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Mouse Peritoneal Macrophages Contain
Abundant w-6 Lipoxygenase Activity
That Is Independent of Interleukin-4

Joseph A. Comnicelli, Kathryn Welch, Bruce Auerbach, Steven J. Feinmark, Alan Daugherty

Abstract The action of an w-6 lipoxygenase (LO) has been
implicated in the development of atherosclerosis through a mech-
anism involving oxidation of LDL, and its regulation in macro-
phages may have important implications for the disease process.
Human monocyte—derived macrophages (HMDMs) showed no
demonstrable LO protein or activity unless they were incubated
with interleukin-4 (IL-4). In contrast, mouse peritoneal macro-
phages (MPMs) possessed significant basal levels of LO activity
and protein that were augmented by IL-4 treatment. Interferon
gamma prevented the induction of LO in both HMDMs and
MPMs. Whereas interferon gamma could completely block the
IL-4 induction of LO in human cells, it did not suppress basal
LO activity in MPMs. Both HMDMs and MPMs exhibited sim-
ilar concentration-response relationships for stimulation of LO
activity and protein, with maximal induction at 1 ng/mL IL-4.
The time course of IL-4 induction of LO activity was markedly
different in human and murine cells. IL-4 induced LO activity

and protein in human cells by 48 hours that were maximal by 72
hours; there was a decline to a new baseline by 96 hours. MPMs
have a significant amount of LO activity at baseline, which de-
clined with time by nearly 10-fold in the absence of IL-4. IL-4
blunted the decline of LO activity with time and restored activity
to that found at baseline by 48 hours. IL-4 was not responsible
for the LO activity present in freshly isolated MPMs since both
activity and protein content were similar in cells harvested from
IL-4** and IL-4~'~ mice. Therefore, whereas IL-4 may be an
important modulator of LO production in vitro, it is not essential
for the in vivo expression of this protein. Further, these studies
demonstrate that significant differences exist between monocyte-
derived macrophages matured in vitro and tissue macrophages
that have matured in vivo. (Arterioscler Thromb Vasc Biol.
1996;16:1488-1494.)
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enzymes that insert molecular oxygen into the

1,4-cis, cis pentadiene of polyunsaturated fatty
acids. Mammalian enzymes identified to date are capable
of performing this reaction at the 5, 12, or 15 carbon of
arachidonic acid, and hence have been named 5-, 12-, and
15-LO, respectively. 5-LO has been extensively studied
with regard to its role in generating the potent mediators
of inflammation, leukotrienes.! The biological functions
of 12- and 15-LO have not been as well characterized,
although there is some evidence for their involvement in
lipoxin synthesis.!

Among these enzymes, 15-LO is unique in its ability
to oxygenate polyenoic fatty acids esterified to various
membrane lipids2 and lipoproteins.34 The ability to oxi-
dize esterified fatty acid has led to the speculation that
the occurrence of 15-LO in reticulocytes is responsible
for the degradation of mitochondrial membranes and sub-
sequent red cell maturation.5-7 In addition to reticulocytes,
15-LO has been found in eosinophils,® airway epithe-

The LOs are a group of non-heme iron—containing
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lium, %12 pancreatic S3-cells,!3 and in intestinal cells de-
rived from subjects with inflammatory bowel disease. 4
The enzyme is absent from freshly isolated hum.an mono-
cytes and HMDMs.!s 15-LO mRNA and protein have
been detected in atherosclerotic lesions in humans and
rabbits in locations coincident with macrophages and ep-
itopes of oxidized LDL.16.17 These observations may have
particular significance for the pathogenesis of atheroscle-
rosis in that it is believed that oxidation of LDL is a key
feature in the generation of macrophage foam cells. !8

A related 12-LO exists in porcine, bovine, and murine
leukocytes. This LO, while distinct from the 12-LO of
human platelets, is highly homologous to the 15-LO
found in rabbit and human tissues at the molecular and
immunologic level. 1920 Presentation of arachidonic acid
to the leukocyte 12-LO gives the primary reaction prod-
uct of 12-hydroperoxyeicosatetraenoic acid (12-HPETE)
and small amounts of 15-HPETE. Conversely, human
and rabbit 15-LO yield predominantly 15-HPETE from
arachidonate and small amounts of the 12 positional
isomer. Both leukocyte 12-LO and human and rabbit
15-LO produce 13-hydroperoxyoctadecadienoic acid when
given linoleic acid as substrate.!® The molecular and im-
munologic characterization of the murine 12-LO have
been described,20 and the molecular basis for the differ-
ences in the positional specificities between the two
groups of enzymes has been defined.2!-24 In view of the
similarities of the human and homologous murine en-
zymes, these enzymes could be referred to collectively as
w-6 LOs.

The finding that 15-LO is not present in freshly isolated
human monocytes or HMDMs led Conrad and cowork-
ers!s to examine the regulation of expression of the en-



Selected Abbreviations and Acronyms

DMEM = Dulbecco’s modified Eagle’s medium
FBS = fetal bovine serum
HMDM = human monocyte—derived macrophage
HODE = hydroxyoctadecadienoate
IFN-y = interferon gamma
IL-4 = interleukin-4
LO = lipoxygenase
MPM = mouse peritoneal macrophage
PAGE = polyacrylamide gel electrophoresis
PBS = phosphate-buffered saline
rh = recombinant human
rm = recombinant murine
RP-HPLC = reversed-phase high-performance liquid
chromatography
SDS = sodium dodecyl sulfate
SP-HPLC = straight-phase high-performance liquid
chromatography

zyme by various immune-response modulators. They
have demonstrated that IL-4 and IFN-y are potent regu-
lators of 15-LO mRNA and activity in HMDMs. Of all
the cytokines tested, IL-4 alone was capable of inducing
15-LO expression and activity. The effects of IL-4 were
blocked by coincubation with IFN-y. We compared the
regulation of w-6 LO expression in HMDMs and MPMs
to determine the importance of IL-4 in vitro. Studies with
cells obtained from IL-4—deficient mice 25 were performed
to address the contribution of IL-4 to the regulation of
LO expression in vivo.

Methods
Materials

DMEM, l-glutamine, penicillin, and streptomycin were pur-
chased from GIBCO. Cytokines, along with their respective neu-
tralizing antibodies, were obtained as rh and rm proteins from
R&D Systems and were used with their respective cell types. rh—
and rm-IFN-y were purchased from Bio Source International.
FBS and human AB serum were obtained from Hyclone Labo-
ratories and Sigma Chemical Co, respectively. SDS gels (4% to
12%) and nitrocellulose blotting membranes were obtained from
Schleicher and Schuell, radiolabeled and enhanced chemilumi-
nescence reagents were from Amersham, and fresh elutriated hu-
man monocytes were obtained from Advanced Biotechnologies.
IL-4 —/— and +/+ mice were a generous gift from Dr O. Kan-
agawa, Washington University, St Louis, Mo, and Dr M. Kopf,
Max-Planck-Institute for Inmunobiology, Freiburg, Germany.

Cells

Resident MPMs were isolated from male Swiss Webster and
IL-4—deficient mice by lavaging the peritoneal cavity with
DMEM. The cells were centrifuged, resuspended in DMEM con-
taining 10% FBS, and seeded into six-well tissue-culture plates
at a concentration of 1X10° cells/well. MPMs were allowed to
adhere to plastic overnight in a humidified incubator at 37°C with
an atmosphere of 5% CO, and 95% air before the wells were
extensively washed with DMEM, and fresh culture medium con-
taining 10% FBS was added in the presence or absence of rm—
IL-4 at a concentration of 10 ng/mL, unless stated otherwise.
After this the cells were placed in the incubator at 37°C for an
additional 96 hours; culture media and cytokines were replaced
after 48 hours.

Freshly elutriated human monocytes were resuspended in hu-
man culture media consisting of high-glucose DMEM, 20% FBS,
10% human AB serum, antibiotics, and 1-glutamine. More than
95% of the cells were determined to be monocytes as determined
by differential cell counts and positive staining for CD14 and
CD15. Cells were dispensed into polytetrafluoroethylene-coated
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culture beakers at a density of 3 to 5X107 cells in a volume of
30 mL media and placed in a tissue-culture incubator for 5 days
to allow the monocytes to mature to macrophages. Approxi-
mately 50% to 70% of the cells were recovered as viable. These
cells were collected by centrifugation, resuspended in fresh hu-
man culture medium, and seeded into six-well tissue-culture
plates at a density of 2X10° cells/well. Adherent HMDMs were
incubated for an additional 72 hours, after which the medium was
replaced with fresh human culture medium with or without rh—
IL-4 at a concentration of 10 ng/mL, unless otherwise noted.
HMDM:s were cultured in the presence of IL-4 for 96 hours, with
media and cytokines replaced after 48 hours, before the experi-
ments were initiated.

Cell viability was monitored in all cultures throughout the ex-
periment either by counting nuclei directly? or by photographing
random fields of several culture wells, counting the number of
cells per unit area, and then calculating the total number of cells
per culture. These methods gave results that were internally con-
sistent with one another. Human and murine macrophages cul-
tured in the presence or absence of IL-4 differed in number only
by ~10% at the end of the experiment and represented ~90% of
the cells originally plated.

15-LO and Anti-15-LO

15-LO was isolated from rabbit reticulocyte lysates.? Poly-
clonal antiserum directed against rabbit 15-LO was obtained by
inoculating sheep with the purified protein and isolating the IgG
fraction by affinity chromatography. This antiserum cross-reacts
with both human and mouse w-6 LO.

Cellular 15-LO Activity Assay

Macrophages (2X10°%) were scraped into PBS, placed in
15-mL conical tubes, and pelleted by gentle centrifugation. PBS
was removed, and 450 uL iced reaction buffer (PBS and 0.2%
sodium cholate, pH 7.4) was added to the cell pellets. Cell pel-
lets were sonicated on ice over 10 3-second cycles at a power
setting of 1.5 using a Branson sonifier to liberate the cytosolic
enzyme. 15-LO activity was determined under reaction condi-
tions.?” Briefly, 100-uL aliquots of the sonicated cell suspension
were incubated with 360 ymol/L linoleic acid that was dissolved
in a small volume of EtOH. The solution was incubated on ice
for 10 minutes, and the reaction was stopped by adding an equal
volume of mobile phase (acetonitrile/water/methanol/acetic acid,
350:250:150:1), followed by the addition of trimethylphosphite
to reduce the hydroperoxides to the corresponding hydroxy fatty
acids. Products were identified and quantified by using RP-HPLC
against known standards of 13(S)-HODE. To verify that the
RP-HPLC fraction accurately reflected the enzymatic oxidation
of linoleate, the purified 13(S)-HODE fraction was rechromato-
graphed by using SP-HPLC with a Nucleosil 100 Silica 5-x col-
umn (250X4.6 mm) eluted with hexane/isopropanol/acetic acid
(98:2:0.1), and the HODE fractions were isolated. Over 90% of
the hydroxy fatty acid was 13-HODE, with the remainder present
as 9-HODE. The 13-HODE peak was collected, converted to its
methyl ester by reaction with diazomethane, and fractionated on
a Chiracel OB column (250X4.6 mm) eluted with hexane/ethanol
(100:2) at 0.8 mL/min at 40°C. Chromatography was performed
by using authentic samples of 13(S)-HODE and a racemic mix-
ture of 13-HODE.

Western Blot Analyses

Individual wells of cultured macrophages were scraped into
SDS sample buffer, and lysates were subjected to SDS-PAGE on
4% to 12% gradient gels. Separated proteins were transferred to
nitrocellulose paper by using the method of Towbin et al.28 Blots
were blocked with 5% dried milk, incubated with anti-15-LO,
and then incubated with peroxidase-conjugated goat anti-sheep
antibody. Immunopositive bands were visualized by reaction
with diaminobenzidine to produce a colored product or by using
enhanced chemiluminescence. Authentic 15-LO was included as






