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Review
The role of lipoxygenase-isoforms in atherogenesis

Hartmut Kiihn, llka Rémisch and Jutta Belkner

Institute of Biochemistry, University Medicine Berlin, Berlin, Germany

Lipoxygenases (LOXs) form a heterogeneous family of lipid-peroxidizing enzymes, and several
LOX-isoforms (12/15-LOX, 5-LOX) have been implicated in atherogenesis. However, the precise
role of these enzymes is still a matter of discussion. 12/15-LOXs are capable of oxidizing lipoproteins
(low-density lipoprotein (LDL), high-density lipoprotein (HDL)) to atherogenic forms, and functional
inactivation of this enzyme in murine atherosclerosis models slows down lesion formation. In con-
trast, rabbits that overexpress this enzyme were protected from lesion formation when fed a lipid-rich
diet. To contribute to this discussion, we recently investigated the impact of 12/15-LOX overexpres-
sion on in vitro foam cell formation. When 12/15-LOX-transfected J774 cells were incubated in cul-
ture with modified LDL, we found that intracellular lipid deposition was reduced in the transfected
cells when compared with the corresponding control transfectants. This paper briefly summarizes the
current status of knowledge on the biological activity of different LOX-isoforms in atherogenesis and
will also provide novel experimental data characterizing the role of 12/15-LOX in cellular LDL modi-

Mol. Nutr. Food Res. 2005, 49, 1014—-1029

fication and for in vitro foam cell formation.
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1 Introduction

Atherosclerosis, the disease that gives rise to myocardial
infarction, stroke, and vascular occlusive disease of the
extremities, is the major cause of mortality in industrialized
countries [1]. Risk factors for atherosclerosis have been
identified by epidemiological studies [2], but the disease-
initiating mechanisms remain largely elusive. The response
to injury hypothesis [3, 4] emphasizes that atherosclerosis
is a chronic fibro-proliferative disease of the arterial wall
that is associated with aberrant immune reactions. In addi-
tion, the lipid oxidation hypothesis [5, 6] proposes that oxi-
dized low-density lipoproteins (oxLDL) may trigger arterial
wall injury and initiate foam cell formation. Since lipoxy-
genases (LOXs) are lipid-peroxidizing enzymes, which are
capable of oxygenating LDL to an atherogenic form, they
have been implicated in atherogenesis.
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1.1 The LOX family and LOX reaction

LOXs form a family of lipid-peroxidizing enzymes which
catalyze the stereoselective oxygenation of polyunsaturated
fatty acids containing a (1Z,4Z)-penta-1,4-dienoic system
to the corresponding hydroperoxy derivatives [7]. They
occur in plants [8], animals [9], and selected bacteria [10].
Most of our knowledge on LOX structure and function ori-
ginates from studies on soybean LOX-isoforms. In several
aspects (reaction mechanism, kinetic parameters, iron con-
tent, efc.) the soybean LOX-1 constitutes a suitable model
for mammalian LOXs. However, other properties are quite
different when plant and mammalian LOXs are compared.
Thus, experimental data obtained with the soybean enzyme
should be interpreted with care when conclusions to mam-
malian physiology are drawn.

LOXs catalyze peroxidation of polyenoic fatty acids using
atmospheric oxygen as second substrate. Recently, it has
been suggested that oxygen may not only constitute a LOX
substrate but may also act as enzyme activator impacting
the specific activity [11]. The mechanistic reasons for this
reversible enzyme activation are rather complex and appear
to involve direct interaction of oxygen with the catalytic
nonheme iron. In principle, the LOX reaction consists of
three consecutive steps (Fig. 1): (i) initial stereoselective
hydrogen abstraction from a bisallylic methylene group
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Figure 1. Scheme of LOX-reaction. Catalytically silent ferrous
LOX must be activated and this activation process involves
oxidation of the nonheme iron. LOX cycle itself consists of
three consecutive steps. (i) Stereoselective abstraction of a
hydrogen atom from a bisallylic methylene forming a carbon-
centered fatty acid radical. Hydrogen atom is abstracted as
proton and the ferric LOX is reduced by taking up the resulting
electron. (ii) Radical rearrangement that is accompanied by
Z,E-diene conjugation. (iii) Stereospecific insertion of molecu-
lar dioxygen at C-1 or C-4 of the pentadienyl system forming a
fatty acid hydroperoxide radical. This oxygen-centered radical
is subsequently reduced to the corresponding anion and the
ferrous LOX is oxidized to the ferric form to close the catalytic
cycle.

forming a carbon-centered fatty acid radical. Hydrogen
abstraction is the rate-limiting step of the overall reaction.
Formally, hydrogen is abstracted as proton and the electron
is transferred to the ferric LOX. (ii) Radical rearrangement,
which is accompanied by Z,E-diene conjugation. (iii)
Stereoselective insertion of molecular dioxygen at C-1 or
C-4 of the pentadienyl system forming an oxygen-centered
fatty acid hydroperoxy radical. This radical intermediate is
reduced to the corresponding anion and the enzyme is oxi-
dized back to the ferric form. It should be stressed that the
radical intermediates usually remain enzyme bound, which
explains the high product specificity (formation of a single
product isomer) of most mammalian LOXs. However,
under certain reaction conditions (extreme pH, low oxygen
concentration) the LOXs may serve as source of free lipid
radicals [12]. In such cases, the enzymes form complex
mixture of stereorandom oxygenation products.

Mammalian LOXs form a heterogeneous enzyme family.
Completion of the human genome project indicated the
existence of six functional LOX genes [13]. In the murine
genome seven functional LOX genes have been identified.
According to their phylogenetic relatedness mammalian
LOXs may be classified into four different subfamilies
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Figure 2. Subclassification of mammalian LOX-isoforms. His-
torically, LOXs were classified with respect to their positional
specificity of arachidonic acid oxygenation. Unfortunately, the
growing diversity of LOX-isoforms made this arachidonic acid-
based nomenclature rather confusing, and thus different clas-
sification principles were recently applied. According to their
phylogenetic relatedness, mammalian LOX can be subclassi-
fied in four distinct families [9]. Isoforms on gray background
have been implicated in cardiovascular diseases. Role of the
epidermis-type LOXs has not been investigated.

(Fig. 2): (1) 5-LOXs, (ii) 12/15-LOXs, (iii) platelet-type 12-
LOXs, and (iv) epidermal-type LOXs [9]. For most LOX-
isoforms, the biological activity is far from clear. According
to the concept of the arachidonic acid cascade, LOXs are
involved in the biosynthesis of lipid hormones, such as leu-
kotrienes [14], lipoxins [15], hepoxilins [16], and other
hydroxylated fatty acid derivatives, which exhibit a large
array of biological activities. In addition, LOXs have been
implicated in cell physiological processes not directly
related to eicosanoid metabolism. 5-LOXs are involved in
the leukotriene biosynthesis [14, 17]. Leukotriene antago-
nists and leukotriene synthesis inhibitors have been devel-
oped as antiasthmatics and some of them are available for
prescription use. Under certain conditions the 5-LOX is
also expressed in cells, which are not related to anaphylac-
tic and/or inflammatory reactions [18]. Moreover, the intra-
nuclear localization of the enzyme [19] in various cell types
may suggest that the 5-LOX and/or 5-LOX products might
be involved in regulation of gene expression.

12/15-LOXs have been implicated in cell development and
differentiation. During the maturation of rabbit reticulo-
cytes, this enzyme initiates a cytosolic breakdown cascade
of the remaining mitochondria during reticulocyte/erythro-
cyte transition [20]. Similar mechanisms involving 12/15-
LOXs have been suggested for the differentiation of eye
lens cell [21]. The murine 12/15-LOX plays an important
role in bone metabolism. Crossbreeding experiments with
12/15-LOX knockout mice indicated improvement of bone
density and strength in animals lacking the enzyme, and
pharmacological intervention studies with 12/15-LOX inhi-
bitors confirmed these data in two rodent models of osteo-
porosis [22]. Whether similar effects can be observed in
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humans remain to be investigated in the future. Human per-
ipheral monocytes do not express a 12/15-LOX but in
macrophages, which develop from peripheral monocytes in
the presence of interleukin-4, the enzyme can be detected
in large amounts [23]. Thus, 12/15-LOX may be important
for monocyte—macrophage transitions or for macrophage
function. More recent investigations on this topic (oligonu-
cleotide-based microarray studies) suggested that interleu-
kin-4 might contribute to switch peripheral monocytes into
a resolving phenotype, suggesting a role for 12/15-LOXs in
inflammatory resolution [24].

The platelet-type 12-LOX was the first mammalian LOX
discovered back in 1974 [25]. Because of its preferential
detection in platelets of various species, the enzyme was
implicated in platelet function. In fact, platelet 12-LOX
knockout mice exhibit an increased sensitivity for ADP-
induced aggregation, suggesting a modulator role of the
enzyme in blood clotting [26]. In rabbits, the platelet aggre-
gating response toward platelet activating factor may also
involve the 12-LOX pathway [27]. Moreover, the platelet-
type 12-LOX has been implicated in radical-mediated
engulfment of viruses and bacteria [28], and thus the
enzyme may be relevant for the immune function of throm-
bocytes. It should be stressed that expression of platelet-
type 12-LOX is not restricted to platelets [29, 30]. The
enzyme also occurs in various types of epithelial cells and
several parts of the brain. Although its biological role in
these tissues is still unclear, there is evidence for involve-
ment in regulation of epidermal water homeostasis [31],
skin [32, 33] and prostate diseases [34], and neurodegenera-
tive disorders [35].

The biological roles of the epidermal-type LOXs are quite
unclear. There are no knockout mice available at the moment
and isoform-specific inhibitors have not been developed so
far. The human epidermal-type 15-LOX (15-LOX2) has also
been related to skin disease [36] and prostate cancer [37, 38]
but the mechanisms are still under discussion.

1.2 LOX structure

Although soybean LOX-1 was already crystallized in 1947,
it took 46 years to solve its crystal structure [39]. The first
3-D structure of a mammalian LOX (rabbit 12/15-LOX)
was reported in 1997 [40]. Comparison of these crystal
structures indicated strong similarities between these iso-
forms despite considerable differences in the amino acid
sequence. All LOX-isoforms have a two-domain structure
(Fig. 3). For the rabbit enzyme, the small N-terminal
domain comprises 115 amino acids and is composed of
eight B-sheets. This domain is similar in sequence, size, and
structure to C-terminal B-barrel domains of mammalian
lipases, which contributes to localize the enzyme at the sur-
face of complex lipid—protein assemblies (biomembranes
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Figure 3. 3-D structure of rabbit 12/15-LOX. 3-D structure of
the rabbit 12/15-LOX-arachidonic acid complex was modeled
on the basis of the X-ray coordinates of 12/15-LOX crystals
[40]. Small N-terminal B-barrel domain and the large catalytic
subunit are indicated. Carboxylic end of a fatty acid substrate,
which was modeled into the substrate-binding pocket, is also
shown. Methyl end of the substrate is buried deeply inside the
enzyme molecule. Surface exposed hydrophobic amino acids
(bride residues) surround the entrance into the substrate-bind-
ing pocket. Most of these amino acids have been implicated in
membrane binding of the enzyme as indicated by site-directed
mutagenesis [120].

or lipoproteins). The B-barrel domain shares a 1600 A2
interface with the larger C-terminal domain, which consists
of 18 helices interrupted once by a small B-sheet subdo-
main. The core of the C-terminal domain is formed by two
long helices, which contain four of the five ligands of the
catalytic nonheme iron. In the soybean LOX-1 water (or a
hydroxyl) occupies the sixth ligand position and this ligand
may be displaced when fatty acid substrates are bound. The
substrate-binding cleft of 12/15-LOXs appears to be a boot-
shaped cavity, which is directly accessible from the surface
of the protein (Fig. 3). It is surrounded by a number of sur-
face exposed hydrophobic amino acids, which are impor-
tant for the membrane-binding activity of the enzyme [41].
The bottom of this pocket is defined by a triad of amino
acids (Phe353, [le418, and I1e593) and these structural ele-
ments constitute sequence determinants for the positional
specificity of 12/15-LOXs [42]. Mutagenesis experiments
and modeling studies on enzyme — substrate complexes
suggested that the positively charged Arg403 might interact
with the carboxylic group of the fatty acid substrate [43].

1.3 Oxidation hypothesis of atherosclerosis

Hypercholesterolemia, in particular increased LDL choles-
terol levels, is a major risk factor for atherosclerosis. How-
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ever, LDL per se might not be atherogenic since the periph-
eral metabolism of LDL lipids is well regulated. Detailed
investigations on the mechanism of peripheral lipid meta-
bolism indicated that cellular uptake of native LDL via the
LDL-receptor pathway does usually not lead to intracellular
lipid deposition. In fact, an increase in the intracellular cho-
lesterol concentration reduces the cell surface density of
LDL receptors and attenuates intracellular de novo synth-
esis of cholesterol. Thus, in principle, no excessive lipid
uptake is possible. However, macrophages are capable of
accumulating large amounts of cholesterol derivatives in
the cytosol in form of lipid droplets and these droplets
impart to the cells a foamy, vacuolated appearance [44].
Formation of such lipid-laden foam cells is induced via
excessive uptake of modified LDL via scavenger receptor-
mediated pathways. The oxidation hypothesis [5, 6] of foam
cell formation proposes that in vivo oxygenation LDL con-
stituents may be the major modifying process. Oxidized
LDL species certainly occur in atherosclerotic lesions and
in the peripheral blood stream and LDL oxidation products
exhibit a complex array of proatherogenic activities [45,
46]. In animal atherosclerosis model, primary intervention
studies with low molecular weight antioxidants revealed
protective effects but in humans the situation appears to be
more complex (Steinberg, this issue).

1.4 Involvement of LOX-isoforms in
atherogenesis

Among the four mammalian LOX subfamilies, three (12/
15-LOX, 5-LOX, platelet-type 12-LOX) have been related
to cardiovascular diseases (Fig. 2) but the pathophysiologi-
cal mechanisms of their involvement are quite distinct. In
the mid 1980s, when eicosanoid research became a major
focus of scientific interest, LOXs have been related to the
pathogenesis of atherosclerosis [47]. Initially, research was
focused on 12-LOXs since their stable reaction product
(128,52,8Z,10F,14Z)-12-hydroxy-5,8,10,14-eicosatetra-
enoic acid (12S-HETE) induced smooth muscle cell migra-
tion [48, 49]. The first direct evidence for the involvement
of 12/15-LOXs in atherogenesis was provided in the late
1980s when activity assays suggested expression of 12/15-
LOXs in atherosclerotic lesions [50, 51]. Unfortunately, at
that time no mechanistic concept for the involvement of 12/
15-LOX in atherogenesis was available. This situation
changed when the oxidation hypothesis of atherosclerosis
[5] became more popular. Based on the scattered experi-
mental data available at that time, the oxidation hypothesis
introduced a unifying mechanistic concept that has been
serving as conceptional guide for designing research strate-
gies for more than 2 decades. These strategies involved
experiments in molecular and cellular model systems but
were particularly focused on obtaining data in animal ather-
osclerosis models (overexpressing transgenic animals as
well as knockout mice) and in humans.
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1.5 Proatherogenic activity of various
LOX-isoforms

1.5.1 12/15-LOXs

Oxidative modification converts LDL to an atherogenic
form, which is rapidly taken up by macrophages or smooth
muscle cells via scavenger receptor-mediated pathways [5,
6]. 12/15-LOXs are lipid-peroxidizing enzymes and thus,
according to the oxidation hypothesis, they may contribute
in vivo to LDL oxidation. Several lines of experimental evi-
dence have been accumulated during the past 20 years,
which suggest a proatherogenic activity of 12/15-LOXs.

(1) In reconstituted molecular model systems, 12/15-LOXs
are capable of oxidizing LDL to an atherogenic form. This
has been shown initially for the soybean LOX-1 [52] but
later on also for various mammalian isoforms [53—55].
LOX catalyzed LDL oxidation may proceed via direct
attack of the enzyme on LDL ester lipids or indirectly, via
oxygenation of free fatty acids, which have previously been
liberated from the ester lipid fraction. The hydroperoxy
fatty acids formed may then initiate radical chain reactions
leading to cooxidative modification of apolipoprotein B. /n
vitro, mammalian 12/15-LOXs appear to be most effective
in catalyzing LDL oxidation when related to their arachido-
nic acid oxygenase activity (Table 1). In contrast, the
human 5-LOX and the human platelet-type 12-LOX exhibit
lower LDL oxidizing activities. These data are plausible
since 12/15-LOX have been reported to oxygenate ester
lipids [56, 57]. However, the relatively high LDL oxygenase
activity of the human 5-LOX (30% when compared with
the rabbit 12/15-LOX) is somewhat surprising since,
according to our current understanding, this enzyme does
not accept ester lipids as substrate. It may be possible that
the free fatty acids present in the LDL particle may consti-
tute the substrates for this enzyme. The hydroperoxy fatty
acids formed in this primary reaction may then initiate sec-
ondary oxidations, which proceed independent of the pri-
mary LOX reaction. Pretreatment of LDL with LOX ren-
ders the lipoprotein prone to copper catalyzed oxidation
[58, 59]. It was suggested that the enzyme might provide
small amounts of hydroperoxides, which can be utilized by
copper ions to decompose the endogenous antioxidants nor-
mally protecting LDL from metal catalyzed oxidation.
Short-term incubation (up to 30 min) of the purified native
rabbit 12/15-LOX with human LDL led to a specific pattern
of oxygenation products [55]. In contrast, after long-term
incubation a more complex mixture of oxygenated lipids
was analyzed [54, 55]. These alterations in the product spe-
cificity can be explained by the fact that specific hydroper-
oxy lipids formed by the LOX reaction may undergo iso-
merization or may induce nonenzymatic secondary reac-
tions rendering the overall product pattern more unspecific.

(i) High-density lipoprotein (HDL) acts antiatherogenic
since it enables reverse cholesterol transport [60]. These
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Table 1. Relative LDL oxidizing activities of different LOX-iso-
forms. LDL oxygenase activity of the different LOX-isoforms
was performed as follows: human LDL (0.52 mg protein/mL)
was incubated with various mammalian LOX preparations in
0.1 M phosphate buffer for 15 min at room temperature. After
the incubation period, sodium borohydride was added to
reduce the hydroperoxy lipids formed to the corresponding
hydroxy derivatives, and the lipids were extracted. Hydrolyzed
lipid extracts (alkaline hydrolysis) were analyzed by RP-HPLC
as described in Section 2. Arachidonate oxygenase activities
of the various LOX preparations were assayed by HPLC quan-
titation of the LOX products formed from arachidonic acid dur-
ing a 15-min incubation period. Native rabbit 12/15-LOX, the
recombinant porcine 12/15-LOX, and the recombinant human
platelet 12-LOX (crude enzyme preparations, ammonium sul-
fate precipitate) were assayed in 1 mL 0.1 M phosphate buffer,
pH 7.4 containing 100 uM arachidonic acid as substrate.
Recombinant human 5-LOX was tested in 1 mL 0.1 M phos-
phate buffer, pH 7.4 containing 0.1 mM ATP, 0.1 mM EDTA,
2 mM CaCl,, 12 mg/mL phosphatidylcholine, and 20 uM ara-
chidonic acid as substrate (optimized assay conditions). After
incubation, the hydroperoxy fatty acids formed were reduced,
1 mL of methanol was added, and aliquots were directly
injected to RP-HPLC

LOX-isoform LDL oxygenase/  Relative ratio of
AA oxygenase ratio LDL oxygenase/
AA oxygenase
Rabbit 12/15-LOX 3.79x 1073 100
Porcine 12/15-LOX 1.86x 1073 49
Human platelet 12-LOX 0.64x1073 17
Human 5-LOX 1.10x 1073 29

lipoproteins take up free cholesterol from peripheral cells
to carry it to the liver where it is excreted as bile acids. HDL
particles are also susceptible to oxidation [61, 62]. In fact,
oxidative modification induces physicochemical altera-
tions, which impact the biological activities. Oxidized HDL
has an impaired cholesterol-accepting capacity [63, 64],
and thus may not act antiatherogenic any more. When given
to macrophage cultures, oxidized HDL increases the intra-
cellular content of free cholesterol and also acts cytotoxic
[65, 66]. Mammalian LOXs are capable of oxidizing HDL.
In fact, the LDL- and HDL-oxidizing activity of the rabbit
12/15-LOX is comparable when the concentrations of the
substrate lipoproteins in the assay system were normalized
to a similar polyenoic fatty acid content (Fig. 4).

(iii) Peritoneal macrophages prepared from mice, in which
the 12/15-LOX gene was functionally silenced, exhibited
impaired LDL oxidizing capabilities [67]. On the other
hand, fibroblasts transfected with 12/15-LOX oxidized
LDL more strongly than corresponding controls [68].
When cultured murine macrophages transfected with the
porcine 12/15-LOX were incubated with human LDL, oxi-
dative modification of the lipoprotein was induced and a
specific pattern of LOX products was detected in the LDL
ester lipids [69]. Later on, it was reported that the LDL
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Figure 4. Oxidation of various lipoproteins by the rabbit 12/
15-LOX. Human VLDL (236 nmol polyenoic fatty acids/sam-
ple), human LDL (255 nmol polyenoic fatty acids/sample), and
human HDL (250 nmol polyenoic fatty acids/sample) were
incubated with the rabbit 12/15-LOX (5.6 nkat/mL arachido-
nate oxygenase activity) for 15 min at room temperature. After
incubation, sodium borohydride was added to reduce the
hydroperoxy lipids formed to the corresponding hydroxy deriv-
atives and the lipids were extracted [109]. Hydrolyzed lipid
extracts (alkaline hydrolysis) were analyzed by RP-HPLC as
described in Section 2 (LOX activity assays) to quantitate the
hydroxy fatty acid content of the lipoprotein lipids. This value
was then related to the amounts of nonoxidized polyenoic fatty
acids (determination of the OH-FA/PUFA-ratio).

receptor-related protein was required for this reaction [70].
These data indicated that intracellular expression of a LOX
might not be sufficient for an increased LDL oxidizing
capacity of a cell. Other requirements must also be met.

(iv) Somatic gene transfer of the human 12/15-LOX gene to
rabbit arteries led to the appearance of oxidized LDL epi-
topes in the transfected areas [71]. In these regions 12/15-
LOX and oxLDL epitopes were colocalized. The contra-lat-
eral arteries, which were mock-transfected, did not show
any signs of oxLDL epitopes.

(v) To explore in more detail the in vivo impact of 12/15-
LOX in animal atherosclerosis models transgenic mice
were created (gain of function strategy), which overexpress
the enzyme under the control of the preproendothelin pro-
moter [72]. Screening of different tissues for transgene
expression indicated high-level expression of 12/15-LOX
in lung, heart, and aorta. When these animals were crossed
with LDL-receptor knockout mice, the resulting animals
turned out to be more susceptible to experimental athero-
sclerosis [73]. For the interpretation of these data one
should keep in mind that 12/15-LOX is usually not
expressed in the heart and in vascular endothelium.
Whether this ectopic LOX expression may influence the
pathophysiology of plaque formation is difficult to estimate
at the moment.

(vi) An inverse approach (loss of function strategy) was
taken when 12/15-LOX knockout mice [74, 75] were
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crossed with apo-E- or LDL-receptor deficient mice. After
several generations of backcrossing into Black6 genetic
background, the double knockouts were put on a lipid-rich
diet and significant reduction of lesion formation was
observed [74, 75]. The 12/15-LOX '~ -apo-E~/~ mice have
diminished plasma IgG autoantibodies against oxidized
LDL epitopes, suggesting that 12/15-LOX might be
involved in systemic LDL oxidation iz vivo. An even more
pronounced protection from lesion formation was observed
when the animals were kept for a longer time period on a
normal chow-diet. These data strongly suggest that in these
animal atherosclerosis models the murine 12/15-LOX exhi-
bits proatherogenic activities.

The mouse 12/15-LOX is expressed in various cell types
including peritoneal macrophages, adipocytes, cardiomyo-
cytes, and in the vasculature. To explore, which cellular
source of the enzyme is important for atherogenesis, bone
marrow was transplanted from 12/15-LO~'~/apoE ~'~ mice
into 12/15-LO™*/apoE '~ apoE mice and vice versa [76].
Deficiency of 12/15-LOX in bone marrow cells protected
12/15-LO"*/apoE~'~ mice fed a Western-type diet from
atherosclerosis to a similar extent as complete absence of
the enzyme. Interestingly, the plasma levels of §8,12-iso-
prostanes (measure of systemic lipid peroxidation)
remained elevated after bone marrow transplantation, sug-
gesting that bone marrow cell 12/15-LOX may not largely
contribute to systemic lipid peroxidation. 12/15-LO~'~/
apoE '~ mice regained the severity of atherosclerotic lesion
typical of apoE~'~ mice after replacement of their bone
marrow cells with bone marrow from 12/15-LO™*/apoE~'~
mice. Moreover, peritoneal macrophages obtained from
wild-type but not from 12/15-LOX deficient mice caused
endothelial activation when incubated with native LDL.
These data suggested that macrophage 12/15-LOX plays an
important role in the development of atherosclerosis by pro-
moting endothelial dysfunction [76].

(vii) In cholesterol-fed rabbits, a 12/15-LOX inhibitor
slows down the formation of atherosclerotic lesions by inhi-
biting monocyte/macrophage enrichment in the vessel wall
[77, 78]. In vitro, this compound inhibited the rabbit 15-
LOX at submicromolar concentrations but did not affect
fatty acid oxygenase activity of the human platelet 12-
LOX, the rat 5-LOX, the ovine cyclooxygenase-1, and the
human cyclooxygenase-2. The compound did neither sig-
nificantly alter the plasma cholesterol concentration nor the
animals’ lipoprotein profile. Unfortunately, no direct proof
for the in vivo inhibition of the 12/15-LOX has been pre-
sented.

Taken together, these findings strongly suggest a proathero-
genic activity of 12/15-LOXs in various rodent athero-
sclerosis models. Whether these findings can be extrapo-
lated to humans remains to be explored in the future. Unfor-
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tunately, recent studies on the presence or absence of 12/15-
LOX in various stages of human atherosclerotic lesions did
not reveal major indications for significant lesional expres-
sion of the enzyme [79]. The second point that needs to be
addressed in the future is the question by which mechan-
isms 12/15-LOX prevent lesion formation in vivo.

Although there is evidence for a role of the enzyme in sys-
temic LDL oxidation (oxidation hypothesis of atherosclero-
sis), alternative mechanisms may also be involved. For
instance, the enzyme may be involved in the biosynthesis of
compounds, which act as signaling molecules initiating
proatherogenic event (cell migration, cell proliferation, leu-
kocyte adhesion, vasoconstriction, platelet aggregation,
inflammatory reaction, etc.). Moreover, intracellular cataly-
tic activity of 12/15-LOX may regulate expression of
redox-sensitive genes by increasing the intracellular perox-
ide tone. A selection of such LDL-unrelated proatherogenic
mechanisms has been discussed before [80].

1.5.2 5-LOXs

For a long time atherosclerosis has been considered a hyper-
proliferative disease that involves dysregulations in local
and systemic lipid metabolism. However, even 20 years ago
an inflammatory component had been implicated in lesion
formation, and the impact of antiinflammatory drugs was
tested in animal atherosclerosis models [81—84]. Today
atherosclerosis is regarded as inflammatory disorder, which
is initiated by internal microinjuries of the arteries [85, 86].
Hypertension, hemodynamic turbulences, vascular infec-
tions, or chemical substances induce such microinjuries and
initially, formation of an atherosclerotic lesion may be con-
sidered a repair response. Since inflammation appears to be
involved in atherogenesis, it was predicted that inflamma-
tory enzymes, receptors, and signaling molecules might be
present in atherosclerotic lesions. Leukotrienes are key
mediators in inflammatory reactions [14, 17], and thus
lesional expression of leukotriene synthesizing enzymes
was likely. Although expression of 5-LOX is not restricted
to inflammatory cells, leukocytes were shown to be a rich
source of lesional 5-LOX. In fact, the enzyme was detected
not only in foamy macrophages of human lesions [79] but
also in different cell types of murine atherosclerotic speci-
mens [87].

Interestingly, a major site of 5-LOX expression is the vascu-
lar adventia [88]. In humans, the number of transcripts of
both, 5-LOX and LT-receptors, appears to expand during
lesion progression [79] suggesting a causal relation between
5-LOX expression and atherogenesis. In mice, a genetic
locus was identified that blocks development of athero-
sclerosis despite extreme hyperlipidemia [89]. To identify
genes with potential impact on atherogenesis, atheroresis-
tant CAST mice were crossed with atherosusceptible Black6
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animals yielding the congenic mouse strain CON6, which
exhibits a similarly pronounced atheroresistance as the par-
ent CAST strain. Importantly, CON6 mice retained the ather-
oresistance gene locus of the CAST animals and genotyping
of the two strains identified the 5-LOX gene immediately
underneath the linkage peak [87]. Moreover, bone marrow
transplantation suggested the importance of leukocytes in
the atheroresistance of CON6 mice [87]. Thus, the leukocyte
5-LOX emerged as an attractive candidate gene that could
contribute to atheroresistance in CAST and CON6 mice. To
address this hypothesis, 5-LOX expression was compared
between atheroresistant (CON6) and atherosusceptible
(Black6) mouse strains, and it was found that CON6 mice
exhibited five-fold lower expression levels of both, 5-LOX
mRNA and protein than the corresponding Black6 controls
[87]. Comparison of the genomic 5-LOX sequences sug-
gested two nucleotide exchanges in the 5-LOX coding
region, which resulted at the protein level in two point muta-
tions. Ile645 of Black6 mice was exchanged to Val (1645V),
and Val646 was mutated to Ile (V646I). These amino acid
exchanges are rather conservative, and thus no major func-
tional consequences were initially expected. To explore
whether these amino acid exchanges may be of functional
relevance, the wild-type human 5-LOX (1645 + V646) and
the three relevant mutants (I645V + V646, 1645 + V646I,
and 1645V + V646]) were expressed as recombinant nonfu-
sion protein in E. coli and characterized with respect to
important properties (specific activity, LOX activity, posi-
tional specificity, and substrate affinity). It was found that
each single mutant (I645V + V646, 1645 + V6461) as well as
the double mutant (I645V + V6461) exhibited reduced spe-
cific LOX activities but retained all other enzyme properties
[90]. These data suggest that atheroresistant CON6 mice
express a catalytically less active 5-LOX. It should be
stressed at this point that all mutants created were catalyti-
cally active but their specific activity was different. This is
an important observation since the original amino acid
sequence of the murine 5-LOX contained an Ile at position
646 and the recombinant wild-type enzyme exhibited a mea-
surable 5-LOX activity [91].

When apo-E knockout mice were crossed with 5-LOX defi-
cient, the resulting double knockouts did not show signifi-
cant differences in lesion formation when compared with
5-LOX expressing controls [88]. However, 5-LO deficiency
markedly attenuated inflammation and neoangiogenesis in
the vascular wall and reduced the formation of aortic aneu-
rysms. These data do not confirm the hypothesis that the
extent of lesion formation in apo-E deficient mice might be
related to 5-LOX expression but they link the 5-LOX path-
way to hyperlipidemia-induced inflammatory reactions in
the vessel wall and to the pathogenesis of aortic aneurysms.

To explore a possible involvement of the 5-LOX pathway in
human atherogenesis, genetic polymorphisms in the promo-
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ter of the 5-LOX gene (number of the tandem Sp1-binding
motifs 5-GGGCGG-3") were studied [92]. These structural
data were then correlated to the carotid-artery intimamedia
thickness as suitable parameter for atherosclerotic altera-
tions of the vessel wall and to general markers of inflamma-
tion in a randomly sampled cohort of 470 healthy volun-
teers. Variants of the normal 5-LOX genotype were found
in 6.0% of the individuals included in cohort. Intimamedia
thickness was significantly (p < 0.001) increased among the
carriers of two variant alleles. The extent of significance of
this increase in intimamedia thickness was similar to that
associated with diabetes, which is one of the strongest car-
diovascular risk factor. Moreover, the average plasma level
of C-reactive protein (general marker of inflammation) was
increased by a factor of 2 among the carriers of two variant
alleles. These data clearly relate the 5-LOX genotype to the
pathogenesis of human atherosclerosis.

1.5.3 Platelet-type 12-LOXs

The platelet-type 12-LOX is highly expressed in circulating
thrombocytes and appears to modulate the biological func-
tions of these cells [13, 26, 93]. This enzyme converts free
arachidonic acid to (12S5,5Z,8Z,10F,14Z)-12-hydro(per-
0)xy-5,8,10,14-eicosatetraenoic acid (12S-H(p)ETE) but
does not accept C-18 polyenoic fatty acids as substrate.
Moreover, the enzyme rarely oxygenates ester lipids, and
thus may not be involved in LDL modification. As circulat-
ing blood cells, thrombocytes may also play a role in ather-
ogenesis but the precise mechanisms are far from clear.
12S-HETE, the primary product of platelet 12-LOX,
induces migration of smooth muscle cells [48, 49], which
clearly is a proatherogenic process. Collagen and collagen-
related protein (CRP) acutely induce 12SH(p)ETE bio-
synthesis in blood platelets [93]. Using specific inhibitors
of intracellular signal transduction it was found that this up-
regulation involves activation of src-tyrosine kinases, P13-
kinases, and increased intracellular calcium concentration.
Another interesting finding, which links the thrombocytic
12-LOX to atherogenesis, is its sensitivity toward platelet
endothelial cells adhesion molecule (PECAM-1). Although
the biological function of PECAM-1 has not been studied
in detail it is involved in platelet—endothelium interaction,
which clearly is important for atherosclerosis [93].

1.6 Antiatherosclerotic activity of 12/15-LOX

To establish a nonmurine model of 12/15-LOX overexpres-
sion, transgenic rabbits were created that overexpress the
human 12/15-LOX in peripheral monocyte, but not in liver,
heart, kidney, lung, or other tissues [94]. The expression
level of the enzyme in monocytes prepared from transgenic
animals was more than 20-fold higher than of correspond-
ing controls. When these transgenic rabbits were fed a
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lipid-rich Western-type diet, development of atherosclero-
tic lesions in the aorta was significantly (p < 0.05) reduced
by about 50% [95]. In a second series of experiments a simi-
lar trend was observed (19% reduction) but here the differ-
ence was not significant any more. When the LOX overex-
pressing rabbits were crossed with Watanabe rabbits, an
even more pronounced reduction (about 66%, p < 0.05) of
the lesional area was measured. These data suggested that
monocytes/macrophage overexpression of 12/15-LOX pro-
tected rabbits from atherosclerosis in two different rabbit
atherosclerosis models.

Transient experimental anemia induces in rabbits a long-
lasting systemic overexpression of 12/15-LOX [96]. To test
whether or not such systemic overexpression of the enzyme
may impact diet-induced atherogenesis, a mild experimen-
tal anemia was induced in female New Zealand White rab-
bits.

After the hematopoietic parameters had normalized, these
animals and age-matched controls were fed a lipid-rich
Western-type diet for 10 wk. Comparative determination
(12/15-LOX overexpressing vs. control animals) of a vari-
ety plasma parameters as well as histological inspections of
major organs did not reveal any indications for major organ
malfunction, and the plasma lipid status was also similar in
the two groups. However, quantitative analysis of arterial
lipid deposition revealed that 12/15-LOX overexpressing
rabbits accumulated significantly less free cholesterol, cho-
lesteryl linoleate, and cholesteryl oleate in the thoracic
aorta than the corresponding controls [97]. These data sug-
gest that transient experimental anemia, which is accompa-
nied by long-lasting overexpression of 12/15-LOX protects
cholesterol-fed rabbits from aortic lipid deposition.

12/15-LOX may be regarded as lipid-catabolizing enzymes.
In immature red blood cells the enzyme contributes to the
maturational breakdown of mitochondria by oxidizing their
membrane lipids [20, 21]. In cucumber seedling the enzyme
has been implicated in utilization of storage lipids, which
serve as major source for energy and carbon equivalents for
the growing seedling during germination [8]. If the enzyme
exhibits such a lipid-catabolizing activity during foam cell
formation, an antiatherogenic activity in early stages of
atherogenesis would be plausible. To test the impact of 12/
15-LOX overexpression on foam cell formation an in vitro
foam cell model was established, which was based on
uptake of acetylated LDL by murine macrophages (J774
cells). These cells, which normally do not express the 12/
15-LOX were transfected with a mammalian expression
plasmid containing the cDNA of the porcine 12/15-LOX
and a noncoding control sequence [69]. In this system it
was found that 12/15-LOX-transfectants were protected
from intracellular lipid deposition [98]. This effect was
related to an attenuated uptake of modified LDL (impaired
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expression of scavenger receptor A) and accelerated intra-
cellular lipid metabolism. These results suggest that the
role of 12/15-LOX in atherogenesis might not be restricted
to oxidative modification of LDL. In addition, overexpres-
sion of the enzyme may also impact the intracellular lipid
metabolism, may alter the expression pattern of redox-sen-
sitive genes, and may also modify lipid export.

Involvement of 12/15-LOX in eicosanoid biosynthesis may
be another possibility to explain its antiatherogenic activity.
12/15-LOXs have been implicated in the biosynthesis of
various lipid mediators, which exhibit a variety of biologi-
cal activities [99]. An important class of 12/15-LOX
derived eicosanoids are the lipoxins [15]. These polyhy-
droxylated arachidonic acid derivatives have been identi-
fied as mediators of inflammatory resolution [100, 101].
Since inflammation is an inherent process of atherogenesis,
resolving-mediators may counteract or even reverse the for-
mation of atherosclerotic lesions. 13-Hydroxy-9Z,11E-
octadecadienoic acid (13-HODE), the major oxygenation
product of linoleic acid via the 15-LOX pathway, has che-
morepellent activities for various blood cells [51, 102].
Since cell adhesion to the vascular endothelium is an impor-
tant event in early atherosclerosis, 13-HODE may be
regarded as an antiatherogenic compound. Although the
mechanistic reasons for this activity are not completely
understood, 13-HODE may regulate integrin/ligand binding
[103]. 13-HODE has also been reported to stimulate vascu-
lar prostacyclin production [104] and to inhibit thrombox-
ane formation by blood platelets [105]. In rats 13-HODE
induces a decrease in diastolic blood pressure after pretreat-
ment of the animals with histamine or bradykinin [106].
This hypotensive effect may be due to a release of CGRP-
like substances from capsaicin-sensitive nerves. Moreover,
the major 12/15-LOX metabolite of arachidonic acid, 15-
H(p)ETE, inhibits the procoagulant activity of endothelial
cell treated with various cytokines [107], which may also be
considered an antiatherogenic effect. Taken together these
data suggest that eicosanoid formation (15-HETE, 13-
HODE, lipoxins) via the 12/15-LOX pathway may contri-
bute to the observed antiatherogenic effects of 12/15-LOX
overexpression in different rabbit atherosclerosis models.

2 Materials and methods

2.1 Preparation of human LDL and lipoprotein
modification

LDL was isolated from EDTA-plasma of healthy volunteers
by sequential floating ultracentrifugation [108]. It was
acetylated by incubating freshly prepared human LDL
(10 mg) in 3.4 mL of saturated sodium acetate solution on
ice. Then 15 mg of acetic acid anhydride was added in small
portions (2 mg) over a time period of 60 min under constant
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stirring. The mixture was further incubated for 30 min and
the acetylated low-density lipoprotein (acLDL) solution
was dialyzed overnight against PBS containing 0.3 mM
EDTA.

2.2 Cell preparation, cell culture, and maintenance

12/15-LOX-transfected J774 cells and the corresponding
mock-transfectants were kindly provided by Dr. Yoshimoto
(Kanazawa University, Japan). The cells were cultured at
37°C with 5% CO, in DMEM supplemented with 10% fetal
bovine serum, 100 U/mL penicillin G, and 100 mg/mL
streptomycin sulfate. For the preparation of murine perito-
neal macrophages, mice were injected with small amounts
of a thioglycolate solution into the peritoneal cavity. The
next day the animals were sacrificed by diethyl ether inhala-
tion. The peritoneal cavity was rinsed twice with 5—8 mL
of sterile PBS. The cells were spun down, resuspended in
cell culture medium, and plated into 5 cm petri dishes.
Macrophages were allowed to adhere for 2 h and nonadher-
ent cells were washed away. The adhering macrophages
were then conditioned for foam cell formation as described
in Section 2.3.

2.3 In vitrofoam cell formation

Murine macrophages (12/15-LOX-transfected and mock-
transfected J774 cells, peritoneal macrophages of normal
B6 mice and of 12/15-LOX deficient animals backcrossed
to the same genetic background) were cultured as described
in Section 2.2. Twenty-four hours before the experiment the
fetal calf serum was removed from the culture medium.
Immediately before the experiment the medium was
exchanged, acLDL (50 pg/mL culture medium) was added,
and the cells were incubated for 24 h. After this the medium
was removed, the cells were harvested, and washed three
times with PBS. The intracellular lipids were extracted
[109], the solvent was evaporated, the residues were recon-
stituted in 0.1 mL of 2-propanol, and 0.3 mL of ACN was
added. Aliquots of this solution were analyzed by RP-
HPLC to quantitate the cellular content of free cholesterol
and cholesterol esters (cholesteryl arachidonate, cholesteryl
linoleate, and cholesteryl oleate). HPLC was performed on
a Nucleosil column-C18 column (Macherey/Nagel, KS-
system, 250 mm x4 mm, 5 um particle size) and com-
pounds were eluted at 45°C with the solvent system ACN/
2-propanol (75:25; v/v) at a flow rate of 1 mL/min. The
absorbance at 210 nm was recorded.

2.4 LOX activity assay
To assay the LOX activity of 12/15-LOX- and mock-trans-

fected J774 cells we incubated the cells with arachidonic
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acid, and the resulting LOX products were analyzed by
HPLC. In detail, 1-5x 10° cells were resuspended in
0.5 mL of PBS and 0.1 mM (final concentration) of arachi-
donic acid was added. The cells were lyzed by sonication
(Labsonic-U 2000 needle-tip sonifier; Braun, Melsungen,
Germany; two times 5 s at full power) and the mixture was
incubated for 10 min at 25°C. The hydroperoxy lipids
formed were reduced to the corresponding hydroxy com-
pounds by addition of 0.1 mL of saturated sodium borohy-
dride solution (dry methanol). The sample was acidified
with 50 puL of glacial acetic acid and 0.6 mL of ice-cold
methanol was added to adjust a methanol concentration of
50%. The sample was kept on ice for 10 min and protein
precipitate was removed by centrifugation. Aliquots of the
clear supernatant were directly injected to HPLC. Analysis
was performed on a Nucleosil column-C18 column
(Macherey/Nagel, KS-system, 250 mm x 4 mm, 5 pm par-
ticle size) and the LOX products were eluted isocratically
using a solvent system of methanol/water/acetic acid
(80:20:0.1, by vol) at a flow rate of 1 mL/min. The absorb-
ance at 235 nm was recorded.

2.5 Cellular LDL oxidation

12/15-LOX-transfected and mock-transfected J774 cells
were incubated for 24 h with native human LDL (350 pg/
mL). The cells were removed from the plates by scraping
and lipids were extracted in the cell suspension as described
previously [107]. In selected experiments, the cells and the
culture medium were extracted separately. The lipid
extracts were hydrolyzed under alkaline conditions and the
resulting mixture of free fatty acid was analyzed for hydro-
xylated (recording the absorbance at 235 nm) and nonoxi-
dized polyenoic fatty acids (recording the absorbance at
210 nm) as described for the activity assays.

2.6 Intracellular proteolysis

For quantitation of the intracellular proteolysis the cells were
harvested, washed, resuspended in PBS containing 0.1% Tri-
ton X-100 and 0.5 mM DTT, and then homogenized by gen-
tle sonication using a microtip Braun sonifier (Braun, Mel-
sungen, Germany). The crude homogenates were used as
enzyme source. The assay mixture was 50 mM Tris-HCI buf-
fer, pH 7.8 (1 mL) containing 20 mM KCl, 5 mM MgCl,,
0.1 mM DTT, and 10 uM of sLLVY-7-amino-4-methylcou-
marin (AMC) as substrate. After addition of 0.1 mL cell
lysate (about 15 pg protein) the mixture was incubated at
37°C for 30 min, the reaction was stopped with 1.8 mL of
0.2 M glycine buffer, pH 10, and fluorescence of the liber-
ated AMC was measured on a Shimadzu RF-5001 PC spec-
trofluorimeter (excitation 365 nm, emission 460 nm). Scale
was calibrated with2 mM AMC in DMSO.
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3 Results

3.1 Involvement of cellular 12/15-LOX in oxidative
modification of LDL

Fibroblasts do not express 12/15-LOX at significant levels.
When these cells were transfected with the human enzyme
they exhibited an increased LDL oxidizing capacity when
compared with nontransfected counterparts [68]. Surpris-
ingly, not all transfected clones, which overexpress the
enzyme, showed such increased LDL oxidizing capability.
These data suggested that, in addition to the expression of
the enzyme, other factors and/or processes might be impor-
tant for oxidation of extracellular LDL by intracellular
LOXs. J774 murine macrophages do not express 12/15-
LOX. When J774 cells, which were stably transfected with
the porcine 12/15-LOX, were incubated with human LDL
they oxidize the lipoprotein more efficiently than the corre-
sponding mock-transfectants [69, 70]. More detailed anal-
ysis of the structure of LDL oxygenation products indicated
a specific product pattern of oxidized LDL lipids, suggest-
ing that they may be formed by direct LOX—LDL interac-
tion. Later on, it was found that this specific LDL oxidation
required expression of the LDL-receptor-related protein
[67] since silencing of this cell surface protein prevented
specific oxidation of LDL lipids.

When we repeated these experiments using the same trans-
fectants (generously provided by Dr. Yoshimoto) we could
not confirm the experimental data. In contrast, we found
that both the 12/15-LOX-transfected cells and the corre-
sponding controls (mock-transfectants) inhibited oxidative
LDL modification induced by the culture medium. To
quantitate LDL oxidation we determined the hydroxy fatty
acid content of the cell membrane and LDL lipids, and
related it to the amount of nonoxidized polyenoic fatty acids
(OH-FA/PUFA-ratio). The OH-FA/PUFA ratio of human
LDL prepared from various healthy donors (n = 5) varied
between 0.2 and 0.4%, suggesting that about 2—4 out of
1000 polyenoic fatty acid residues were present as hydroxy-
lated derivatives. When LDL was incubated in cell culture
medium for 20 h the OH-FA/PUFA ratio went up to about
1.2% (Fig. 5A), indicating medium induced LDL oxidation
during the incubation period. However, when the incubation
was performed in the presence of cells the OH-FA/PUFA
ratio of the LDL lipids ratio was hardly altered. There was
no difference in the degree of LDL oxidation when 12/15-
LOX-transfected and mock-transfected cells were com-
pared (Fig. 5SA). These data suggest that under our experi-
mental conditions, J774 cells appear to protect extracellular
LDL from oxidative modification regardless whether they
express 15-LOX or not. Similar protective effects of cells
on medium catalyzed LDL oxidation have been reported
before, but the mechanistic reasons remain elusive [110].
One possibility to explain the lacking differences between
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12/15-LOX- and mock-transfected cells was the assump-
tion that the 12/15-LOX expressed in the transfectants was
catalytically inactive. To rule out this possibility we per-
formed activity assays incubating the cells with exogenous
arachidonic acid. From Fig. 5B it can be seen that the 12/
15-LOX-transfected cells convert this substrate to large
amounts of the 12/15-LOX product 12-HETE. In contrast,
culture medium and the mock-controls were unable to cata-
lyze this reaction. These data indicated the enzymatic activ-
ity of the transgenic enzyme on exogenous substrate but
there was still the possibility that the LOX might not react
on endogenous lipids. LOXs are expressed as catalytically
silent proteins and require activation to become enzymati-
cally active [111]. Such activation is induced when cells are
exposed to large amounts of exogenous polyenoic fatty
acids. Thus, our finding that large amounts of LOX prod-
ucts are formed from exogenous arachidonic acid does not
prove its intracellular activity on endogenous lipids. To test
this activity we analyzed the degree of oxidation (OH-FA/
PUFA ratio) of the membrane lipids in 12/15-LOX- and
mock-transfected cells and found a two-fold increase in the
steady state concentration of hydroxylated fatty acids. The
membranes of 12/15-LOX-transfectants contained about
4% of oxygenated fatty acids in their membrane lipids. To
provide evidence for the LOX origin of these oxidation
products we determined the 13-HODE/9-HODE ratio. 12/
15-LOXs convert linoleic acid to a specific pattern of
hydroxy linoleic acid isomers (HODE) with strong prefer-
ence of 13-HODE. In contrast, a 1:1 ratio of 13-HODE and
9-HODE is usually formed by nonenzymatic oxidation.
Predominant formation of 13-HODE over the correspond-
ing 9-isomer may thus be regarded as indicator for endogen-
ous LOX reaction. The 13-HODE/9-HODE ratio of the oxi-
dized fatty acids found in the membranes of 12/15-LOX-
transfected cells was 2.3 indicating a strong preponderance
of 13-HODE (Fig. 5C). In contrast, a 1:1 ratio was observed
for the membrane lipids of the mock-transfected cells.
These data proved the intracellular activity of the trans-
fected enzyme on membrane lipids under our experimental
conditions.

3.2 Impact of 12/15-LOX expression on in vitro
foam cell formation

The physiological role of 12/15-LOX is certainly not its
possible contribution to LDL oxidation. Instead, it might be
related to intracellular lipid turnover. The enzyme has been
implicated in the maturational breakdown of biomembranes
[20, 21] and in the utilization of storage lipids during plant
germination [8]. Thus, it may be considered a lipid-catabo-
lizing enzyme. We recently reported that transfection of
J774 cells with the porcine 12/15-LOX protected the cells
from excessive lipid deposition when incubated with acety-
lated LDL [98], suggesting an atheroprotective activity of
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Figure 5. Oxidative modification of human LDL by transfected J774 cells. (A) Quantitation of LDL oxidation induced by 12/15-LOX-
transfected and mock-transfected J774 cells. Cellular LDL oxidation was performed as described in Section 2 and the hydroxy fatty
acid/polyenoic fatty acid ratio (OH-FA/PUFA ratio) of the LDL lipids was determined. Two independent sets of experiments (n=5in
each set) with almost identical results were carried out but only one experiment is shown. (B) Activity assays of 12/15-LOX-trans-
fected and mock-transfected J774 cells. Activity assays are described in Section 2. Only in 12/15-LOX-transfected cells, significant
amounts of LOX products were formed. (C) Isomeric composition of hydroxy fatty acids isolated from the intracellular lipids prepared
from 12/15-LOX-transfected and mock-transfected cells. In the mock-transfectants, we observed a 1:1 ratio of 13-HODE and 9-
HODE and these data suggested nonenzymatic lipid peroxidation processes as metabolic origin. In the 12/15-LOX transfectants we
found a strong preponderance of 13-HODE, suggesting involvement of 12/15-LOX in the biosynthesis of oxidized PUFAs. 13-
HODE/9-HODE ratio was determined by sequential RP- (see activity assays in Section 2) and normal-phase HPLC. Normal-phase
HPLC was carried out on a Zorbax-SIL column (250 mm x 4 mm, 5 um particle size) with a solvent system of n-hexane/2-propanol/
acetic acid (100/2/0.1, by vol) at a flow rate of 1 mL/min.

the enzyme. Mechanistic studies indicated that 12/15-LOX- tion contrast the findings of Huo et al., who reported that
transfectants express lower levels of scavenger receptor A, peritoneal macrophages prepared from 12/15-LOX defi-
suggesting a less effective acLDL uptake. Moreover, we cient and 12/15-LOX expressing mice accumulated similar
found that the intracellular metabolism of the internalized amounts of intracellular lipids when exposed to acLDL
LDL lipids was accelerated. To test whether this may also [76]. In that cellular model expression of 12/15-LOX
be true for the proteolytic capacity of the cells we compared appears to be irrelevant for foam cell formation. The
12/15-LOX-transfectants and their mock-controls with mechanistic reasons for these conflicting data are unclear
respect to this enzymatic activity. From Fig. 6 it can be seen but there were considerable differences in experimental
that LOX-transfected cells exhibit a higher proteolytic designs of the two studies (see Section 4). These methodo-
activity during the time-course of foam cell formation. logical differences included the way of macrophage pre-
Although the proteolytic activities of various cell batches paration, the conditions of foam cell formation (starving
varied considerably (four independent experiments), the period), and the method used for quantitation of intracellu-
overall difference between 12/15-LOX- and mock-transfec- lar lipid deposition (oil red staining vs. HPLC quantitation
tants was statistically significant (p = 0.006, paired z-test). of intracellular cholesterol esters). To test the possible rele-

vance of these methodological differences we repeated the
Our results that 12/15-LOX-transfected cells were pro- experiment with peritoneal macrophages under exactly the
tected from lipid deposition during in vitro foam cell forma- same experimental condition used for the transfected J774
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Figure 6. Proteolytic capacity of cells during in vitro foam cell
formation. Foam cell assays were carried out with mock- and
12/15-LOX-transfected cells as described in Section 2. After
the times indicated, the cells were washed, sonicated, and the
proteolytic capacity was determined using a fluorescence-
labeled proteolysis substrate. Four independent experiments
were performed and all data summarized in the figure. Means
+ SD are given. Despite the large variability between the differ-
ent experiments, a highly significant difference (p-value of
0.0067) between LOX- and mock-transfected cells was
observed using the paired Student’s t-test (12 pairs of data).
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Figure 7. In vitro foam cell formation by transfected J774
cells and peritoneal macrophages prepared from normal and
12/15-LOX deficient mice. Peritoneal macrophages were pre-
pared from normal and 12/15-LOX deficient mice (see Section
2). After adherence, the cells and the transfected J774 cells
were used for in vitro foam cell formation as described in Sec-
tion 2. Relative cholesterol ester contents of the cells were
analyzed by HPLC and related to the cellular protein. Highest
level for each cellular system was set 100% (J774 cells, n=4;
peritoneal macrophages, n = 8).

cells. As indicated in Fig. 7, 12/15-LOX expressing J774
cells accumulated about 40% less intracellular cholesterol
esters than the corresponding controls and this difference
was statistically significant (p < 0.01). In contrast, there
was no significant difference in intracellular lipid deposi-
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Table 2. Absolute amounts of intracellular cholesterol esters
after in vitro foam cell formation by transfected J774 cells and
murine peritoneal macrophages. Peritoneal macrophages pre-
pared from normal and 12/15-LOX deficient mice on one hand
and 12/15-LOX transfected J774 and corresponding mock-
transfectants on the other were used for in vitro foam cell for-
mation. Absolute amounts of intracellular cholesterol esters
(sum of cholesterol linoleate and cholesterol oleate) were
quantitated by HPLC. Means of four (J774 cells) and eight
(peritoneal macrophages) different experiments are given.
SDs of the data are indicated in Fig. 7

LOX Transfected J774 cells  Peritoneal macrophages

expression Chol-linoleate + chol- Chol-linoleate + chol-
oleate, nmol/mg oleate, nmol/mg
cellular protein cellular protein

+LOX 62.9 147.4

~LOX 1089 P <001 1493 S

tion between 12/15-LOX expressing peritoneal macro-
phages and the corresponding cells prepared from 12/15-
LOX knockout mice. The absolute values of intracellular
cholesterol ester deposition in the different cell prepara-
tions are summarized in Table 2. It can be seen that in mur-
ine peritoneal macrophages, 12/15-LOX expression does
not impact foam cell formation, which confirms the finding
of Huo et al. However, in J774 cells, expression of 12/15-
LOX did impact this process under strictly comparable
experimental conditions. These data not only clearly
demonstrate a different role of 12/15-LOX expression on
foam cell formation, depending on the cellular model, but
also indicate that under our experimental conditions perito-
neal macrophages accumulate more intracellular lipids than
J774 cells. It remains to be tested, which of these two model
systems is more appropriate to mirror in vivo foam cell for-
mation in developing atherosclerotic lesion.

4 Discussion

Cellular oxidation of extracellular LDL is a complex pro-
cess, which not only involves a variety of enzymatic and
nonenzymatic redox reactions, but also other metabolic
processes, such as intercompartmental lipid transfer, ana-
bolic and catabolic lipid metabolism and cellular export of
metabolites. There are also multiple ways of how an intra-
cellular 12/15-LOX is capable of oxidizing extracellular
LDL [112]. This metabolic complexity can hardly be con-
trolled even in relatively simple in vitro systems. Minor var-
iations in cell culture and incubation conditions may cause
major alterations in the cellular metabolism and these
changes may lead to conflicting experimental data. Our
finding that J774 cells exhibit protective effects on med-
ium-catalyzed LDL oxidation (Fig. 5) is rendering the situa-
tion even more complex.
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These data indicate that cells might not just play a prooxida-
tive role but may also protect from oxidative modification.
Thus, the net effect of a cell preparation depends on the
equilibrium of metabolic pro and antioxidative events and
disturbance of this steady state may confer pro- or antioxi-
dative properties to the cells. Although the mechanism of
the antioxidative protection we observed has not been clari-
fied, it might be speculated that cells release antioxidative
compounds that protect LDL from oxidative modification
by medium constituents. Another possibility to explain our
data would be a selective cellular uptake of modified LDL.
Such uptake would lower the OH-FA/PUFA ratio of extra-
cellular LDL, and thus simulate antioxidative protection.
Under our experimental conditions we found that about 7—
15% of the LDL present in the cell culture medium was
taken up during the incubation period. Whether this cellular
uptake was selective for oxidized LDL has not been stud-
ied.

One of the possible mechanisms, by which a 12/15-LOX
expressing cells mediate oxidative modification of extra-
cellular LDL, is transfer of oxidized lipids from biomem-
branes to LDL particles. Intracellular 12/15-LOX is capable
of oxidizing membrane lipids and our data on 12/15-LOX-
transfected J774 cells indicated the presence of specifically
oxidized PUFAs in the cellular membranes (Fig. 5). These
oxidized lipids may then be transferred to LDL when the
particle is transiently bound at the cell surface. Membrane
binding of LDL may take place via direct lipid/lipid interac-
tion or, more likely, is mediated by specific LDL-binding
proteins. LDL-receptor-related protein [113] is such an
LDL-binding surface receptor, and functional silencing of
this protein prevented the transfer of specific 12/15-LOX
products to extracellular LDL [70]. Thus, in this cellular
model LDL-receptor-related protein is an essential part of
the LDL oxidizing machinery and its absence prevents
LDL oxidation. These data indicate that expression of a
functional 12/15-LOX in a cellular system may not be suffi-
cient for cellular LDL oxidation.

Foam cell formation is an essential step in atherogenesis
[3-5, 44]. Although this process has extensively been stud-
ied in the past, the in vivo mechanisms are still unclear.
Here we compared the impact of 12/15-LOX in two in vitro
foam cell models and obtained conflicting data. Intracellu-
lar lipid deposition in transfected J774 cells was strongly
attenuated by 12/15-LOX expression. In contrast, murine
peritoneal macrophages accumulated similar amounts of
cholesterol esters regardless whether they expressed the
enzyme or not (Fig. 7, Table 2). Thus, two similar in vitro
models yielded conflicting experimental data. The question
which of these models is more appropriate to mirror the in
vivo conditions cannot be answered at the moment. Perito-
neal macrophages are native cells, and thus they might be
preferred over a permanent cell line (J774 cells). However,
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working with native macrophages we experienced a high
degree of variability (Fig. 7). This observation was not only
related to interindividual differences (several individuals
are required for a single set of experiments), but also to the
way of macrophage preparation (eliciting agent, duration of
eliciting period). The high degree of variability might mask
subtle differences between normal and 12/15-LOX knock-
out macrophages, which might have shown up in a more
reproducible experimental system. Moreover, although
peritoneal and lesional macrophages are of joint origin
there are certainly phenotypic differences between the two
cell types. It might even be possible that lesional macro-
phages are more similar to J774 cells than to peritoneal
macrophages. More detailed studies, which should include
microarray characterization of the cellular gene expression
patterns, are required to decide whether J774 cells, perito-
neal macrophages, or even peripheral monocytes are the
most appropriate model system to study in vivo foam cell
formation.

Other points, which should be considered when discussing
the conflicting results, are the different experimental
approaches. Direct comparison of functional data obtained
with “loss of function” (knockout mice) and “gain of func-
tion” (transfection studies or overexpressing transgenics)
strategies might be dangerous. Overexpression of an
enzyme in a cell type, which normally does not express this
protein, is likely to alter the cellular phenotype. In fact,
when we compared the gene expression pattern of 12/15-
LOX-transfected J774 cells with corresponding mock-con-
trols we found severe differences. More importantly, we did
not observe inverse alterations when similar experiments
were carried out with peritoneal macrophages obtained
from 12/15-LOX deficient and 12/15-LOX expressing ani-
mals. Thus, “gain of function” strategies may not necessa-
rily induce inverse alteration than “loss of function” experi-
ments. In normal cell most metabolic events are gradually
regulated and this regulatory homeostasis is certainly dis-
turbed by genetic manipulation of any kind. In fact, high-
level expression of an enzyme under the control of artificial
regulatory elements (cell transfection) is likely to create a
different intracellular environment than subtle up-regula-
tion of the corresponding gene product.

On the other hand, complete functional silencing has cer-
tainly other biological consequences than gradual down-
regulation or pharmacological inhibition.

As indicated above, pro- and antiatherogenic effects of the
12/15-LOX have been reported. In all murine atherosclero-
sis models a proatherogenic activity was found [73-76].
However, in several rabbit models antiatherogenic effects
were observed. These data suggest species-specific differ-
ences in the biological activity of the enzyme. Since both
the rabbit and the murine 12/15-LOX exhibit a comparable
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LDL oxidase activity, such inverse biological function can-
not be explained on the basis of the oxidation hypothesis.
However, if the LOX products as lipid signaling molecules
are important for atherogenesis (arachidonic acid cascade)
such inverse effects become plausible. The murine 12/15-
LOX converts arachidonic acid predominantly to 12S-
H(p)ETE [91]. In contrast, the major eicosanoid formed by
the rabbit enzyme is 15S-H(p)ETE [114]. The human 12/
15-LOX oxidizes arachidonic acid predominantly to 15S-
H(p)ETE [115] and thus, with respect to the positional spe-
cificity, it is more similar to the rabbit enzyme.

An alternative explanation for the conflicting data obtained
in the different animal atherosclerosis might be a different
biological dynamic of the enzyme. At early stages of foam
cell formation, the enzymatic activity may be restricted to
the intracellular compartment. At these stages, 12/15-LOX
may counteract intracellular lipid deposition by accelerat-
ing the breakdown of internalized lipids. It has been
reported before that oxidized cholesterol esters are better
substrates for cytosolic cholesterol ester hydrolases [116],
which liberate free cholesterol and fatty acids. The fatty
acids may then be utilized via B-oxidation and free choles-
terol may be exported by reverse cholesterol transport. If
this scenario were true, it would explain the antiatherogenic
effect of the enzyme. At later stages of plaque development,
when foam cell formation is already advanced, the LOX
reaction may run out of control. In these stages LOX sub-
strates accumulate intracellularly, and under such subopti-
mal reaction conditions the enzyme might produce large
amounts of oxidizing radicals [12]. In other words, if the
cells are not capable any more to control this oxidation
reaction, the enzyme might contribute to extracellular LDL
oxidation via the formation of oxidizing radicals. Thus, 12/
15-LOX may alter its biological activity during the time-
course of lesion formation. A switch like that would explain
the inverse biological activities observed in different ather-
osclerosis models.

If the biological activity of 12/15-LOX is species-depend-
ent (proatherogenic in mice, antiatherogenic in rabbits), the
question about its role in humans arises. Immunohisto-
chemical staining, in situ hybridization [117], and the
detection of a specific share among the oxygenation prod-
ucts of human lesions suggested expression of the enzyme
during the time-course of lesion development [118, 119].
However, the recent failure to detect significant amounts of
12/15-LOX transcripts in human lesions of various stages
challenged this hypothesis. However, if one assumes
expression of the enzyme at early stage of human athero-
genesis it remains unclear whether it may act pro- or anti-
atherogenic.

One way to address this question experimentally is to search
for individuals, which, owing to genetic polymorphisms,
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show reduced expression of the enzyme or express enzyme
species with lower specific activities. If such individuals
exist, one may search for possible correlations of these
polymorphisms with cardiovascular disorders. Such experi-
ments are currently underway in different laboratories
around the world and the results will contribute to answer
the question, which role 12/15-LOXs may play in human
atherogenesis.

5 References

[1] Breslow,J. L., Nat. Med. 1997, 3, 3600 3601.
[2] Braunwald, E., N. Engl. J. Med. 1997, 337, 1360—1369.
[3] Ross, R., N. Engl. J. Med. 1999, 340, 115—126.

[4] Lusis, A. J., Nature 2000, 407, 233—241.

[5

] Steinberg, D., Parthasarathy, S., Carew, T. E., Khoo, J. C.,
Witztum, J. L., N. Engl. J. Med. 1989, 320,915-924.

[6] Chisolm, G. M., Steinberg, D., Free Radic. Biol. Med. 2000,
28,1815-1826.

[7] Brash, A.R.,J. Biol. Chem. 1999, 274,23679—-23682.

[8] Feussner, 1., Wasternack, K., Annu. Rev. Plant Biol. 2002, 53,
275-297.

[9] Kuhn, H., Thiele, B., FEBS Lett. 2000, 449,7—11.

[10] Porta, H., Rocha-Sosa, M., Microbiology 2001, 147, 3199—
3200.

[11] Ivanov, I., Saam, J., Kuhn, H., Holzhiitter, H. G., FEBS J.
2005, 272,2523-2535.

[12] Noguchi, N., Yamashita, H., Hamahara, J., Nakamura, A.,
Kuhn, H., Niki, E., Biol. Chem. 2002, 383, 619—626.

[13] Funk, C. D., Chen, X. S., Johnson, E. N., Zhao, L., Prosta-
glandins Other Lipid Mediat. 2002, 68—69,303—-312.

[14] Funk, C.D., Science 2001, 294, 1871—1875.

[15] Serhan, C.N., Prostaglandins Other Lipid Mediat. 2002, 68—
69,433-455.

[16] Pace-Asciak, C. R., Reynaud, D., Demin, P.,, Nigam, S., Adv.
Exp. Med. Biol. 1999, 447,123—132.

[17] Samuelsson, B., Dahlen, S. E., Lindgren, J. A., Rouzer, C. A.,
Serhan, C. N., Science 1987, 237,1171-1176.

[18] Janssen-Timmen, U., Vickers, P. J., Wittig, U., Lehmann, W.
D., Stark, H. J., Fusenig, N. E., Rosenbach, T. et al., Proc.
Natl. Acad. Sci. USA 1995, 92, 6966—6970.

[19] Luo, M., Pang, C. W., Gerken, A. E., Brock, T. G., Traffic
2004, 5,847 -854.

[20] Rapoport, S. M., Schewe, T., Thiele, B. J., in: Harris, J. R.
(Ed.), Blood Cell Biochemistry (Vol. 1), Plenum Press, New
York, NY 1990, pp. 151-194.

[21] van Leyen, K., Duvoisin, R. M., Engelhardt, H., Wiedmann,
M. A., Nature 1998, 395,392 —-395.

[22] Klein, R. F, Allard, J., Avnur, Z., Nikolcheva, T., Rotstein, D.,
Carlos, A. S., Shea, M. et al., Science 2004, 303,229-332.

[23] Conrad, D. J., Kuhn, H., Mulkins, M., Highland, E., Sigal, E.,
Proc. Natl. Acad. Sci. USA 1992, 89,217-2221.

[24] Chaitidis, P., O’Donnell, V., Kuban, R. J., Bermudez-Fajardo,
A., Ungethuem, U., Kuhn, H., Cytokine 2005, 30,366—377.

[25] Hamberg, M., Samuelsson, B., Proc. Natl. Acad. Sci. USA
1974, 71,3400—-3404.

www.mnf-journal.de




1028

H. Kihn et al.

[26] Johnson, E. N., Brass, L. F, Funk, C. D., Proc. Natl. Acad.
Sci. USA 1998, 95,3100-3105.

[27] Michibayashi, T., Int. Angiol. 2002, 21,260—267.

[28] Nardi, M., Feinmark, S. J., Hu, L., Li, Z., Karpatkin, S., J
Clin. Invest. 2004, 113,973-980.

[29] Chang, W. C., Prostaglandins Other Lipid Mediat. 2003, 71,
277-285.

[30] Yoshimoto, T., Takahashi, Y., Prostaglandins Other Lipid
Mediat. 2002, 68—69,245-262.

[31] Johnson, E. N., Nanney, L. B., Virmani, J., Lawson, J. A.,
Funk, C. D., J. Invest. Dermatol. 1999, 112, 861—865.

[32] Winer, 1., Normolle, D. P,, Shureiqi, I., Sondak, V. K., John-
son, T., Su, L., Brenner, D. E., Melanoma Res. 2002, 12,
429-434.

[33] Virmani, J., Johnson, E. N., Klein-Szanto, A. J., Funk, C. D.,
Cancer Lett. 2001, 162,161 —165.

[34] Pidgeon, G. P, Kandouz, M., Meram, A., Honn, K. V., Cancer
Res. 2002, 62,2721-2727.

[35] Canals, S., Casarejos, M. J., de-Bernardo, S., Rodriguez-Mar-
tin, E., Mena, M. A., J Biol. Chem. 2003, 278, 21542—
21549.

[36] Shappell, S. B., Keeney, D. S., Zhang, J., Page, R., Olson, S.
J.,Brash, A.R., J. Invest. Dermatol. 2001, 117,36—43.

[37] Jack, G.S., Brash, A. R., Olson, S. J., Manning, S., Coffey, C.
S., Smith, J. A., Shappell, S. B., Hum. Pathol. 2000, 31,
1146-1154.

[38] Shappell, S. B., Manning, S., Boeglin, W. E., Guan, Y. F,,
Roberts, R. L., Davis, L., Olson, S. J. et al., Neoplasia 2001,
3,287-303.

[39] Boyington, J. C., Gaffney, B. J., Amzel, L. M., Science 1993,
260, 1482 —1486.

[40] Gillmor, S. A., Villasenor, A., Fletterick, R., Sigal, E.,
Browner, M. F.,, Nat. Struct. Biol. 1997, 4, 1003 —1009.

[41] Walther, M., Anton, M., Wiedmann, M., Fletterick, R., Kuhn,
H.,J Biol. Chem. 2002, 277,27360—27366.

[42] Kuhn, H., Prostaglandins Other Lipid Mediat. 2000, 62,
255-270.

[43] Gan, F. Q., Browner, M. F., Sloane, D. L., Sigal, E., J. Biol.
Chem. 1996, 271,25412—-25418.

[44] Brown, M. S., Goldstein, J. L., Krieger, M., Ho, Y. K., Ander-
son, R. G., J. Cell. Biol. 1979, 82,597-613.

[45] Gaut, J. P, Heinecke, J. W., Trends Cardiovasc. Med. 2001,
11,103-112.

[46] Subbanagounder, G., Watson, A. D., Berliner, J. A., Free
Radic. Biol. Med. 2000, 28,1751-1761.

[47] Moncada, S., Higgs, E. A., Clin. Haematol. 1986, 15, 273 —
292.

[48] Nakao, J., Ooyama, T., Chang, W. C., Murota, S., Orimo, H.,
Atherosclerosis 1982, 43, 143—150.

[49] Nakao, J., Ito, H., Ooyama, T., Chang, W. C., Murota, S.,
Atherosclerosis 1983, 46,309—-319.

[50] Henriksson, P., Hamberg, M., Diczfalusy, U., Biochim. Bio-
phys. Acta 1985, 834,272-274.

[51] Simon, T. C., Makheja, A. N., Bailey, M. J., Throm. Res.
1989, 55,171-178.

[52] Sparrow, C. P, Parthasarathy, S., Steinberg, D., J. Lipid Res.
1988, 29, 745-753.

[53] Belkner, J., Wiesner, R., Rathman, J., Barnett, J., Sigal, E.,

Kiihn, H., Eur. J. Biochem. 1993, 213,251-261.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[54]
[55]
[56]

[57]

[58]
[59]
[60]

[61]
[62]

[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
(71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

Mol. Nutr. Food Res. 2005, 49, 1014—1029

Upston, J. M., Neuzil, J., Witting, P. K., Alleva, R., Stocker,
R.,J. Biol. Chem. 1997, 272,30067—-30074.

Belkner, J., Stender, H., Kiihn, H., J. Biol. Chem. 1998, 273,
23225-23232.

Schewe, T., Halangk, W., Hiebsch, C., Rapoport, S. M., FEBS
Lett. 1975, 60, 149—152.

Takahashi, Y., Glasgow, W. C., Suzuki, H., Taketani, Y.,
Yamamoto, S., Anton, M., Kiihn, H., Brash, A. R., Eur. J. Bio-
chem. 1993, 218,165-171.

O’Leary, V. J., Darley-Usmar, V. M., Russell, L. J., Stone, D.,
Biochem. J. 1992, 282, 631 -634.

Lass, A., Belkner, J., Esterbauer, H., Kiihn, H., Biochem. J.
1996, 314, 577-585.

von Eckardstein, A., Nofer, J. R., Assmann, G., Arterioscler.
Thromb. Vasc. Biol. 2001, 21,13-27.

Slotte, J. P, Gronberg, L., J. Lipid Res. 1990, 31,2235-2242.

Bradamante, S., Barenghi, L., Giudici, G. A., Vergani, C.,
Free Radic. Biol. Med. 1992, 12, 193-203.

Nagano, Y., Arai, H., Kita, T., Proc. Natl. Acad. Sci. USA
1991, 88, 6457—6461.

Gesquiere, L., Loreau, N., Blache, D., Free Radic. Biol. Med.
1997, 23, 541-547.

Musanti, R., Ghiselli, G., Arterioscler. Thromb. 1993, 13,
1334—-1345.

Hurtado, 1., Fio, L. C., Gracia, V., Caldu, P, Atherosclerosis
1996, 125,39-46.

Sun, D., Funk, C., J. Biol. Chem. 1996, 271,24055—-24062.
Benz, D. J., Mol, M., Ezaki, M., Mori-Ito, N., Zelan, 1., Miya-
nohara, A., Friedmann, T. et al., J. Biol. Chem. 1995, 270,
5191-5197.

Sakashita, T., Takahashi, Y., Kinoshita, T., Yoshimoto, T.,
Eur. J Biochem. 1999, 265, 825—831.

Xu, W., Takahashi, Y., Sakashita, T., Iwasaki, T., Hattori, H.,
Yoshimoto, T., .J. Biol. Chem. 2001, 276, 36454 —36459.

Yla-Herttuala, S., Luoma, J., Viita, H., Hiltunen, T., Nikkari,
T.,J. Clin. Invest. 1995, 95,2692 —2698.

Harats, D., Kurihara, H., Belloni, P, Oakley, H., Zoiber, A.,
Ackley, D., Cain, G. et al., J. Clin. Invest. 1995, 95, 1335—
1344.

Harats, D., Shaish, A., George, J., Mulkins, M., Kurihara, H.,
Levkovitz, H., Sigal, E., Arterioscler. Thromb. Vasc. Biol.
2000, 20,2100-2105.

Cyrus, T., Pratico, D., Zhao, L., Witztum, J. L., Rader, D. J.,
Rokach, J., FitzGerald, G. A., Funk, C. D., Circulation 2001,
103,2277-2282.

George, J., Afek, A., Shaish, A., Levkovitz, H., Bloom, N.,
Cyrus, T., Zhao, L. et al., Circulation 2001, 104, 1646—1650.

Huo, Y., Zhao, L., Hyman, M. C., Shashkin, P, Harry, B. L.,
Burcin, T., Forlow, S. B. et al., Circulation 2004, 110, 2024 —
2031.

Sendobry, S. M., Cornicelli, J. A., Welch, K., Bocan, T., Tait,
B., Trivedi, B. K., Colbry, N. et al., Br. J. Pharmacol. 1997,
20,1199-1206.

Bocan, T. M., Rosebury, W. S., Mueller, S. B., Kuchera, S.,
Welch, K., Daugherty, A., Cornicelli, J. A., Atherosclerosis
1998, 136,203 -216.

Spanbroek, R., Grébner, R., Létzer, K., Hildner, M., Urbach,
A., Riihling, K., Moos, M. P. W. et al., Proc. Natl. Acad. Sci.
USA 2003, 100, 1238—1243.

Cornicelli, J. A., Curr. Res. Vasc. Dis. 1998, 3, 163—170.

www.mnf-journal.de



Mol. Nutr. Food Res. 2005, 49, 1014-1029

[81] Macdonald, R. G., Panush, R. S., Pepine, C. J., Am. J. Car-
diol. 1987, 60, 56B—60B.

[82] Bailey, J. M., Watson, R., Bombard, A. T., Randazzo, R.,
Atherosclerosis 1984, 51,299 —-306.

[83] Bailey, J. M., Butler, J., Atherosclerosis 1985, 54,205-212.

[84] Goodman, D. S., Drugs 1987, 33(Suppl 1),47-55.

[85] Libby, P, Nature 2002, 420, 868 —874.

[86] Mullenix, P. S., Andersen, C. A., Starnes, B. W., Ann. Vasc.
Surg. 2005, 19, 130—138.

[87] Mehrabian, M., Allayee, H., Wong, J., Shih, W., Wang, X. P,,
Shaposhnik, Z., Funk, C. D., Lusis, A. J., Circ. Res. 2002,
91,120-126.

[88] Zhao, L., Moos, M. P.,, Grabner, R., Pedrono, F., Fan, J., Kai-
ser, B., John, N. et al., Nat. Med. 2004, 10,966—973.

[89] Mehrabian, M., Wong, J., Wang, X., Jiang, Z., Shih, W,
Fogelman, A., Lusis, A. J., Circ. Res. 2001, 89, 125-130.

[90] Kuhn, H., Anton, M., Gerth, C., Habenicht, A., Arterioski.
Thromb. Vasc. Biol. 2003, 23, 1072—1076.

[91] Chen, X. S., Kurre, U., Copeland, N. G., Funk, C. D., J. Biol.
Chem. 1994, 296, 13979—-13987.

[92] Dwyer, J. H., Allayee, H., Dwyer, K. M., Fan, J., Wu, H.,
Mar, R., Lusis, A. J., Mehrabian, M., N. Engl. J. Med. 2004,
350,29-37.

[93] Coftey, M. J.,, Jarvis, G. E., Gibbins, J. M., Coles, B., Barrett,
N. E., Wylie, O. R., O’Donnell, V. B., Circ. Res. 2004, 94,
1598 -1605.

[94] Shen, J., Kiihn, H., Petho-Schramm, A., Chan, L., FASEB J.
1995, 9,1623-1631.

[95] Shen, J., Herderick, E., Cornhill, F., Zsigmond, E., Kim, H.
S., Kiihn, H., Guevara, N. V., Chanm, L., J Clin. Invest.
1996, 98,2201 -2208.

[96] Ludwig, P., Hohne, M., Kiihn, H., Schewe, T., Rapoport, S.
M., Biomed. Biochim. Acta 1988, 47,593 —-608.

[97] Trebus, E, Heydeck, D., Schimke, L., Gerth, C., Kiihn, H.,
Prostaglandins Leukot. Essent. Fatty Acids 2002, 67, 419—
428.

[98] Belkner, J., Chaitidis, P., Stender, H., Gerth, C., Kuban, R. J.,
Yoshimoto, T., Kuhn, H., Arterioscler. Thromb. Vasc. Biol.
2005, 25,797-802.

[99] Kiihn, H., Prog. Lipid Res. 1996, 35,203 —-226.

[100] Perretti, M., Chiang, N., La, M., Fierro, I. M., Marullo, S.,
Getting, S. J., Solito, E., Serhan, C. N., Nature Med. 2002, 8,
1296-1302.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Lipoxygenases and atherogenesis

[101] Goh, J., Godson, C., Brady, H. R., Macmathuna, P., Gastro-
enterology 2003, 124, 1043 —-1054.

[102] Buchanan, M. R., Haas, T. H., Lagarde, M., Guichardant,
M., J. Biol. Chem. 1985, 260, 16056—16059.

[103] Buchanan, M. R., Brister, S. J., Adv. Exp. Med. Biol. 1997,
433,265-269.

[104] Setty, B. N. Y., Berger, M., Stuart, M. J., Biochem. Biophys.
Res. Commun. 1987, 145,502—-509.

[105] Setty, B. N. Y., Berger, M., Stuart, M. J., Biochem. Biophys.
Res. Commun. 1987, 148, 528 —533.

[106] van Heuven-Nolsen, D., Muis, T., Engels, F., Henricks, P. A.,

Buckley, T. L., Nijkamp, E. P, Br. J. Pharmacol. 1995, 115,
835-839.

[107] Bates, E. J., Ferrante, A., Poulos, A., Smithers, L., Rathjen,
D. A., Robinson, B. S., Atherosclerosis 1995, 116, 125—133.

[108] Havel, R. J., Eder, H. A., Bragdon, H. J., J Clin. Invest.
1955, 34, 1345—1353.

[109] Bligh, E. G., Dyer, W. J., Can. J. Biochem. Biophysiol. 1959,
37,911-917.

[110] Baoutina, A., Dean, R. T., Jessup, W., Trends Cardiovasc.
Med. 2001, 11,1-7.

[111] Schilstra, M. J., Veldink, G. A., Vliegenthart, J. F. G., Bio-
chemistry 1993, 32,7686—7591.

[112] Cathcart, M. K., Folcik, V. A., Free Radic. Biol. Med. 2000,
28,1726—-1734.

[113] Gonias, S. L., Wu, L., Salicioni, A. M., Thromb. Haemost.
2004, 91, 1056—1064.

[114] Bryant, R. W., Bailey, J. M., Schewe, T., Rapoport, S. M., J.
Biol. Chem. 1982, 257, 6050—6055.

[115] Sigal, E., Grunberger, D., Highland, E., Gross, C., Dixon, R.
A., Craik, C. S., J Biol. Chem. 1990, 265, 5113-5120.

[116] Belkner, J., Stender, H., Holzhutter, H. G., Holm, C., Kuhn,
H., Biochem. J. 2000, 352, 125—133.

[117] Yla-Herttuala, S., Rosenfeld, M. E., Parthasarathy, S., Sigal,
E., Sarkioja, T., Witztum, J. L., Steinberg, D., J. Clin. Invest.
1991, 87, 1146—1152.

[118] Folcik, V. A., Nivar-Aristy, R. A., Krajewski, L. P, Cathcart,
M. K., J. Clin. Invest. 1995, 96, 504—510.

[119] Kuhn, H., Heydeck, D., Hugou, 1., Gniwotta, C., J. Clin.
Invest. 1997, 99, 888 —-893.

[120] Walther, M., Wiesner, R., Kuhn, H., J Biol. Chem. 2004,
279,3717-3725.

www.mnf-journal.de




