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Abstract

Oxidized low density lipoprotein (LDL) possesses several
atherogenic properties. The mechanisms by which LDL be-
comes oxidized in vivo remain unknown, but previous stud-
ies have suggested that 15-lipoxygenase may be one of the
factors involved in the initiation of LDL oxidation in the
arterial wall. 3 wk after a retrovirus-mediated 15-lipoxygen-
ase gene transfer into iliac arteries of normocholesterolemic
rabbits there was a threefold increase in 15-lipoxygenase
activity but no signs of LDL oxidation. However, when ani-
mals were made moderately hypercholesterolemic by feed-
ing a 0.13% cholesterol diet for 2-3 wk starting from day
4 after the gene transfer, oxidation-specific lipid-protein ad-
ducts characteristic of oxidized LDL were detected in 15-
lipoxygenase-transduced arteries. Control experiments in
which contralateral iliac arteries were transduced with (3-
galactosidase-containing retroviruses showed only occa-
sional signs of the presence of oxidation-specific adducts.
The results support the hypothesis that products derived
from the 15-lipoxygenase activity are involved in the induc-
tion of LDL oxidation within the arterial wall, provided that
sufficient concentrations of lipoproteins are present in the
artery. (J. Clin. Invest. 1995. 95:2692-2698.) Key words:
atherosclerosis * (8-galactosidase - gene transfer * retrovi-
ruses

Introduction

A growing body of evidence suggests that oxidative modifica-
tion of LDL plays an important role in atherogenesis (1). Oxi-
dized LDL is present in atherosclerotic lesions (2-7), it is
avidly metabolized by macrophages (8), cytotoxic to various
cell types (9), chemotactic for blood monocytes (10), and
induces formation of autoantibodies against oxidation-specific
lipid-protein epitopes (4, 11, 12). Inhibition of LDL oxidation
also decreases the rate of development of atherosclerotic lesions
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in experimental animals (1, 13). However, mechanisms leading
to LDL oxidation in vivo remain unknown.

Lipoxygenases (LO)' are a family of enzymes which cata-
lyze the deoxygenation of polyenoic fatty acids containing at
least one 1,4- cis, cis-pentadiene structure, yielding correspond-
ing fatty acid hydroperoxides as reaction products (14, 15).
So far, 5-, 12-, and 15-LO enzymes have been cloned from
mammalian tissues (14, 15). All biological functions of LOs
are not yet known, but 15-LO seems to play a role in the
peroxidation and breakdown of mitochondrial and other cellular
membranes during reticulocyte maturation ( 16). In vitro studies
have suggested that 15-LO, but not 5-LO (17, 18), may be one
of the factors involved in the initiation of LDL oxidation. LDL
treated with soybean 15-LO (9, 19) or recombinant human 15-
LO (20) closely resembles oxidized LDL; enrichment of LDL
with LO-derived peroxidation products promotes LDL oxida-
tion in the presence of transition metals (21, 22); and several
lipoxygenase inhibitors block cell-induced oxidation of LDL
(17, 23-25). It is not known whether 15-LO induces LDL
oxidation in vivo, but 15-LO mRNAand protein are expressed
in macrophage-rich areas of atherosclerotic lesions in the same
areas which contain epitopes characteristic of oxidized LDL
(26, 27). Atherosclerotic lesions also show higher levels of 15-
LO enzyme activity and reaction products than corresponding
normal arteries (28, 29). Accordingly, it would be important
to establish experimental models in which 15-LO expression is
induced in the arterial wall. If 15-LO plays a role in LDL
oxidation in vivo it should be possible to test the hypothesis
by transferring 15-LO gene into normal arteries and determine
whether this leads to the formation of epitopes characteristic of
oxidized LDL.

To create such a model and to evaluate the role of 15-LO
in the development of early atherosclerotic changes, we used a
retrovirus-mediated 15-LO gene transfer into rabbit iliac arteries
(30). This model gives an opportunity for studying the effects
of the gene in an anatomically defined portion of an artery (30-
33) and offers a means for examining the role of 15-LO in
vivo, as there is controversy regarding the role of 15-LO in
inducing LDL oxidation in cell culture systems (34). It was
found that retrovirus-mediated gene transfer led to the expres-
sion of 15-LO in the transduced arteries and that in animals fed
a 0.13% cholesterol diet 15-LO-transduced arteries exhibited a

higher susceptibility to LDL oxidation than control iliac arteries
transduced with 6-galactosidase-containing retroviruses.

1. Abbreviations used in this paper: LO, lipoxygenases; LTR, long
terminal repeat; MDA, malondialdehyde.
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Figure 1. Retroviral plasmids. (A) A SalI-BglIl fragment (nucleotides
1-2245) of the human reticulocyte 15-LO cDNA (35) was cloned into
a plasmid (37) containing a Moloney murine leukemia virus LTR cas-
sette with a neomycin resistance gene (neo) expressed from an internal
Rous sarcoma virus (RSV) promoter. (B) A full-length E. coli ,/-galac-
tosidase cDNA (36) was cloned into the same retroviral plasmid and
used as a control vector (37). 15-LO and /-galactosidase are expressed
from the constructs by the 5 '-LTR promoter. Poly A signals are provided
by the 3'-LTR. The rest of the plasmid (not shown) is derived from
pBR322.

Methods

Human reticulocyte 15-LO cDNA(35) or Escherichia coli /3-galactosi-
dase (lacZ) cDNA (36) were cloned into a plasmid containing a Molo-
ney murine leukemia virus long terminal repeat (LTR) cassette with a

neomycin resistance gene expressed from an internal Rous sarcoma virus
promoter (37) (Fig. 1). 15-LO and P-galactosidase were expressed from
the constructs by the 5'-LTR promoter. Poly A signal and repeated
motifs presumably associated to translational repression (38) were omit-
ted from the 3' untranslated end of 15-LO cDNA (Fig. 1). Ecotropic
(4i2) (39) and amphotropic (PA317) (40) producer cell lines were

established using standard techniques (41). Amphotropic cell lines pro-

duced replication-deficient retroviruses, which were able to transduce
15-LO and ,f-galactosidase activity into fibroblasts and smooth muscle
cells in vitro2 (Table I). Before use, the retroviruses were concentrated
by a polyethylene glycol precipitation, and titers of the virus preparations
were determined (41). Concentrated virus stocks were free of helper
virus activity as analyzed by the inability of concentrated viruses to
spread the infection in F209 fibroblasts (41).

Gene transfer was done in 16 4-6-mo-old New Zealand White
rabbits. 10 rabbits were maintained on normal chow. To induce a moder-
ate increase in plasma cholesterol level and to increase lipoprotein influx
into the artery wall, six rabbits were fed a cholesterol-enriched diet
(0.13% wt/wt) for 2-3 wk, starting 4 d after the gene transfer. Animals
were anesthetized using fentanyl-fluanisone (0.3 ml/kg)/midatzolam (1
mg/kg). 1-cm unbranched segments of the external iliac arteries were

exposed through laparotomy. A cannula (22G Insyte-W; Becton Dickin-
son, Mountain View, CA) was inserted into the femoral artery and
advanced to the distal end of the experimental area. Proximal and distal
ends of the experimental area were closed by removable ligatures and
micro Bulldog clamps. A spinal needle (27G; Becton Dickinson) was

placed inside the 22G cannula and the experimental area was flushed
several times with lactated Ringer solution. Replication-deficient retro-
viruses (titers 2-10 x 10' cfu/ml) were placed directly into the artery
through the spinal needle and left in place for 30 min. Care was taken
not to exceed 150 mmHgintraluminal pressure. After the experiment,
retroviruses were removed, arteries were flushed with Ringer solution,
and the circulation was reestablished. Frozen aliquots of the same virus

2. Viita, H., T. Kaunismaki, M. Laukkanen, T. Nikkari, and S. Yla-
Herttuala, manuscript in preparation.

Table l. 15-LO Activity in the Transduced PA317 Fibroblasts and
Rabbit Aortic Smooth Muscle Cells

Hydroxyoctadecanoic
Cell line acid production*

ng/mg cell protein/15 min

PA317 cells
Control (untransduced cells) 36.3
Control (,1-galactosidase-transduced

clone LZ3) 27.1
15-LO-transduced (clone ALO17) 410.8

Smooth muscle cells
Control (untransduced cells) 11.3
15-LO-transduced (clone SMCLO17) 524.0

15-LO activity was measured as described in Methods after incubation
of the cells with 50 ,qM linoleic acid at 370C for 15 min. * Analyses
were done in duplicates and are representative of results obtained with
transduced cell lines2.

concentrates (ALO17 for 15-LO; LZ915 for fi-galactosidase) were used
in the study.

In each animal one iliac artery was transduced with the 15-LO-
containing retroviruses. In all but two animals, the contralateral iliac
artery was handled exactly in the same way and transduced with the
same retroviruses containing E. coli t3-galactosidase instead of 15-LO.
Prophylactic heparin and G-penicillin treatments were used in all experi-
ments. Animals were free of helper virus production throughout the
experiments, as judged by the absence of reverse transcriptase activity
in plasma and urine samples (41). Fasting plasma cholesterol levels
were measured with enzymatic methods (Boehringer Mannheim, Mann-
heim, Germany). All experiments were approved by the Experimental
Animal Committee of the Universities of Kuopio and Tampere.

After the experimental period, arteries were either perfusion-fixed
or perfused with phosphate-buffered saline and used for in situ hybrid-
ization, immunocytochemistry, and/or gas chromatographic analysis.
Briefly, arteries were perfusion-fixed with 4% paraformaldehyde/5%
sucrose containing 1 mMEDTAand 50 ,uM butylated hydroxytoluene
as antioxidants, embedded in paraffin and/or OCTcompound (Miles
Inc., Kankakee, IL), and used for in situ hybridization and immunocyto-
chemistry (26). In situ hybridization was done on a set of serial sections
as described (26, 27). Briefly, 35S-UTP-labeled antisense and sense
riboprobes for human reticulocyte 15-LO were synthesized from pBlues-
cript vectors (Stratagene, La Jolla, CA) using T3 and T7 RNApolymer-
ases (Promega Corp., Madison, WI) and applied on pretreated tissue
sections (6 X 106 cpnmml) for 14 h at 53°C. The final wash after the
hybridization was at 55°C in 0.1 x SSC for 30 min. Autoradiography
(NTB-2; Eastman-Kodak Co., Rochester, NY) was used for the signal
detection (26, 27).

Immunocytochemistry was done as described (26, 42). Both iliac
arteries from the same animal were always immunostained simultane-
ously (avidin-biotin-horseradish peroxidase system; Vector Labs, Inc.,
Burlingame, CA) in a rigorously standardized way (26, 42). Controls
for the immunostainings included incubations with irrelevant class- and
species-matched immunoglobulins and incubations where primary anti-
bodies were omitted. Five serial sections taken from the middle portion
of the experimental area were evaluated per artery for each of the
antibodies. Immunostainings were evaluated by one examiner without
knowledge of the origin of the samples. f3-Galactosidase activity was
measured by X-gal staining as described (30). To avoid any possible
staining of endogenous fl-galactosidase activity present in macrophages,
color development was only allowed to proceed for 6 h.

The following antibodies were used for the immunostainings: CD31
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Table 11. Frequency of Successful Gene Transfer and the Presence of Oxidized LDL in Rabbit Iliac Arteries 2-3 wk after a Direct
Retrovirus-mediated Gene Transfer

Number of arteries positive for transduced gene* Number of arteries positive for oxidized LDL5
Iliac arteries transduced with

retroviruses containing Normocholesterolemic Moderately hypercholesterolemic Normocholesterolemic Moderately hypercholesterolemic

15-LO 7 5 1 4
(n = 10) (n = 6) (n = 7) (n = 5)

,1-Galactosidase 6 6 0 1
(n = 8) (n = 6) (n = 6) (n = 6)

(n) indicates the total number of analyzed arteries. * Based on positive immunostaining for 15-LO (anti-human 15-LO antiserum [27]; dilution
1:1,000) or /3-galactosidase activity (X-gal staining). $ Based on positive immunostaining for oxidation-specific lipid-protein adducts characteristic
of oxidized LDL (antiserum MAL-2 [4]; dilution 1:500); immunostainings for oxidized epitopes were only evaluated in the arteries where gene
transfer was successful.

mAb specific for endothelial cells (DAKO, Copenhagen, Denmark);
HHF-35 mAbspecific for smooth muscle cells (43; Enzo Biochem Inc.,
NewYork); RAM-1 1 mAbspecific for rabbit macrophages (44) kindly
donated by Dr. Allen Gown (University of Washington, Seattle, WA);
MAL-2 antiserum (4) made against malondialdehyde (MDA)-modified
LDL and specific for MDA-lysine adducts; MB-47 mAb specific for
apoprotein B-100 present in LDL and remnant/,B-very low density lipo-
proteins (45); anti-human reticulocyte 15-LO antiserum (27) which
does not crossreact with 5-LO but which crossreacts with rabbit macro-
phage 15-LO at 1:100-1:500 dilutions. MB-47, MAL-2, and 15-LO
antibodies were kindly donated by Dr. Joseph L. Witztum (University
of California, San Diego, Atherosclerosis SCORprogram).

Intima/media thickness ratios were measured from five randomly
selected sections per artery using a standard morphometry (46). Mea-
surements were done from all animals where gene transfer was success-
ful. 15-LO reaction products from isolated intima-medias of two normo-
cholesterolemic and two moderately hypercholesterolemic animals were
assayed with gas chromatography after reduction to hydroxyoctadeca-
noic acid (47). Linoleic acid-derived reaction products (i.e., hydroxy-
octadecanoic acid) were used as an indicator of 15-LO activity since
they are present in higher concentrations and are more stable than arachi-
donic acid derivatives (15). 15-LO activity in the transduced cell lines
was measured after incubation of the mechanically disrupted cells with
50 /.M linoleic acid for 15 min at 37°C. Linoleic acid-derived reaction
products were quantified -with gas chromatography after reduction to
hydroxyoctadecanoic acid. More than 90% of the hydroxyoctadecanoic
acid produced consisted of the 13-isomer, which is the specific reaction
product of 15-LO when linoleic acid is used as a substrate2 (47).

Results

Before in vivo experiments, retroviruses were tested for their
ability to transduce eukaryotic cells in vitro. As shown in Table
I, rabbit aortic smooth muscle cells transduced with 15-LO-
containing retroviruses showed a marked increase in 15-LO
activity. A similar increase was seen in PA317 fibroblasts after
transduction with ecotropic 15-LO-containing retroviruses,
whereas no increase was seen in /3-galactosidase-transduced
cells. 15-LO-transduced cells contained human 15-LO mRNA
and immunoreactive protein, as analyzed by Northern blotting
and Western blotting, respectively, whereas no 15-LO mRNA
or protein was detected in untransduced smooth muscle cells.2

After in vitro studies, NewZealand White rabbit iliac arter-
ies were transduced with 15-LO-containing retroviruses. To
control for possible effects of the viral infection per se, contra-
lateral iliac arteries were treated in the same manner, but were

transduced with the virus containing E. coli 13-galactosidase
instead of 15-LO. 2-3 wk after the gene transfer, histochemi-
cally demonstrable /3-galactosidase activity was present in 12
of the 14 transduced control arteries (Table II). 15-LO protein
was detected by immunostaining in 12 of the 16 transduced
arteries (Table II), and there was a threefold increase in the
chemically assayed arterial content of oxidized linoleic acid
reaction products, which were used as an indicator of 15-LO
activity (Table III).

An example of the transduced gene expression is shown in
Fig. 2. /l-Galactosidase activity was detected in /3-galactosi-
dase-transduced arteries (Fig. 2 a), whereas it was not present
in the 15-LO-transduced arteries (Fig. 2 d). 15-LO immunore-
activity and mRNAwere detected in the 15-LO-transduced
arteries (Fig. 2, e and f ). No 15-LO protein (Fig. 2 b) or
mRNA(data not shown) was present in the 3-galactosidase-
transduced control arteries. Based on the number of 15-LO-
positive cells and the total number of stained nuclei in randomly
selected tissue sections, it was estimated that < 1/500 cells in
the intima-media expressed fl-galactosidase or 15-LO. 15-LO
expression declined over time in the transduced arteries but was
still detectable 6 wk after the operation (data not shown).

Table III. Intima-Media Thickness Ratios and the Content of
Linoleic Acid-derived Reaction Products, Which Were Used as
an Indicator of 15-LO Activity in Rabbit Iliac Arteries 2-3 wk
after a Successful Retrovirus-mediated Gene Transfer

Iliac arteries Intima-media Hydroxyoctadecanoic acid
transduced with thickness ratio content (% of control,

retroviruses containing (mean-SD) mean±SD)

15-LO 0.44±0.21 324±180
(n = 12) (n = 4)

/3-Galactosidase 0.47±0.23 100
(n = 12) (n = 4)

(n) indicates the number of analyzed arteries. Arteries analyzed for the
content of hydroxyoctadecanoic acids include two normocholesterol-
emic and two moderately hypercholesterolemic animals. The content of
hydroxyoctadecanoic acids in the 3-galactosidase-transduced control
arteries was 77±49 (SD) ng/mg dry defatted tissue. For comparison,
the content of hydroxyoctadecanoic acids in four unoperated abdominal
aortas was 32±23 (SD) ng/mg dry defatted tissue.

2694 Yla-Herttuala et al.



- *_2- ..... R-
OR h- '; -''I 'v ' 'I '

-~~~~~1 d ro. ,. ,Vt. , ' .

aA

. 7

ow_tr^; -4r.f.

-.
IW**.?ta e

~~~~~ ~~40 A
Aw

cib~~
Ail

Figure 2. Expression of human 15-LO and E. coli /B-galactosidase in the transduced iliac arteries of a normocholesterolemic rabbit 3 wk after a
direct retrovirus-mediated gene transfer. (a-c) Immunostainings of serial sections of the contralateral control artery, which was transduced with
/3-galactosidase-containing retrovirus. (a) 63-Galactosidase activity in the arterial wall (X-gal staining). Arrowheads indicate positive cells. (b)
No 15-LO protein was detected in the transduced control artery (anti-human 15-LO antiserum, dilution 1:1,000). (c) Endothelial layer was present
in the artery after the experimental period (CD31 antibody, dilution 1:50). (d, e) Immunostainings of serial sections of the iliac artery transduced
with the human 15-LO-containing retrovirus. (d) No /3-galactosidase activity was present in the arterial wall (X-gal staining). (e) Expression of
15-LO protein in the transduced artery (anti-human 15-LO antiserum, dilution 1:1,000). Arrowheads indicate positive staining for 15-LO. (f)
Expression of 15-LO mRNAin the 15-LO-transduced artery. A 35S-UTP-labeled 15-LO antisense riboprobe was used for the hybridization,
followed by autoradiography. Arrowheads indicate cells positive for 15-LO mRNA. Control hybridization with a sense probe gave no signal (data
not shown). A star indicates the boundary between intima and media. Hematoxylin counter stain, except inf, which was counterstained with
hematoxylin and eosin. Original magnifications of 400 (a and e), 300 (b), 200 (c andf), and 100 (d).

Endothelial layer appeared morphologically intact in the
transduced arteries (Fig. 3 c). However, it is likely that some
arterial injury was produced by the gene transfer procedure,
since in preliminary experiments we found that catheterization
alone or together with transduction using ,e3-galactosidase-con-
taining retroviruses always caused diffuse intimal thickening.
Similar thickenings were produced in this study, as indicated
by an increased intima-media thickness ratio in the iliac arteries;
however, there was no difference between 6-galactosidase-
and 15-LO-transduced arteries (Table IE). The thickening was
mainly due to the proliferation of smooth muscle cells. An
example is shown in Fig. 3 e. The cause of the vascular injury
remains unknown. However, the findings may suggest that 15-
LO activity and/or LDL oxidation may not play a significant
role in smooth muscle cell proliferation and neointima forma-
tion.

After successful transduction of seven normocholestero-
lemic rabbits with 15-LO, only one animal showed a weak

staining for oxidation-specific lipid-protein adducts in the iliac
artery 3 wk after the gene transfer (Table II). Since the arterial
wall of a normal rabbit contains hardly any apoprotein B-
containing lipoproteins, we used a 0.13% cholesterol diet to
increase the influx of plasma lipoproteins into the arterial wall
thickened by the manipulation (Fig. 3, d and i). The diet was
started 4 d after the gene transfer. 2-3 wk after the operation,
four of the five arteries successfully transduced with 15-LO
contained immunostaining for oxidation-specific lipid-protein
adducts in the intima-media, whereas only one of the six contra-
lateral control iliac arteries successfully transduced with /-ga-
lactosidase contained immunostaining for these adducts (Fig.
3, c and h, Table IV). Staining pattern was different in the
experimental and control arteries: the intima-media of 15-LO-
transduced arteries usually contained areas and groups of cells
positive for both 15-LO protein and oxidation-specific lipid-
protein adducts (Fig. 3, g and h), whereas no such association
was seen in the one control artery which stained positive for

15-Lipoxygenase Gene Transfer into Iliac Arteries 2695
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Figure 3. Expression of human 15-LO and E. coli P-galactosidase in the transduced iliac arteries of a moderately hypercholesterolemic rabbit 3
wk after a direct retrovirus-mediated gene transfer. (a-e) Immunostainings of serial sections of the contralateral control artery, which was transduced
with ,/-galactosidase-containing retrovirus. (a) (3-Galactosidase activity in the arterial wall (X-gal staining). Arrowheads indicate positive staining.
(b) No 15-LO protein was detected in the control artery (anti-human 15-LO antiserum, dilution 1:1,000). (c) No oxidized LDL or oxidation-
specific lipid-protein adducts were detected in the control artery (MAL-2 antiserum, dilution 1:500). (d) LDL apoprotein B was present in the
arterial wall (MB-47 antibody, dilution 1:500). (e) Manipulation of the arteries produced intimal thickening composed mostly of smooth muscle
cells (HHF-35 antibody, dilution 1:500). (f-j) Immunostainings of serial sections of the iliac artery transduced with the human 15-LO-containing
retrovirus. (f ) Nonimmune control for the immunostainings. (g) Expression of 15-LO protein in the transduced artery (anti-human 15-LO antiserum,
dilution 1:1,000). Arrowheads indicate positive staining for 15-LO. (h) Oxidized LDL and oxidation-specific lipid-protein adducts in the transduced
artery (MAL-2 antiserum, dilution 1:500). Arrowheads indicate cells positive for oxidized epitopes. Extracellular staining for oxidized epitopes is
indicated by brackets. (i) LDL apoprotein B immunostaining appeared in the same area which contained oxidized LDL, as is shown in h (MB-47
antibody, dilution 1:500). Extracellular staining is indicated by brackets. (j) No macrophages were detected in the thickened intima, whereas they
were usually present in adventitia (RAM-I 1 antibody, dilution 1:500). Arrowheads indicate positive staining for macrophages. A star indicates the
boundary between intima and media. Hematoxylin counter stain. Original magnifications of 400 (a-i) and 200 (j).

oxidized adducts (animal 16, Table IV). In several areas of the
15-LO-transduced arteries, oxidized epitopes colocalized with
immunostaining specific for apoprotein B (Fig. 3, h and i).
Very few macrophages were present in the thickened intimas
of all studied animals (Fig. 3 j), which makes it highly unlikely
that these cells were responsible for lipoprotein oxidation. As
judged by immunostaining of serial sections, most of the cells
expressing the transduced 15-LO appeared to be smooth muscle
cells.

Discussion

The mechanism whereby LDL is oxidized in vivo remains un-
known. It is likely that several pathways can lead to the appear-
ance of oxidized LDL in the arteries (1, 48). In vitro and in
vivo studies have suggested that 15-LO may be one of the
factors involved in the initiation of LDL oxidation in the arterial
wall (19-27). To further assess the possible role of 15-LO in
LDL oxidation in vivo, we used retrovirus-mediated 15-LO
gene transfer into rabbit iliac arteries (30). The aim of the study
was to see whether the expression of 15-LO in the transduced

arteries leads to the formation of oxidation-specific lipid-protein
adducts characteristic of oxidized LDL.

Major limitations of this approach in rabbits appear to be
the production of vascular injuries during arterial manipulation
and the low efficiency of retrovirus-mediated gene transfer in
the arterial wall. Possible effects caused by the replication-
deficient retroviruses and the catheterization of arteries were
controlled by transducing contralateral control iliac arteries with
the same retrovirus containing ,e-galactosidase instead of 15-
LO. Diffuse intimal thickening was always observed in the
transduced arteries. Similar findings were obtained in prelimi-
nary experiments where the arteries were catheterized and incu-
bated with Ringer solution for 30 min (data not shown). The
thickening was mainly due to the proliferation of smooth muscle
cells, although the exact nature of the injurious procedure/agent
remains unknown. However, this was not considered harmful
since the presence of intimal thickening resembles the situation
in human arteries, where diffuse intimal thickening is always
present and forms a microenvironment for LDL retention, pro-
longing LDL half-life in the intima-media, and making LDL
more susceptible for oxidative damage (1, 49).

2696 Yla-Herttuala et al.
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Table IV. 15-LO and Oxidized LDL Immunostaining in Iliac Arteries of Moderately Hypercholesterolemic Rabbits after a Direct
Retrovirus-mediated Gene Transfer

Iliac arteries successfully transduced with retroviruses containing

15-LO f6-Galactosidase
Animal Killing after the Blood cholesterol* at time
number gene transfer of killing 15-LOt Oxidized epitopest 15-LO Oxidized epitopest

d mmoWliter

11 14 3.6 + + 0 0
12 16 2.5 § § 0 0
13 16 1.7 + 0 0 0
14 19 5.4 + ++ 0 0
15 23 4.7 ++ ++ 0 0
16 23 4.8 + + 0 +

P < 0.01's P < 0.0811

§, Gene transfer was not successful. * Animals were fed with 0.13% cholesterol diet starting 4 d after the operation. Plasma cholesterol before the
experiment was 1.3±0.8 (SD) mmol/liter. t Intensity of the immunostaining in intima-media was graded blindly on a scale of 0 (no staining) to
+++ (intense staining). 11 Statistical significance in comparison with the frequency of corresponding immunostaining in ,I-galactosidase-transduced
arteries (Fisher's exact test, two-tail comparison, SAS Statistical Software Inc., Cary, NC).

The low transduction efficiency with replication-deficient
retroviruses is in line with previously published data showing
that only a minor fraction of cells can be transduced with this
technique (30-33). It is evident that the low transduction effi-
ciency needs to be improved if the technique is used for the
delivery of therapeutic substances into the vessel wall. Based
on immunocytochemistry and in situ hybridization, 15-LO ex-
pression was found in single cells and within discrete groups
of cells in the artery. In future, it may be possible to use this
model to monitor local changes in the expression of various
genes around cells expressing the transduced gene.

The presence of oxidized epitopes in the iliac arteries was
detected by immunocytochemical techniques using antibodies
raised against MDA-modified LDL which is a model of oxi-
dized LDL (2-4). It should be noted that these antibodies
also detect some other MDA-modified proteins, such as MDA-
albumin (4, 42). We cannot fully exclude a possibility that
intracellular immunostaining for oxidation-specific epitopes
(which are not associated with MB-47 immunostaining) may
be unrelated to lipoprotein oxidation. It should also be pointed
out that extracellular immunostaining for oxidized epitopes was
not always associated with intracellular staining for oxidation-
specific adducts. One possible explanation is that diffusible fac-
tors (e.g., radicals) from 15-LO-transduced cells may have
initiated lipid peroxidation in lipoproteins trapped in extracellu-
lar matrix.

Despite a measurable level of 15-LO expression in the trans-
duced arteries, no oxidation-specific lipid-protein adducts were
found in the arterial wall unless the animals were fed a choles-
terol-enriched diet. Thus, the results suggest that both the ex-
pression of 15-LO and the presence of apoprotein B-containing
lipoproteins in the arterial wall were required for the formation
of oxidation-specific lipid-protein adducts, since (a) 15-LO ex-
pression alone did not lead to the appearance of oxidation-
specific epitopes in normocholesterolemic animals; (b) except
in one animal, /3-galactosidase-transduced control arteries in

the cholesterol-fed group did not contain oxidized epitopes;
and (c) oxidation-specific epitopes in the 15-LO-transduced
arteries tended to colocalize with 15-LO protein and LDL apo-
protein B immunostainings.

The results demonstrate that a definite, although modest,
increase in 15-LO activity can be achieved in iliac arteries 2-3
wk after the transduction with 15-LO-containing retroviruses.
When compared with P6-galactosidase-transduced control iliac
arteries, the 15-LO-transduced sites of the intima-media also
exhibited a higher susceptibility to LDL oxidation as indicated
by positive immunostaining for epitopes characteristic of oxi-
dized LDL. The results support the hypothesis that 15-LO is
one of the factors involved in LDL oxidation in the arterial
microenvironment (19-27). The model will be useful for the
evaluation of localized oxidation-related early steps in the
pathogenesis of atherosclerosis.
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