown, including statistical means (thick black bars) and medians (thin
gray bars); n 
 7–13. Statistical results for female mice are given in D. No significant differences were found for
male mice (C). ns, not significant.
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mice (Fig. 7 and Refs. 23 and 34). Of the four genotypes studied,
strains lacking 5-LO showed a relatively greater incidence of
cutaneous xanthomas/dermatitis (�35 versus 23% in 5-LO�/�

strains; Fig. 5C), a common condition in apoE�/� mice of the
C57BL/6 genetic background (25). In contrast, strains lacking
12/15-LOdisplayed increased spleen to bodyweight ratios (Fig.
5A), which had previously been related to the development of
myeloproliferative disorders and leukemia (32). Nonetheless
the spleen enlargement observed in our studies was only mod-
erate, although the mice we studied were on average twice as
old (20–24 versus 10–12 weeks in Ref. 32) and were bred on an
apoE�/� background. Thus, in accordance with a recent study
(38), wewere unable to confirm the severe phenotype ofmyelo-
proliferative disorder in 12/15-LO�/� mice.
The roles of 12/15-LO and 5-LO in atherosclerosis have been

examined quite extensively over recent years (2, 3, 20, 21, 23, 24,
26). Initial studies using 12/15-LO-deficient mice indicated a
clear proatherogenic role for this enzyme as shown by signifi-
cantly reduced lesion areas in several models of atherosclerosis
(20, 26). However, contrasting findings have been reported
using differentmodels and species (53), and recent studies indi-
cate divergence in results in 12/15-LO-deficient mice that
could be attributable to anti-inflammatory and proresolving
lipidmediators (10, 54, 55). Similarmixed atherogenesis results
with 5-LO gene-disrupted mice have also been reported (3, 21,
23, 24). In murine advanced lesions, 5-LO� macrophages are
present mainly in the adventitia rather than the intima (24) in
contrast to advanced human lesions that develop over decades
and contain abundant 5-LO� cells in the tunica intima (56).
Therefore, we studiedwhether some of the capricious results in
atherosclerotic lesion studies could be attributable to variable
eicosanoid profiles of proinflammatory versus anti-inflamma-
tory AA metabolites based on our macrophage incubations in
the presence or absence of one or two LO genes.
In relation to recent findings emphasizing gender-related

effects of 5-LO preactivation (57), we analyzed atherosclerotic
lesions in the four genotypes separated by gender. Male mice
developed relatively few atherosclerotic lesions throughout the
aorta andwere virtually unaffected by any LOdeficiency (Fig. 9,
A and C). Female mice expressing both LO enzymes showed
more lesions thanmales, consistent with previous data in apoE-
deficient mice (58), and this increased burden was reduced to
male levels in females lacking 12/15-LO (Fig. 9, B and D). How
12/15-LO is mechanistically involved in atherogenesis in
female, but not in male, mice is presently unclear. Gender-re-
lated studies addressing the subcellular localization (corre-
sponding to a potential preactivation state of the enzyme), as
performed for 5-LO (57), have not yet been conducted with
respect to 12/15-LO. Although 5-LO deficiency did not further
decrease lesion size in 12/15-LO-deficientmice by en face anal-
ysis, a synergistic effect was apparent by aortic root lesion anal-
ysis (Fig. 9B). Disparities in 5-LO expression as well as growth
dynamics and composition of atherosclerotic lesions at differ-
ent sites of the aorta are well appreciated (21, 24, 59, 60), pro-
viding a possible explanation for divergent results regarding
5-LO involvement in atherosclerotic lesion development.
Overall dual deficiency for 12/15-LO and 5-LO appears to be
atheroprotective in female but not in male mice. These results

were corroborated by in vitro LDL uptake experiments. Thus,
dual LO-deficient res-PM� displayed a defect inmodified LDL
uptake, the first step toward foam cell formation (Fig. 8).
In summary, novel dual 12/15-LO- and 5-LO-deficient mice

were generated and characterized. Interesting patterns of
altered AA metabolism were observed in macrophages that
could potentially explain the attenuated peritonitis and athero-
sclerotic lesion development in these mice. Our results provide
the rationale for more detailed studies addressing dual lipoxy-
genase inhibitors inmodels of inflammation and cardiovascular
disease.
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