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Abstract

 

We characterized a novel form of extracellular superoxide
dismutase (ecSOD) in atherosclerotic vessels. Specific activ-
ity and protein expression of ecSOD was increased two- to
threefold in apo E–deficient compared with control aortas.
RNase protection assays demonstrated that the expected ec-
SOD transcript was not increased in either apo E–deficient
mice or cholesterol-fed LDL receptor–deficient mice, but
that a second, lower molecular weight transcript was
present and became predominant as atherosclerosis pro-
gressed. Sequence analysis revealed that this novel ecSOD
has a 10-bp deletion in the 3

 

9

 

 untranslated region and an as-
paragine to aspartic acid mutation at amino acid 21. Studies
of isolated macrophages and immunohistochemistry sug-
gested that the truncated ecSOD transcript was expressed
by lipid-laden but not control macrophages. Recombinant
wild-type and novel ecSODs expressed in Sf9 cells exhibited
similar SOD activities. These experiments show that ecSOD
expression is increased in atherosclerotic vessels and that
this is characterized by an alteration in mRNA and protein
structure. Further, the source of this altered ecSOD is likely
the lipid-laden macrophage. The enzymatic properties of
this novel ecSOD may have important implications for the
function of the lipid-laden macrophage and the atheroscle-
rotic process. (
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Introduction

 

It has become apparent that hypercholesterolemia and athero-
sclerosis are associated with increased production of reactive
oxygen species in the vessel wall, both from vascular cells and
macrophages that accumulate within the atherosclerotic lesion
(1–3). Indeed, many of the manifestations of atherosclerosis
are likely secondary to the actions of reactive oxygen species
(4). These include modification of lipids (5), induction of
proinflammatory genes (6, 7), increased cellular proliferation
(8), and alterations of endothelium-dependent vasodilation
(9–11). One of the major cellular defenses against the super-

oxide anion (O

 

2

 

·

 

2

 

) and formation of peroxynitrite is the super-
oxide dismutases (SODs)

 

1

 

 (12, 13). Three isozymes of SOD
have been identified, including a copper/zinc-containing form
(Cu/Zn SOD) which is primarily cytosolic in location (14), a
manganese form (Mn SOD) which is mitochondrial in location
(15), and an extracellular isozyme (16–18). Recently, it has
been shown that up to one half of the total SOD in the vessel
wall is this last form, known as the extracellular (ec) SOD (19,
20). In most species, the ecSOD is a tetramer composed of two
disulfide-linked dimers (21). Each subunit has a molecular
mass of 

 

z

 

 34 kD (16), and is composed of an amino-terminal
signal peptide which permits secretion from the cell, an active
domain which binds copper and zinc, and a carboxy-terminal
region which is involved in heparin binding (22, 23).

There has been substantial interest in the level of expres-
sion of various antioxidant defense mechanisms, and in partic-
ular that of SOD in atherosclerotic vessels. Previous studies
have reported either an increase, or no change in total SOD (9,
11, 24, 25) and the expression of the cytosolic SOD (26) in le-
sions. Many of these studies have used semiquantitative ap-
proaches, or have studied cholesterol-fed rabbits. In this study,
we sought to determine how levels of various isozymes of SOD
were affected by a model of atherosclerosis which develops le-
sions similar to human atherosclerosis (27–30), the apo E–defi-
cient mouse. During this study, we discovered a novel form of
ecSOD induced by atherosclerosis. The novel ecSOD in-
creases with the progression of atherosclerosis and was present
both in apo E– and LDL receptor–deficient mice. In additional
experiments, we examined a potential source of the novel ec-
SOD and determined structural differences between it and the
native mouse ecSOD.

 

Methods

 

Animals studied.

 

apo E–deficient mice were weaned at 4 wk of age
and maintained on regular chow for 2–8 mo. C57BL/6 mice were pur-
chased from The Jackson Laboratory (Bar Harbor, ME) and main-
tained on regular chow for 2–8 mo. LDL receptor knockout mice
were maintained on regular chow for 3 mo and then on a 1.25% cho-
lesterol diet containing 15.75% fat, and 0.5% sodium cholate for 3 mo.
Diet and water were provided ad libitum. The protocol for animal use
was approved by the Emory University Committee on Institutional
Animal Care and Use.

 

Determination of aortic SOD activity.

 

Tissues were homogenized
in 10 vol of 50 mM potassium phosphate (pH 7.4) containing 0.3 M
KBr and a cocktail of protease inhibitors (0.5 mM PMSF, 3 mM di-
ethylene-triaminepentaacetic acid, 90 mg/liter of aprotinin, 10 mg/li-
ter of pepstatin, 10 mg/liter of chymostatin, and 10 mg/liter of leupep-
tin). The homogenates were then sonicated and extracted at 4

 

8

 

C for
30 min. The extracts were then centrifuged at 3,000 

 

g

 

 for 15 min.
SOD activity was assayed by monitoring the inhibition of the rate

of xanthine oxidase–mediated reduction of cytochrome 

 

c

 

 (pH 7.4), as
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described previously (31). Cyanide (3 mM) was used to distinguish
between the cyanide-sensitive isozymes Cu/Zn SOD and ecSOD and
the cyanide-resistant Mn SOD. For specific analysis of ecSOD in ves-
sel extracts, chromatography on Con A–Sepharose (Pharmacia Bio-
tech, Piscataway, NJ) was used. Unlike Cu/Zn SOD and Mn SOD,
the glycoprotein in ecSOD binds to the lectin concanavalin A. The
procedure has been described previously (19).

 

Generation of an anti-ecSOD antibody, immunoblotting, and im-
munostaining.

 

An oligopeptide corresponding to the peptides 28–47
(DLA DRL DPV EKI DRL DLV EK) of murine ecSOD was used to
generate a polyclonal antiserum in rabbits. The antibody was affinity
purified using the immobilized peptide.

For Western blotting, protein samples were separated by 15%
SDS-PAGE and transferred to nitrocellulose membranes (Amer-
sham Corp., Arlington Heights, IL). The filter was blocked overnight
with 20 mM Tris, pH 7.6, containing 137 mM NaCl, 0.1% Tween 20
(TBST) and 6% milk, and subsequently incubated in TBST contain-
ing 1% milk with a 1:80,000 dilution of a rabbit anti-ecSOD antibody
for 2 h at room temperature. The antibodies bound to Western blots
were developed with the chemiluminescent ECL detection system
(Amersham Corp.) using 1:2,000 dilution of goat anti–rabbit second-
ary antibody conjugated to horseradish peroxidase (HRP) (Bio-Rad
Laboratories, Richmond, CA) on a standard x-ray system.

 

Isolation of RNA and ribonuclease protection assay.

 

To obtain a
riboprobe for RNase protection assays, we amplified the ecSOD ge-
nomic DNA using PCR. The mRNA for the ecSOD is derived from
one exon, and thus provided an excellent template for this purpose.
Lung DNA was harvested using the TRI-reagent (Molecular Re-
search Center, Inc., Cincinnati, OH). Because it was difficult to am-
plify the full-length ecSOD sequence using only primers from 5

 

9

 

 and
3

 

9

 

 ends of the molecule (F1, corresponding to intronic sequence, and
R1), we used internal primers (F2, R2) in conjunction with external 5

 

9

 

and 3

 

9

 

 primers (F1 and R1) to amplify the respective 5

 

9

 

 and 3

 

9

 

 halves
of the full-length sequence (Table I). Splicing-by-overlap extension
was then used to obtain a full-length mouse ecSOD sequence. The re-
sultant PCR product was gel purified, digested, subcloned into the
BamH1/XhoI sites of the pBluescript SK vector (Stratagene Inc., La
Jolla, CA) and sequenced by the dideoxy-chain termination method
using the Sequenase 2.0 kit (USB Biologicals, Cleveland, OH). The
sequence obtained was similar to that reported previously (32) (Gen-
Bank accession no. U38261).

To perform RNase protection assays, total RNA was extracted
from aortas of C57BL/6, apo E-deficient, and LDL receptor–defi-
cient mice as mentioned above. After linearization of the near full-
length ecSOD DNA with XhoI, labeled antisense RNA was tran-
scribed from the T3 promoter using Maxiscript (Ambion Inc., Austin,
TX) and [

 

a

 

-

 

32

 

P]UTP according to the instructions of the manufac-
turer. The length of this riboprobe was 923 nucleotides, which pro-
tected 828 nucleotides of ecSOD transcripts (riboprobe 1; see Fig. 2).
The murine glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
riboprobe was obtained from Ambion Inc. Newly synthesized 

 

32

 

P-
labeled GAPDH and ecSOD antisense riboprobes (

 

z

 

 7 

 

3

 

 10

 

4

 

 cpm)
were gel purified and coprecipitated with total RNA (10–20 

 

m

 

g). The
RNA pellets were dissolved in hybridization buffer (Hybspeed RPA
kit; Ambion Inc.) at 100

 

8

 

C, heated at 100

 

8

 

C for 3 min, and incubated
at 68

 

8

 

C overnight. The samples were then incubated with 20 U of
RNase T1 for 30 min at 37

 

8

 

C, in a total volume of 110 

 

m

 

l, to digest un-
hybridized RNA. An RNase inactivation/precipitation mixture, sup-
plied by the manufacturer, was added to precipitate the 

 

32

 

P-labeled
RNA–RNA hybrids. Precipitates were subjected to 5% polyacryl-
amide/8 M urea sequencing gels. Protected fragments were quantified
by scanning densitometry of autoradiographs.

In other experiments, in which we sought to map differences in
sequence between ecSOD found in C57BL/6 and in apo E–deficient
mice, three separate riboprobes were generated for use in RNAse
protection assays. Two of these (riboprobes 2 and 3; Fig. 1) corre-
sponded to the 5

 

9

 

 and 3

 

9

 

 portions of the full-length sequence of mu-
rine ecSOD. To produce the 5

 

9

 

 riboprobe (riboprobe 2, nucleotides

 

2

 

66 to 

 

1

 

363), PCR primers were designed to amplify the 5

 

9

 

 half of
the ecSOD sequence and 71 bp of the pBluescript vector sequence.
This allowed detection of differences between the undigested probe
and the protected fragment in subsequent RNase protection assays
(Fig. 1, and Table I). To obtain the 3

 

9

 

 riboprobe (riboprobe 3, nucle-
otides 

 

1

 

318 to 

 

1

 

796), the pBluescript plasmid containing the full
length of ecSOD cDNA fragment was linearized with StuI (which
cuts ecSOD at 

 

1

 

318) to allow generation of an antisense RNA probe
using T3 RNA polymerase (riboprobe 3; Fig. 1). A third riboprobe
was created which corresponded to nucleotides 

 

1

 

344 to 

 

1

 

756 of the
murine ecSOD (riboprobe 3; Fig. 1). In these RNase protection as-
says, both 0.5 U of RNase A and 20 U of RNase T1 were used.

 

Cloning and sequencing of the ecSOD form in apo E–deficient
mice.

 

Cloning of the ecSOD expressed in normal and Apo E–defi-

 

Table I. Primers Used for Cloning and Riboprobe Construction

 

Primer Position* Sequence Template

 

F1

 

2

 

66 to 

 

2

 

40 5

 

9

 

CCG

 

CTCGAG

 

TGGCTAAGACTTGCTTTCCTCCCACG-3

 

9

 

Lung
F2 344 to 363 5

 

9

 

-GCTTCCCAGCTGAGCAGAAC-3

 

9

 

Lung, aorta
F2

 

9

 

344 to 363 5

 

9

 

-GCTTCCCAGCTGAGCAGAAC

 

CCTGCAGCCCGGGGGATCCA

 

-3

 

9

 

Lung
F2

 

99

 

344 to 363 5

 

9

 

-

 

CCG

 

GAATTC

 

GCTTCCCAGCTGAGCAGAAC-3

 

9

 

Aorta
F3 737 to 756 5

 

9

 

-GCGAGTGCAAGACCACTTAA

 

CCTGCAGCCCGGGGGATCCA

 

-3

 

9

 

Lung
F4

 

2

 

59 to 

 

2

 

38 5

 

9

 

-AACTTCACCAGAGGGAAAGAGC-3

 

9

 

Aorta
F5

 

2

 

29 to 

 

2

 

9 5

 

9

 

-

 

CG

 

GAATTC

 

GAGCCTGACA GGTGCAGAGAA-3

 

9

 

Aorta
F6 254 to 273 5

 

9

 

-TGCCACCGGATCAGCCGCAG-3

 

9

 

Aorta
R1 769 to 796 5

 

9

 

-

 

CG

 

GGATCC

 

 CTGGAGACATCTATGCGTGCA GCGGCG-3

 

9

 

Lung
R2 344 to 363 5

 

9

 

-GTTCTGCTCAGCTGGGAAGC-3

 

9

 

Lung, aorta
R2

 

9

 

344 to 363 5

 

9

 

-

 

TGGATCCCCCGGGCTGCAGG

 

 GTTCTGCTCAGCTGGGAAGC-3

 

9

 

Lung
R3 5

 

9

 

-AATTAACCCTCACTAAAGGG-3

 

9

 

T3 promoter
R4 737 to 756 5

 

9

 

-

 

TGGATCCCCCGGGCTGCAGG

 

 TTAAGTGGTCTTGCACTCGC-3

 

9

 

Lung
R5 5

 

9

 

-GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTTT-3

 

9

 

3

 

9

 

RACE
R6 5

 

9

 

-GGCCACGCGTCGACTAGTAC-3

 

9

 

Adapter
R7 824 to 843 5

 

9

 

-

 

ACGC

 

GTCGAC

 

GAGGCCTCTGGGGTGACTAG-3

 

9

 

Aorta

*Numbers indicate nucleotide positions from translation start site. Italics in F2

 

9

 

, F3, R2

 

9

 

, and R4 show the viral sequence from pBluscript, and under-
lined bold italics in F1, F2

 

99

 

, F5, R1, and R7 show the restriction site.



 

Expression of Extracellular Superoxide Dismutase in Atherosclerosis

 

2103

 

cient mouse aortas was performed using a combination of 3

 

9

 

 rapid
amplification of cDNA ends (3

 

9

 

RACE), and PCR was performed us-
ing overlapping primers as shown in Fig. 2 and Table I. 3

 

9

 

RACE was
performed using first-strand cDNA prepared by using an adapter-
linked oligo(dT) primer (R5) (Fig. 2, and Table I). Initial PCR ampli-
fications were carried out using primers R6 and F6 (Fig. 2, and Table
I). A second PCR was performed using the reverse transcription
product as a template and internal primers R6 and F2

 

99

 

 (Fig. 2, and
Table I). Primer R6 was composed of the adapter sequence in primer
R5. The final 3

 

9

 

RACE products were gel purified, subcloned into the
EcoR1/SalI site of pBluescript SK, and sequenced using the dideoxy-
termination method of Sanger and a commercially available kit
(Sequenase; USB Biologicals). Near full-length sequences of the
ecSOD expressed in normal and apo E–deficient mice were ob-
tained using two rounds of PCR, initially with primers F4 and R7
and subsequently with primers F5 and R7. Primer R7 corresponded
to a common sequence of the 3

 

9 

 

untranslated region (UTR) of the
novel and wild-type ecSOD. A similar approach was used to deter-
mine the sequence of the ecSOD expressed by lipid-laden mac-
rophages.

 

Isolation of macrophages from carrageenan-induced granuloma in
apo E–deficient and C57BL/6 mice.

 

To induce granuloma formation,
sterile 1% carrageenan was injected subcutaneously in apo E–defi-
cient and C57BL/6 mice. The animals were killed 3 wk later, and the
macrophage-rich granulomas were harvested. To isolate macrophages,
the granulomas were minced and then incubated under sterile condi-
tions with HBSS containing type 1 collagenase, elastase, and soybean
trypsin inhibitor. The resultant turbid fluid was then filtered through
a sterile nylon mesh filter, and cells were collected in sterile tubes.
Macrophages were then isolated by metrizamide density centrifuga-
tion as described previously (3). Aliquots of cells were resuspended
in Opti-MEM (GIBCO BRL, Gaithersburg, MD) and used for West-
ern analysis and RNase protection assays.

 

Histochemical studies.

 

For studies of isolated macrophages, the
presence of intracellular lipid was confirmed by staining with Nile red
(Molecular Probes Inc., Eugene, OR). Cells were fixed in 4%
paraformaldehyde and 0.1% Triton X-100 and washed three times
with PBS. Nile red (5 

 

m

 

g/ml) was added to the cells at room tempera-
ture for 10 min. The cells were washed again with PBS, and the nuclei
were counterstained with Hoechst and visualized with a fluorescent
microscope. Expression of ecSOD was examined using immunofluo-
rescence with the anti-ecSOD antibody (1:2,000 dilution) followed by

an FITC-labeled secondary antibody (Jackson ImmunoResearch
Laboratories, West Grove, PA).

For immunohistochemical studies of aortic segments, tissues were
embedded in OCT (Miles Inc., Elkhart, IN) and frozen using liquid
nitrogen. Cryosections were stained with either anti-ecSOD (1:
10,000) or an anti–mouse macrophage antibody (MOMA-2, 1:500;
Serotec Ltd., Oxford, UK) followed by either HRP-conjugated goat
anti–rabbit IgG (1:100; Bio-Rad Laboratories) or HRP-conjugated
rabbit anti–rat antibody (1:100; Sigma Chemical Co., St. Louis, MO),
respectively. Staining was developed using the LSAB kit (DAKO
Corp., Carpinteria, CA).

 

Expression of wild-type and novel ecSOD in baculovirus/Sf9
cells.

 

To compare SOD activity between the wild-type and novel
forms of the ecSOD, the cDNAs encoding each were cloned into the
EcoR1 and BamH1 sites of the vector pVL 1392. This vector with the
respective inserts was used to cotransfect Sf9 cells with Baculogold vi-
ral DNA (PharMingen, San Diego, CA). Successful expression of the
two forms of ecSOD was confirmed using Western analysis, and viral
stocks from initial transfections were used to infect subsequent Sf9
cultures to amplify the amounts of recombinant protein expressed.
Media from Sf9 cells were subjected to concanavalin A–Sepharose
chromatography, and SOD activities were compared between the
wild-type and novel forms of the enzyme as described above.

 

Results

 

SOD activity in aortas of control and apo E–deficient mice.

 

Total SOD activity was similar in the aortas of control and
apo E–deficient mice (Fig. 3 

 

A

 

). However, when specific as-
says for each SOD isozyme were performed, it was found that
ecSOD activity was significantly higher in the aorta from apo
E–deficient than C57BL/6 mice (1.68

 

6

 

0.54 vs. 0.74

 

6

 

0.25 U/mg
total protein, respectively; 

 

P

 

 

 

,

 

 0.05). Cu/Zn SOD and Mn
SOD activity were not different in aortas of these two groups
(Fig. 3 

 

B

 

).

 

Protein expression of ecSOD in aortic segments.

 

Western
blots consistently revealed two bands in both control and apo
E–deficient mice at the expected molecular size (Fig. 4 

 

A

 

). The
upper band seemed compatible with the previously identified
type C ecSOD, while the lower band likely reflected immu-

Figure 1. Structure of ec-
SOD protein and ribo-
probes used for RNase 
protection assays. For ex-
amination of ecSOD 
mRNA expression, ribo-
probe 1 was constructed 
using overlapping PCR 
primers (F1, F2, R1, and 
R2) from genomic DNA 
from mouse lung. Ribo-
probes 2, 3, and 4 were 
used to map differences 
in ecSOD mRNA be-
tween control and apo
E–deficient mice. The 
primers used and the size 
of the mRNA fragment 
protected by each ribo-
probe are given. RPA, 
RNase protection assay.
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noreactivity with the type A (carboxy-terminal region proteo-
lyzed) subunit. The expression of these two bands was increased
approximately threefold in the aortas from apo E–deficient
compared with control mice by densitometry (Fig. 4 B). In ad-
dition to bands at the expected molecular weight, higher mo-
lecular weight bands were observed consistently in homog-
enates of aortas from apo E–deficient mice, and observed
faintly in homogenates from control mice. One of these had an
approximate molecular mass of 68 kD, suggesting the exist-
ence of a dimer. This 68-kD band was inhibited when the anti-
body was preabsorbed with the peptide against which it was
raised. A 44-kD band was observed that was not eliminated by
preabsorption with the peptide, suggesting that this band was
nonspecific.

Immunohistochemical staining of aortic sections demon-
strated preferential expression of ecSOD in the intima of ath-
erosclerotic lesions (Fig. 5 A). These regions also stained
strongly for macrophages (Fig. 5 B), suggesting colocalization
of macrophages with the ecSOD. Higher magnifications dem-
onstrated positive staining in and around lipid-laden macro-
phages (Fig. 5 C). Smooth muscle cells of apo E–deficient
mouse aortas and control mice demonstrated low levels of
staining for ecSOD (Fig. 5 A and D). Control mouse aortas did
not exhibit macrophage staining (Fig. 5 D, inset).

Figure 2. (A) Strategy used for cloning and sequencing the wild-type 
and truncated forms of the ecSOD from control and apo E–deficient 
mouse aortas. Reverse transcription of RNA was performed using 
primer R5, and 39RACE was performed using primers R6 and F299. 
Near full-length sequences of both wild-type and truncated forms of 
ecSOD were obtained using primers F4 and R5 initially and then the 
nested primers F5 and R7. Also shown is the A to G substitution at 
nucleotide 61 in the ecSOD in apo E–deficient mice and the resultant 
asparagine to aspartic acid change at amino acid 21. (B and C) Com-
parison of sequences of the 39UTR between the wild-type and trun-
cated ecSODs.

Figure 3. Total SOD activity in aortas of control (C57BL/6, white 
bars) and apo E–deficient (striped bars) mice (A) and activities of in-
dividual SOD subtypes (B). Aortas were homogenized, and total 
SOD activity was assayed by examining inhibition cytochrome c re-
duction by xanthine/xanthine oxidase at pH 7.4. The activity of Mn 
SOD was examined by addition of KCN (3 mM). The activity of ec-
SOD was determined after separation with Con A–Sepharose. Aor-
tas from eight mice were combined for each experiment (n 5 3 for 
each data point). The results are presented as mean6SEM, and the 
values are expressed as units per milligram of total protein. *P , 0.05 
vs. C57BL/6.
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ecSOD mRNA expression in aortas of control (C57BL/6),
apo E–deficient, and LDL receptor knockout mice. RNase pro-
tection assays using the full-length riboprobe (riboprobe 1)
demonstrated that the expected ecSOD transcript was not in-
creased in aortas from apo E–deficient compared with control
mice, but interestingly, a second lower molecular weight tran-
script was identified only in atherosclerotic vessels (Fig. 6 A).
As the apo E–deficient mice aged, the expression of the wild-
type transcript decreased, while expression of the novel,
smaller molecular weight form increased (Fig. 6, A and B).

This finding was not restricted to only the apo E–deficient
mouse model of atherosclerosis, as a similar transcript could
be detected in the aortas of LDL receptor–deficient mice
which also develops atherosclerosis (Fig. 6 C).

Sequence of the wild-type and novel ecSOD. RNase pro-
tection assays with a 59 riboprobe (riboprobe 2) and with a ri-
boprobe corresponding to the coding region of ecSOD (ribo-
probe 4) revealed only one transcript of the expected size in
the apo E–deficient and normal mouse aortas (Fig. 7, A and
B). In contrast, when a 39 riboprobe containing sequence com-

Figure 4. (A) Western analysis of ecSOD 
protein in aortas of C57BL/6 and apo
E–deficient mice. 10 and 20 mg of protein 
from tissue homogenates of aortas of both 
C57BL/6 and apo E–deficient mice were 
loaded in adjacent lanes and size sepa-
rated on SDS gel. After transfer to a nitro-
cellulose membrane, ecSOD protein was 
detected by immunoblotting with affinity-
purified rabbit polyclonal antibody raised 
against the peptides 28–47 of the murine 
ecSOD. (B) Densitometric analysis of 
Western blots for ecSOD protein expres-
sion in control (s) and atherosclerotic (d) 
mice. Data are mean6SEM for n 5 5.

Figure 5. (A) Immunohis-
tochemical analysis of ecSOD 
expression in apo E–deficient 
mouse aorta. Immunostaining 
was performed using the anti-
ecSOD antibody (1:10,000) fol-
lowed by HRP-conjugated goat 
anti–rabbit IgG (1:100; Bio-Rad 
Laboratories). Pink, Immunore-
activity with ecSOD, prominent 
in the intima. (B) Immunohis-
tochemical detection of mac-
rophages in apo E–deficient 
mouse aorta. MOMA-2, an anti–
mouse macrophage antibody 
(Serotec Ltd.), was used as the 
primary antibody (1:100), and an 
HRP-conjugated rabbit anti–rat 
antibody (Sigma Chemical Co.) 
was used as a secondary anti-
body (1:100). Inset, Absence of 
staining when primary antibody 
was omitted. (C) High magnifi-
cation of region within rectangle 
in A. Shown is positive staining 
for ecSOD surrounding lipid-
laden macrophages (clear re-
gion). (D) Staining for ecSOD in 
a control mouse aortic segment. 
Methods are identical to those 
used for A. Inset, Macrophage 
staining control vessels using 
methods identical to those in B.
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boprobe 1) was used, indicating that the major alteration in se-
quence of the novel ecSOD present in atherosclerotic mice is
in the 39 portion of the mRNA. In keeping with this, 39RACE
revealed a deletion of 10 bases (59GGCCTCCGAG39) in the
39UTR (Fig. 2) in four of five clones selected from apo E–defi-
cient mice. The sequences of all four of these clones were iden-
tical, while one clone contained no truncation and was identi-
cal to the wild-type ecSOD sequence. The sequences of all five
clones from C57BL/6 mice were identical.

Using PCR with a forward primer complementary to a se-
quence in the 59UTR and a reverse primer that was 39 to the
truncation, it was possible to amplify a near full-length se-
quence for both the novel and wild-type forms of ecSOD. In
addition to the deletion detected using 39 RACE, an A to G
substitution was noted at nucleotide 161 in the ecSOD from
the apo E–deficient mice. This was noted in four of five inde-
pendent clones sequenced. This substitution resulted in a
codon change from AAT to GAT and a consequent change in
amino acid encoded of asparagine to aspartic acid.

Examination of macrophage expression of ecSOD. The
above studies indicated that a novel form of ecSOD was ex-
pressed in atherosclerotic vessels, and immunohistochemical
staining indicated that it colocalized with lipid-laden macro-
phages. Therefore, we performed studies to examine expression
of ecSOD in tissue-differentiated macrophages. Macrophage-
rich granulomas were induced by subcutaneous carrageenan
injection, and macrophages were harvested 3–4 wk later. Inter-
estingly, macrophages from the subcutaneous granulomas of
apo E–deficient mice exhibited the appearance of foam cells,
as evidenced by Nile red staining (Fig. 8 A), whereas macro-

Figure 6. (A) Expression of ecSOD mRNA in aortas of control and apo E–deficient mice at 2 and 6 mo of age. For each of these experiments, 
the control (C) mice were of the same age as the apo E–deficient mice. RNase protection assay was performed using riboprobe 1 (Fig. 1) and a 
riboprobe for GAPDH as an internal control for loading. (B) Densitometric analysis of ecSOD mRNA in young and 6-mo-old mice for the wild-
type (white bars, CTL) and truncated ecSOD mRNA (black bars, Apo E). Data are n 5 4 for the 2-mo-old mice and n 5 9 for the 6-mo-old mice. 
(C) Comparison of ecSOD mRNA in aortas of control (C57BL/6, C), LDL receptor–deficient (L), and apo E–deficient mice. LDL receptor–
deficient mice were fed a 1.25% cholesterol diet beginning at age 3 mo until 6 mo of age. The apo E–deficient mice were studied at 6 mo of age 
in this experiment.

Figure 7. Determination of the truncated site of the ecSOD mRNA 
in apo E–deficient mice aortas. Labeled riboprobes directed against 
the 59 half (riboprobe 2, A), the 39 half of the coding region (ribo-
probe 4, excluding the 39UTR, B), and the 39 two-thirds (riboprobe 3, 
which includes the 39UTR, C). RNase protection assays were per-
formed as described in the citation to Fig. 5. Mice were 6 mo of age at 
the time of study. Only riboprobe 3 detected the truncated ecSOD 
transcript, indicating that the site of the deleted sequence was in the 
39UTR. C, C57BL/6.

plimentary to the 39UTR (riboprobe 3) was used, a truncated
fragment was detected, as well as the expected size transcript
(Fig. 7 C). The difference in size between these two transcripts
was similar to that observed when the full-length riboprobe (ri-
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phages from normal C57BL/6 mice did not. Macrophages from
normal mice exhibited only faint staining for ecSOD protein
(Fig. 8 B), whereas macrophages from apo E–deficient mice
displayed marked fluorescence staining for ecSOD (Fig. 8 C).
The immunofluorescence was reduced markedly when excess
amounts of the polypeptide against which the ecSOD antibody
was raised were added during incubation with the primary an-
tibody (Fig. 8 D).

RNase protection assays of macrophages from control mice
demonstrated the expected size protected band. However, in
lipid-laden macrophages from apo E–deficient mice, both the
expected RNA fragment and a lower molecular weight frag-
ment were observed (Fig. 9 A). The size of the lower molecu-
lar weight protected band seemed identical to that found in
aortas of atherosclerotic mice (Fig. 6). The total ecSOD
mRNA was increased by z 1.8–2-fold in macrophages from
apo E–deficient compared with control mice (Fig. 9 B). To ex-
amine the sequence of the ecSOD expressed by macrophages,
total RNA from lipid-laden macrophages was subjected to re-
verse transcription, and the resultant DNA was used as a tem-
plate for PCR as described for aortic samples in the citation to
Fig. 2. The ecSOD sequence of lipid-laden macrophages was
found to be identical to that of the novel ecSOD isolated from
aortas of apo E–deficient mice.

In keeping with the immunohistochemical studies (Fig. 5),
macrophages from normal mice exhibited minimal or no ec-
SOD expression by Western blotting (Fig. 9 C). In contrast,
lipid-laden macrophages from apo E–deficient mice exhibited
three bands of z 34, 40, and 68 kD. Of these, the 34- and 68-

kD bands were specifically inhibited by the addition of the oli-
gopeptide against which the ecSOD antibody was raised,
whereas the 40 kD band was not eliminated (not shown). The
34-kD band was identical in size to that identified in aortas of
both control and apo E–deficient mice (Figure 4 A).

Activity of wild-type and novel ecSODs expressed as recom-
binant proteins in Sf9 cells. Western analysis of media from
Sf9 cells expressing the wild-type ecSOD revealed bands of a
molecular weight consistent with the monomeric form of the
enzyme (Fig. 10 A). Interestingly, Western analysis of media
from Sf9 cells expressing the novel form of ecSOD revealed
both a monomeric band and higher molecular weight form,
consistent with a dimer and of similar molecular weight to that
observed in aortas and lipid-laden macrophages from apo
E–deficient mice (Fig. 10 A). Similar quantities of ecSOD pro-
tein were expressed in the two Sf9 infectants. SOD activities in
the media of Sf9 cells expressing the wild-type and novel ec-
SODs were similar (Fig. 10 B). By contrast, media of control
(noninfected) Sf9 cells did not exhibit ecSOD protein or activ-
ity (Fig. 10, A and B).

Discussion

This study provides new information regarding expression and
function of SODs in atherosclerosis. An important finding was
that in vessels of apo E–deficient mice, ecSOD activity and
protein expression are increased by two-to threefold, whereas
the activities of the cytosolic Cu/Zn SOD and Mn SOD are not
changed. Surprisingly, by RNase protection assay, the ex-

Figure 8. Detection of in-
tracellular lipid and ec-
SOD in macrophages
obtained from carragee-
nan-induced granulomas 
in control (C57BL/6)
and apo E–deficient mice. 
Staining with Nile red-O 
demonstrated intracel-
lular lipid droplets in-
dicative of foam cell
formation (A). Immuno-
fluorescence detection of 
ecSOD, using an immu-
nopurified antibody 
against ecSOD in mac-
rophages from C57BL/6 
mice (B) and apo E–defi-
cient mice (C). Immuno-
staining was reduced 
when the antibody was 
preincubated with the 
peptide against which the 
antibody was raised (D).
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pected ecSOD mRNA transcript was not increased; however,
a novel shorter transcript was present in both apo E–deficient
and LDL receptor–deficient mice. A 10-bp deletion within the
39-UTR and a missense mutation within the coding region, re-
sulting in an Asn to Asp conversion, characterized the novel
transcript. Additional studies indicated that at least one source
of this novel ecSOD was the lipid-laden macrophage. Further,

the protein, when expressed in lipid-laden foam cells, seemed to
migrate both as a monomer and as a dimer on SDS-reducing gel.

Previous studies have reported either an increase or no
change in total SOD and the expression of the cytosolic Cu/Zn
SOD in atherosclerotic lesions (9, 11, 24–26). Many of these
studies have used semiquantitative approaches or have studied
cholesterol-fed rabbits, which develop predominantly a lipid-

Figure 9. Extracellular SOD expression in 
macrophages from normal and hypercho-
lesterolemic mice. Macrophages were
obtained from carrageenan-induced granu-
lomas as in citation to Fig. 7. (A) A repre-
sentative RNase protection assay com-
paring ecSOD mRNA expression in
macrophages from control (C57BL/6, C) 
and apo E–deficient mice. (B) Densitomet-
ric analysis of ecSOD mRNA normalized 
to GAPDH mRNA for both the expected 
and truncated ecSOD transcripts. Data are 
mean6SEM for three experiments. Each 
experiment involved pooling RNA from 
two mice in each group. White bars, Wild-
type. Black bar, Truncated form. (C) A 
Western blot examining ecSOD expression 
in macrophages from carrageenan-induced 
granulomas obtained from control 
(C57BL/6) and apo E–deficient mice. 
Western analysis was performed as de-
scribed in the citation to Fig. 4. (D) Densi-
tometric analysis of Western blots of mac-
rophages from three C57BL/6 (s) and 
three apo E–deficient mice (d). Data are 
mean6SEM for n 5 3.

Figure 10. (A) Western analysis of wild-
type and novel ecSOD expressed as recom-
binant proteins in Sf9 cells. Media from the 
representative Sf9 cells were used for anal-
ysis. Western analyses were performed as 
described in the citation to Fig. 4. (B) SOD 
activity of ecSOD expressed in Sf9 cells. 
SOD activity was performed as described 
in the citation to Fig. 3. Media from the
respective cells were subjected to Con
A–Sepharose chromotography, and the 
semipurified ecSODs were used for both 
Western analysis and SOD activity.
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rich lesion. In this study, we used a model of atherosclerosis,
the apo E–deficient mouse, which has lesions similar to those
observed in human atherosclerosis (27–30). In vessels from
these animals, ecSOD activity and protein expression were
increased by two- to threefold, whereas activity of other
isozymes, such as Cu/Zn SOD and Mn SOD, was not changed.
One might question the relevance of the increase in ecSOD
expression when total SOD activity remained unchanged.
However, it is apparent that the location of the ecSOD is quite
different from that of the intracellular isozymes of SOD, and
an increase in ecSOD expression may have important implica-
tions for modulation of the redox state in the interstitial space
in atherosclerotic vessels. In addition, our finding that foam
cell macrophage expression of ecSOD is increased may have
important implications for the production of oxygen radicals
by these cells. Since the lipid-laden macrophage is an impor-
tant component of human atheroma, it is conceivable that ec-
SOD expression by these cells may be important in the human
disease.

RNase protection assays demonstrated that the expected
ecSOD transcript was not increased in aortas from apo E–defi-
cient compared with control mice. However, a truncated ec-
SOD transcript not present in vessels of control mice was ob-
served consistently in atherosclerotic vessels. To examine the
effect of the extent of atherosclerosis on expression of ecSOD,
we studied apo E–deficient mice at 2 and 6 mo of age. These
two ages correspond to an early stage of atherosclerosis and a
stage when atherosclerosis is more advanced (29, 30). Interest-
ingly, the total ecSOD mRNA expression was not altered sig-
nificantly from 2 to 6 mo of age; however, the distribution be-
tween the expected and truncated ecSOD transcripts changed
with time. Thus, at 6 mo of age, there was a relative decrease in
expression of the expected size transcript and an increase in
the shorter transcript (Fig. 6, A and B).

To characterize the two ecSOD transcripts, these were iso-
lated, cloned, and sequenced. Two separate differences be-
tween the truncated and wild-type ecSOD transcript were
found. The 39UTR of the truncated ecSOD contains a 10-bp
deletion, and one missense mutation is present near the 59 por-
tion of the coding region, resulting in an aspartic acid rather
than an asparagine in amino acid position 21. The explanation
for these alterations in sequence remains unknown. Of note,
both these sequences have been reported previously. Mark-
lund and co-workers have reported a sequence isolated from
mouse liver that was identical to that found by us in vessels of
apo E–deficient mice (32). In contrast, Crapo and co-workers
reported a sequence (GenBank accession no. U38261) identi-
cal to that observed by us in control mice and the genomic se-
quence we isolated initially from mouse lung. It is possible that
the one base alteration within the coding region is due to RNA
editing or oxidative modification of DNA in atherosclerotic
vessels (33–36). A similar A to G change due to type IV RNA
editing (34) has been reported for the mouse brain N-methyl-
D-aspartate receptor (35) and for the serotonin 2C receptor
pre-mRNA (36). The 10-bp deletion in the coding region is
more likely due to alternative splicing. It is extremely unlikely
that these differences in sequence are the direct consequence
of a genetic alteration related to the apo E deletion, as a com-
pletely unrelated mouse model of atherosclerosis, the LDL re-
ceptor–deficient mouse, exhibited an identical pattern of ec-
SOD mRNA expression. Likewise, as noted above, the level of
expression of the lower molecular weight transcript increased

as the atherosclerosis progressed, suggesting that this was a
consequence of atherosclerosis rather than an intrinsic genetic
difference caused by the apo E gene disruption.

Because the lower molecular weight transcript of ecSOD
increased as atherosclerosis progressed, we hypothesized that
it could be a product of macrophages, which accumulate in
vessels during the atherosclerotic process. This hypothesis was
strengthened by immunohistochemical staining, which showed
that the enzyme colocalized with lipid-laden macrophages in
atherosclerotic lesions (Fig. 5). Therefore, we performed addi-
tional studies to examine expression of ecSOD in non-lipid-
and lipid-laden macrophages. To study macrophages, we in-
duced granulomas in normal and apo E–deficient mice using
subcutaneous carrageenan injections. Macrophages from sub-
cutaneous granulomas from apo E–deficient mice exhibited
the appearance of lipid-laden foam cells, as evidenced by Nile
red staining (Fig. 8 A), whereas macrophages from normal
C57BL/6 mice did not. These findings agree with reports by
Schwartz et al. (37), who showed that granuloma macrophages
from normocholesterolemic rabbits were consistently non-
lipid-laden, while those from hypercholesterolemic rabbits
were lipid-laden. This approach allowed us to obtain sufficient
material to examine expression of ecSOD in macrophages in
the two groups of mice using RNase protection assay and
Western analysis. RNase protection assays demonstrated that
the truncated ecSOD transcript is expressed in lipid-laden but
not normal macrophages. Western analyses and immunohis-
tochemical studies showed only minimal expression of ecSOD
in non-lipid-laden macrophages from control mice. In contrast,
lipid-laden macrophages expressed large amounts of ecSOD.
Of note, most of the protein expressed by the macrophage ap-
peared to migrate at a molecular weight of approximately
twice that of the protein major band detected in the aorta, sug-
gesting the formation of a dimer resistant to reducing condi-
tions. Finally, the sequence of the lipid-laden macrophage ec-
SOD cDNA was identical to that of the novel form of ecSOD
cloned from the aortas of apo E–deficient mice.

The above findings suggest that ecSOD expression in mac-
rophages is stimulated as a result of or during lipid ingestion
and transformation to the lipid-laden foam cell. The finding
that the foam cell ecSOD seems to migrate preferentially as a
dimer may be due to one of at least two mechanisms. First, it is
possible that in the lipid-laden foam cell, posttranslational
modifications of the protein occur which result in a more sta-
ble dimer formation. Second, it is conceivable that the Asp to
Asn mutation in some way changed the affinity of the mono-
meric forms of the protein such that they are more resistant to
SDS denaturation. Interestingly, when the two proteins were
expressed in Sf9 cells, where they are likely exposed to similar
degrees of oxidative stress, the novel form seemed to migrate
as a dimer as well as a monomer (Fig. 10 A). This finding
would favor the latter explanation. It is important to note that
this putative dimer formation was observed consistently in
lipid-laden macrophages, variably detected in homogenates of
vessels from apo E–deficient mice, but only faintly observed in
vessels from normal mice (Fig. 4).

Related to this issue, it is of note that the total ecSOD
mRNA expression was similar in vessels from control and apo
E–deficient mice, whereas ecSOD protein was increased
threefold by Western analysis. Similarly, ecSOD mRNA was
increased only modestly (1.8-fold) in macrophages from apo
E–deficient mice, whereas protein expression by Western
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analysis was increased substantially. If one examines results
shown in Fig. 9, it is apparent that there is a substantial dis-
crepancy between the level of ecSOD protein expression and
the increase in mRNA. The mRNA for ecSOD is increased
only minimally (60%), whereas the protein expression is in-
creased approximately fivefold in lipid-laden compared with
non-lipid-laden macrophages. One explanation for this finding
is that the translational efficiency of the ecSOD mRNA is in-
creased in vessels (and in particular in macrophages) of apo
E–deficient compared with control mice. Alternatively, the ec-
SOD protein half-life is increased in the vessels and macro-
phages of apo E–deficient mice. It is conceivable that the mod-
ification resulting in the above noted dimer formation also
modified the decay rate, allowing accumulation of greater
amounts of ecSOD in the atherosclerotic vessels. The concept
that ecSOD protein level accumulates as a result of foam cell
formation seems to represent a novel mechanism for regula-
tion of protein expression.

Increased ecSOD expression in atherosclerotic vessels and
in particular by foam cells may have several important implica-
tions. An obvious explanation for this finding is that the ex-
pression of ecSOD is increased in response to the oxidative en-
vironment of the macrophage and atherosclerotic vessel. This
would represent a compensatory adaptive function. It is possi-
ble that it serves to scavenge superoxide produced by the acti-
vated macrophage. If this were the case, then the principal re-
active oxygen species released by these cells would likely not
be superoxide, but hydrogen peroxide. This could have impor-
tant implications regarding the distribution of macrophage-
derived reactive oxygen species. Since hydrogen peroxide is
more stable than superoxide and is uncharged, it is more likely
to enter adjacent cells. Further, the potential redox reactions
of superoxide and hydrogen peroxide are quite different. Su-
peroxide is more capable of acting as a reducing agent,
whereas hydrogen peroxide and its Fenton product hydroxyl
radical are more likely to act as oxidizing agents. In addition,
SODs have been shown to catalyze the nitration of tyrosines
by peroxynitrite, which is produced by activated macrophages
(38, 39). It has been reported that atherosclerotic lesions pos-
sess increased peroxidase activity (40), although the precise
enzyme involved in this activity has not been identified. Fi-
nally, SODs can have peroxidative properties (41–44), in
which hydrogen peroxide is used as a source of electrons and
are transferred to target molecules. In this fashion, increased
levels of ecSOD in the atherosclerotic vessels could participate
in propagation of oxidation reactions. Such a phenomenon
might contribute to an increase in fatty streak formation re-
ported recently in fat-fed mice overexpressing Cu/Zn SOD (45).
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