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Abstract Nitric oxide (NO) is an important regulatoryytroduction

agent in blood vessels. We studied the expression of In-

ducible nitric oxide synthase (iNOS) in different types ®everal lines of evidence suggest that nitric oxide (NO)
human atherosclerotic lesions using simultaneous in gileys an important part in vascular physiology and pa-
hybridization and immunocytochemistry. Since nitric oxhology [1-3]. NO regulates vascular tone, and inhibits
ide and its derivates or reaction products can have bgMC proliferation and platelet aggregation [1, 2, 4]. NO
oxidative and antioxidative effects, we also studied tan also suppress lipoprotein oxidation [5—8] and inhibit
presence of oxidized low-density lipoproteins (ox-LDU)pid peroxidation by terminating radical chain reactions
and peroxynitrite-modified proteins in the same lesiof@. NO is synthesized by three types of nitric oxide
as indicators of oxidative damage. Twenty-seven aorégnthases (NOS; for review see [10]): constitutively ex-
samples were studied from seven autopsies. Sampesssed neuronal NOS (NOS 1) [11], constitutively ex-
were classified microscopically as normal areas, initigtessed endothelial NOS (NOS Il1) [12] and inducible
lesions (type I), fatty streaks (type ll), intermediate IgHNOS (NOS II) [13]. Endothelial NOS Il is responsi-
sions (type lll), atheroma (type 1V), fibroatheroma lesle for basal production of NO in arteries, whereas iNOS
sions (type Va) and fibrotic lesions (type Vc). In norméd expressed under inflammatory conditions [1, 2, 4].
arterial wall INOS mRNA was expressed at a low levilOS produces much larger quantities of NO than NOS
in smooth muscle cells (SMCs). Absence of, or a law and may play a part in cellular damage, inflammation
level of, epitopes characteristic of ox-LDL was found iand apoptosis.

the normal arterial wall. The expression of INOS mMRNA Many harmful effects of NO are thought to be caused
and protein was induced in macrophages and SMCspinthe reaction of NO with superoxide anion. This reac-
the majority of early lesions and in all advanced athetion occurs very rapidly and produces highly toxic per-
sclerotic lesions. Epitopes characteristic of ox-LDL angkynitrite (ONOQ) which can directly damage lipids
peroxynitrite-modified proteins tended to be colocalizethd proteins [14]. The production rate of peroxynitrite is
in INOS-positive lesions. We consider that INOS and ogependent on the molar ratio of NO to superoxide anion.
idative injuries may play an important part in atherogeThe reaction of NO with superoxide anion may be one of

esis. the factors involved in the generation of oxidative dam-
age in atherogenesis. Since cellular content, cellular acti-
Key words Inducible nitric oxide synthase - vation and the structure of the artery change dramatically
Macrophages - Smooth muscle cells - Oxidized LDL - in different types of atherosclerotic lesions [15] it is pos-
Peroxynitrite - Atherogenesis sible that the expression of INOS and other pro- and anti-

oxidative factors change during atherogenesis. In the
normal arterial wall the amount of NO, produced mainly
by endothelial NOS I, is sufficient to maintain an ex-
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Table 1 Expression of iINOS,

and presence of epitopes char- Age/sex Tissue Anat- Lesion type iINOS Epitopes Peroxynitrite
acteristic of ox-LDL and per- sample omical [15] characteristic ~ modified
oxynitrite-modified proteins in site of ox-LDL proteins
different types of atherosclerot-
ic Iesions%ﬁ human aorta S1/F 1 Abd. Normal + + +
(M Male, F female.- no de- 52/M 2 Abd. Normal + - -
tectable expression/immuno-  92/M 2 Abd. | +tF +F t
staining, + weak expression/  91/F 3-6 Thor. I T+ + +F
immunostaining, ++ moderate 43/M 7 Thor. I ++ ++ +
expression/immunostaining, ~ 21/F 8 Abd. I t tt +
+++ strong expression/immu- 23/M 9-10 Abd. Il - ++ b
nostainingNA not available, 53/M 11 Thor. I - + ++
Abdabdominal Thorthoracic, 91/F 12 Thor. i b +ht +ht
52/M 13-14 Abd. Il ++ ++ ++
41/M 15 Thor. 1l + NA NA
73IM 16-17 Abd. [\ ++ ++ ++
51/F 18 Thor. \ +++ +++ +++
52/IM 19-20 Thor. \Y ++ NA NA
52/M 21-22 Abd. v +++ +++ +++
73IM 23-26 Thor. Va +++ +++ +++
52/M 27 Abd. Ve ++ +++ +++

Although it has been clearly shown that mouse mamilar tissue samples, compared with results obtained from organ
rophages express iNOS [1, 2, 4], it has been difficult 4enors or from perfusion-fixed animals [22—-24]. .
demonstrate the expression of INOS in human mac Aortic samples were classified microscopically according to

. - . ary et al. [15] as normal areas, type | (initial lesions), type II
phages or in human atherosclerotic lesions [19-2{iity streaks; mostly macrophage-rich progressive lesions), type

Also, it is important to know which cell types expresd (intermediate lesions), type IV (atheroma), type Va (fibroath-
INOS at different stages of atherogenesis and whetR&@ma) and type Vc (fibrotic lesion) lesions. Twenty-seven aortic
there is any colocalization between iINOS expression ples of different types of lesions were selected for the study

- . . . le 1). Even though the age range of the studied cases was
the presence of oxidized lipoproteins and peroxynitritggite narrow, we think the resuits are representative since both ear-

modified proteins in atherosclerotic lesions. The receaftnd late lesions can be found in the same individuals and lesion

classification of atherosclerotic lesions by Stary et gharacteristics are usually related to the type of the lesion and not

[15] has clarified definitions of various types of Iesiortﬁ the age of the patient [15]. All human studies were approved by
e -

; . . e Ethical Committee of the University Hospital of Kuopio.
and will allow better comparison of data between differ-" x5 gntisense mouse iINOS riboprobe (nucleotides 201-1017)

ent laboratories. This classification was used in the prgssj was used for in situ hybridization studies. Homology between

ent study. the mouse INOS probe and the corresponding human iNOS se-
The purpose of the present study was to analyse @Hence is 78%. iINOS sense riboprobe was used as a control [25].

ferent types of human atherosclerotic lesions to find riboprobe synthesis, the INOS CDNA was subcloned in

: . ; . uescript plasmid (Stratagene, La Jolla, Calif.) using standard
which cell types express iNOS during the progressiong¢hniques [26]. Antisense and sense riboprobes were synthesized

human atherosclerosis. Our study showed that iINOSng T3- or T7-RNA polymerases wit5S-UTP (1000-
mRNA and protein are expressed in macrophages dRg0 Ci/mmol, New England Nuclear, Boston, Mass.) as de-
SMCs in the majority of early lesions and in all acf_(:rlbed elsewhere [22]. All reagents used for riboprobe synthesis
: . - . . were supplied by Promega (Madison, Wisc.).
vanced atherosclerotic lesions. Oxidized lipoproteins andseria| sections were used for in situ hybridization studies as
peroxynitrite-modified proteins tended to colocalize wittlescribed [22, 23]. Briefly, tissue sections were deparaffinized, re-
iINOS-positive lesions. The findings suggest an importandrated, treated with proteinase K, acetylated, dehydrated and
role for INOS in the pathogenesis of atherosclerosis. dried in vacuo. Frozen sections were thawed, fixed with formal-
sucrose for 10 min, dehydrated and dried in vacuo, after which
50 pl of hybridization solution containing 6>X.6pm/ml of each
labelled probe was added to tissue sections and the sections were
Methods hybridized at 52°C for 14 h. Hybridization solution contains 50%
formamide (Fluka Chemie, Buchs, Switzerland), 2xSSC,
Aortic samples were collected from seven autopsies (six men, ag@snmol/l Tris (pH 7.4), 1xDenhardt’s solution, 1 mmol/l EDTA,
41, 43, 49, 52, 53 and 73 years; one woman, age 51 years;108 dextran sulphate (Pharmacia Biotech, Uppsala, Sweden),
ble 1). Post-mortem time varied from 4 h to 13 h. Paraffin-embetl-mmol/l dithiothreitol and 0.5 mg/ml yeast tRNA (Boehringer
ded and frozen sections were used for the study. Samples wereMi@anheim, Biochemicals, Germany). 1xSSC contains 150 mmol/l
mediately transferred either to formal-sucrose at 4°C (4% parafaCl, 15 mmol/l Na-citrate, pH 7.0. Denhardt's solution contains
maldehyde, 15% sucrose, 1 mmol/l EDTA, 50 umol/l butylate@l02% Ficoll and 0.02% BSA (all from Sigma Chemical Co., St.
hydroxytoluene, pH 7.4) [22] or frozen in OCT compound (Milekouis, Mo.). After hybridization the sections were washed three
Laboratories, Elkhart, Ind.). Formal-sucrose samples were fix@ties (once for 30 min. and twice for 5 min) in 4xSSC at 37°C.
for 4 h, rinsed for 20 h in 15% sucrose containing 1 mmol/l EDTAhe sections were then washed at 37°C in 2xSSC and 1xSSC
and 50 pmol/l butylated hydroxytoluene and embedded in paraffib5 min each). The final wash was at 55°C in 0.1xSSC for 30 min.
Samples were used for in situ hybridization and immunocytdissue sections were dehydrated, dried, dipped in autoradiographic
chemical studies as described below. We cannot exclude the passulsion (NTB-2, Eastman-Kodak, Rochester, N.Y.), and devel-
bility of post-mortem changes in the tissue samples. However,oped after 2—-10 weeks’ exposure time. After development the sec-
major changes were observed in previous studies conductedtioms were counterstained with haematoxylin-eosin. Nonhybridiz-




563

ing sense riboprobe was used as a control. For some antibogdiésvere positive for epitopes characteristic of ox-LDL
immunocytochemistry was performed on the same sections befgfgy peroxynitrite-modified proteins (Table 1).

dipping into the autoradiographic emulsion. . . .
Immunostainings were done in serial paraffin and frozen sec- A0rtic samples from a type-lil lesion, which repre-

tions [22] using the following antibodies: mouse mAb against h§€Nts a transition stage between type-Il and type-IV le-
man macrophages (HAM-56, DAKO, Glostrup, Denmark) [27§ions, are shown in Fig. 2. Simultaneous in situ hy-

mouse MAb against smooth muscle cells (HHF-35, Enzo Diagnpgidization with iINOS antisense riboprobe and immuno-

tics, Farmingdale, N.Y.) [28], mouse mAb against iINOS (clone - ; ; _
Transduction Laboratories, Exeter, UK) [25], guinea pig polyclc?-talnlng against SMCs showed strong INOS mRNA ex

nal antisera against malondialdehyde (MDA)-modified LDPression in type-lil lesions in the subendothelial area and
(MAL-2) [29], and rabbit polyclonal antiserum against nitrotyroin lesion SMCs (Fig. 2A, B). Figure 2C shows the ex-
sine residues [30]. Avidin—biotin—horseradish peroxidase systFmSSion of INOS mRNA in macrophages. Immunostain-
with diaminobenzidine tetrahydrochloride as a chromogen (Vec Algs of serial sections against iINOS protein (data not
Laboratories, Burlingame, Calif.) was used for the signal deteﬁ;I . . id Fia. 2E d .
tion. The following controls were used for the immunostaininggOWn), hitrotyrosine residues (Fig. 2E) and epitopes
incubations with primary antibodies replaced by irrelevant claggharacteristic of ox-LDL (Fig. 2F, G) showed that iINOS
and species-matched antibodies and incubations with primary amiRNA, peroxynitrite-modified proteins and ox-LDL
bodies omitted [22, 23]. The specificity of nitrotyrosine immuno-
staining was confirmed by blocking the staining with 10 mmol/l 3-
nitrotyrosine [30]. Semiquantitative microscopical evaluation of ) ) ) o
the sections was done by one experienced pathologist (J.S.LFith 1A-F iINOS mRNA and protein expression and oxidatively
random order without knowledge of the origin of the sample®odified epitopes in normal human aorta, and in representative
Studied lesions were graded using the following criteria: no dgpe-l (initial lesion) and type-Il (fatty streak) atherosclerotic le-
tectable expression/immunostaining; weak expression/immuisiens.A, B An example of normal abdominal aorta of a 52-year-
staining: less than 10% of the lesion cells/area was positive for @& man.A In situ hybridization wit#5S-UTP-labelled iNOS anti-
studied signal; moderate expression/immunostaining, meaning $ease riboprobe immunostained simultaneously against macro-
10-50% of the lesion cells/area was positive for the studied sigméiages (HAM-56; dilution 1:500) showing the expression of INOS
strong expression/immunostaining, meaning that more than 50¥NA asblack spotgbright field illumination). No macrophages
of the lesion cells/area was positive for the studied signal. are present in normal arterial walrrows indicate SMC positive

Micrographs were taken by digital camera (SenSys KAF140@+ INOS mRNA.B A serial section immunostained against epi-
G2, Photometrics, Tucson, Ariz.), processed with digital imagepes characteristic of ox-LDL (MAL-2; dilution 1:500). No ox-
processing software (Image-Pro Plus, Media Cybernetics, SilkéiL is present in normal arterial walC, D Sections showing an
Spring, Md.) and printed using a sublimation printer (Kodak D&ample of a type-I lesion from abdominal aorta of a 52-year-old
8650, Eastman-Kodak, Rochester, N.Y.). man. C In situ hybridization with3sS-UTP-labelled iNOS anti-
sense riboprobe. The section was simultaneously immunostained
against macrophages (HAM-56; dilution 1:500). INOS mRNA is
shown asblack spotsand macrophages torown An arrow indi-
Results cates a macrophage positive for INOS mRNAImmunostaining

of a serial section against nitrotyrosine residues (rabbit antiserum,

. . . . dilution 1:250) showing the presence of peroxynitrite-modified
INOS mRNA and protein expression was StUd'ed_ Hjﬂoteins in the same area expressing iINOS mRNAarkaw indi-
27 human aortic samples representing normal aortic irtites positive staining for nitrotyrosine residugs.F Sections
ma and atherosclerotic lesions types I-V. Lesions wel®wing an example of a type-Il lesion from the abdominal aorta

classified according to Stary et al. [15]. Table 1 summf2 2Eyera e SoTaE B 8 o aneously with an antibody
rizes the expression of INOS mRNA and epitopes Chag'ainst macrophages (HAM-56, dilution 1:508)rows indicate

acteristic of ox-LDL and peroxynitrite modified proteingnacrophages that express iNOS mRIAA serial section hybrid-
in various types of lesions. In normal aorta iNOS mRNi#2ed with iINOS antisense riboprobe and immunostained simulta-

was expressed at low level in SMCs (Fig. 1A). Abseng%?gst'% ?gainst SMR?O(SHFé?u?& dguti?nl;:ZO%)rrtc?ws ind.itchatel

; et _ at express i m . Control incubations with class-
of or a IOV\.’ level of epItOpeS. CharaCte.nStIC of ox-LD nd species-matched immunoglobulins and sense riboprobes were
was found in the normal arterial wall (Fig. 1B). In type-legative (data not shown). Asteriskindicates the location of in-
lesions simultaneous in situ hybridization and immungrnal elastic lamina. Haematoxylin-eosin counterstaintvays
staining typically showed a presence of macrophagess®im
the subendothelial space and confirmed the expressioRigf4a—F iNOS mRNA and protein expression and oxidatively
INOS mRNA in lesion macrophages (Fig. 1C). Similanodified epitopes in serial sections of a representative type Va (fi-

macrophage-containing areas stained positive for iN@Qatheroma) human atherosclerotic lesion from a 73-year-old
an. A In situ hybridization with35S-UTP-labelled iNOS anti-

protein (data not shown), epltopes pharact_erlstlc_ Of. ds%nse riboprobe showing strong expression of INOS mRNA in the
LDL (data not shown) and nitrotyrosine residues indiCgsper part of the lesion (polarized light epiluminescence image).

tive of the presence of peroxynitrite-modified proteirsracketsin A—F show the same areB. Serial section immuno-
(Fig. 1D). Figures 1E and 1F show an example of a typéained for macrophages (HAM-56, dilution 1:500)Serial sec-

Il lesion consisting of layers of macrophages and SM§n immunostained for SMC (HHF-35, dilution 1:100).Serial
Section immunostained for MDA-lysine epitopes characteristic of

In situ hYbridiZaﬁon with INOS ant_isense riboprobe irrb'x-LDL (MAL-2, dilution 1:1000).Arrows indicate positive stain-
munostained simultaneously against macrophages ikg:-E Serial section immunostained against nitrotyrosine residues
vealed the expression of INOS mRNA in lesion macr@abbit antiserum, dilution 1:250rrows indicate positive stain-
phages (Fig. 1E). Similar studies with immunostainiri for peroxynitrite-modified proteing: Nonimmune control for

; . . Immunostainings (first antibody omitted). Control in situ hybrid-
against SMCs showed the expression of iINOS mRNAi tion with sense riboprobe was negative (data not showas,

lesion SMCs (Fig. 1F). However, three of the nine typgon core). Haematoxylin-eosin counter staining in all sections,
Il lesions studied were negative for INOS expression, lnaits50 pr
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Fig. 2A—H INOS mRNA and
protein and oxidatively modi-
fied epitopes in a representative
type-Ill (intermediate) human
atherosclerotic lesion from a
51-year-old woman’s thoracic
aorta.A Dark field image of a
section hybridized witR5S-
UTP-labelled INOS antisense
riboprobe and immunostained
simultaneously against SMC
(HHF-35, dilution 1:200).
INOS mRNA expression is
shown adright spotsB Same
section as i\ under bright
field illumination. Arrowsindi-
cate INOS expression in SMC.
Insert higher magnification.

C Serial section hybridized

with INOS antisense riboprobe #

and immunostained simulta-

neously against macrophages %

(HAM-56, dilution 1:500)Ar- %

row indicates a macrophage ex-
pressing INOS mRNA. Insert:
higher magnificationD In situ
hybridization control hybrid-
ized with INOS sense ribo-
probe.E A serial section im-
munostained against peroxyni-
trite-modified proteins (rabbit
antiserum, dilution 1:250Ar-
rowsindicate immunostaining
positive for nitrotyrosine resi-
dues.F Serial section stained
against epitopes characteristic
of ox-LDL (MAL-2, dilution
1:1000).G Same section as in
F, but at higher magnification.
Arrowsindicate positive stain-
ing. H Nonimmune control for

the immunostainings (first anti- #

body omitted) A andD are po-
larized light epiluminescence
images. Arasteriskindicates
the location of internal elastic
lamina. Haematoxylin-eosin
counterstainingbars 50 pmr
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tended to colocalize in the same areas. Controls fornent area of new fibrous connective tissue that may also
situ hybridization (Fig. 2D) and for immunocytochemiscontain lipid and calcification. Figures 3 and 4 show typ-

try (Fig. 2H) were negative.

ical examples of human type-1V and type-V atheroscle-

A type-1V lesion consists of a large, disruptive core obtic lesions, respectively. In situ hybridization studies of
extracellular lipid. A type-V lesion consists of a promia type-1V lesion showed clear INOS mRNA expression
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Fig. 3A-D iNOS mRNA and
protein expression and oxida-
tively modified epitopes in seri-
al sections of a representative
type IV (atheroma) human
atherosclerotic lesion from the
aorta of a 73-year-old maA.

In situ hybridization witH#5S-
UTP-labelled iINOS antisense
riboprobe, showing the expres-
sion of MRNA adright spots
(polarized light epilumines-
cence imageBracketed area
is shown inB-D. B Serial sec-
tion immunostained against
macrophages (HAM-56; dilu-
tion 1:500).C Serial section
immunostained against epi-
topes characteristic of ox-LDL
(MAL-2; 1:1000).Arrowsindi-
cate positive staining for MDA-
lysine epitopesD Immuno-
staining for iNOS protein
(clone 6, dilution 1:10)Arrows
indicate positive staining for
INOS protein. Control incuba-
tions with class- and species-
matched immunoglobulins and
sense riboprobes were negative
(data not showrg lesion core).
Haematoxylin-eosin counter-
staining,bars50 pnr

in macrophage-rich areas (Fig. 3A, B), whereas Ieﬁﬁcussion
prominent expression of INOS mRNA was found in the

deeper parts of the lesion (marked “c” in Fig. 3A). IMgyo produced by constitutively expressed endothelial
munostainings of serial sections for macrophagg#s'|| [31] maintains homeostasis, regulates vasorelax-
(Fig. 3B), epitopes characteristic of ox-LDL (Fig. 3Ciion and inhibits SMC proliferation and platelet aggre-
and iINOS protein (Fig. 3D) showed that INOS mMRNA,iion [1, 2, 4]. INOS, which produces much higher

protein and ox-LDL tended to colocalize in the same @ganiities of NO than NOS 111, is expressed at low levels
eas. SMCs also expressed INOS in type IV lesions (difa&ormal aortic SMCs. As shown in the present study,
notshown). . iINOS expression is induced in macrophages and SMCs

In situ hybridization of type-V lesions showed the eXy the majority of atherosclerotic lesions. As has been re-
pression of INOS mRNA in the upper part of the |esiogs ey earlier [32], INOS expression was also seen in
whereas the expression of INOS was weaker in the deghive sections on endothelial cells (Fig. 2C). However,

er parts of the lesion (Fig. 4A). Immunocytochemistiy stematic analysis of endothelial INOS expression was
studies of serial sections showed that INOS mMRNA w mpered by the absence or detachment of endothelial

expressed in both macrophages and SMCs (Fig. 4B, (e in the immersion-fixed tissue samples. Although in
The same area contained epitopes characteristic of Q& hypridization studies do not allow any quantitative
LDL and nitrotyrosine residues (Fig. 4D, E). Cellulafssessments of mRNA levels, our studies gave the im-
contents in type V lesions were usually decreased. HQWagsion that the expression of iNOS mRNA tended to
ever, studies on the expression of INOS mRNA and pi@srrelate with the number of macrophages. Also, the
tein showed no major differences from lesions of typRhest expression level was often detected in macro-
III-1V, except for a tendency for a shift in the INOS ex539e5. Expression of iINOS in atherosclerotic lesions
pression towards the upper part of the lesion. can be induced in macrophages and SMCs by tumor ne-

crosis factom, interleukin-1 ory-interferon [1, 2, 4, 33],

all of which are present in atherosclerotic lesions [34].

Thus, INOS expression in atherosclerotic lesions may
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parallel activation of macrophages and SMCs by variofgterences
proinflammatory factors.

It is not clear whether iINOS induction in atheroscled. Moncada S, Higgs EA (1995) Molecular mechanisms and
rotic lesions is protective or whether it enhances lesion therapeutic strategies related to nitric oxide. FASEB J 9:1319-

formation. NO produced by iNOS might have several an; L
. . . . . Nathan C (1992) Nit d t duct of -
tiatherogenic effects [18]; it can inhibit SMC prolifera- mina"’,ﬁnce,é, ,:AS),EB' 306%853335024%”6 ory procuct ot mam

tion [35] and thrombus formation, and since NO is an ef3. Radomski MW, Salas E (1995) Nitric oxide — biological medi-
fective chain-breaking antioxidant, it can prevent LDL ator, modulator and factor of injury: its role in the pathogene-
oxidation [36]. However, a high concentration of NO sis of atherosclerosis. Atherosclerosis 118 [Suppl]:S69-S80

produced by iNOS can have cytotoxic effects on arteriéll' ||5%\?éer?fg§égn%i§rlsggﬁ%;§I35(_1790972) Nitric oxide, a novel bio-

cells, cause apoptosis and further induce the expressi®ryessup W, Mohr D, Gieseg SP, Dean RT, Stocker R (1992) The
of proinflammatory genes [1, 18, 36]. According to re- participation of nitric oxide in cell free- and its restriction of
cent studies, the net effect of increased NO production macrophage-mediated oxidation of low-density lipoprotein.

. . . . Biochim Biophys Acta 1180:73-82
seems to be antiatherogenic, since dietary supplemenfay,ieq mt, Lgr%/bert LE, Whitten JP, McDonald I, Mano M, Ku

tion with L-arginine reduces lesion formation [37] and G, Mao SJ (1992) A protective role for nitric oxide in the oxi-
inhibition of NO synthesis enhances lesion formation dative modification of low density lipoproteins by mouse mac-
[38, 39]. It is also important to note that in addition to in-, rophages. FEBS Lett 309:135-138

; : ; ; _Hogg N, Kalyanaraman B, Joseph J, Struck A, Parthasarathy S
creased iINOS expression during lesion development, s (1993) Inhibition of low-density lipoprotein oxidation by nitric

peroxide anion production is stimulated by hypercholes- oxide Potential role in atherogenesis. FEBS Lett 334:170-174
terolaemia in endothelial cells [16], which can lead to in8. Malo-Ranta U, Yla-Herttuala S, Metsa-Ketela T, Jaakkola O,
creased peroxynitrite formation. Peroxynitrite can rapid- Moilanen E, Vuorinen P, Nikkari T (1994) Nitric oxide donor

idi ; ; GEA 3162 inhibits endothelial cell-mediated oxidation of low
ly oxidize lipoproteins and cause several harmful effects density lipoprotein. FEBS Lett 337-179-183

in the arterial wall [9, 14, 40, 41]. Our results show tha§ ryppo H, Parthasarathy S, Barnes S, Kirk M, Kalyanaraman
apart from two type-Il lesions, epitopes characteristic of B, Freeman BA (1995) Nitric oxide inhibition of lipoxyge-

ox-LDL and peroxynitrite-modified proteins wetmth nase-dependent liposome and low-density lipoprotein oxida-
present in lesion areas positive for INOS mRNA expres- tion: termination of radical chain propagation reactions and

. e p . . formation of nitrogen-containing oxidized lipid derivatives.
sion. Thus, it is likely that INOS expression in athero- a..h Biochem Biophys 324:15-25

sclerotic lesions is associated at least to some extent wighrsrstermann U, Closs El, Pollock JS, Nakane M, Schwarz P,
localized oxidative damage to arterial cells and lipopro- Gath I, Kleinert H (1994) Nitric oxide synthase isozymes.
teins. Although it is not possible to prove that NO pro- Characterization, purification, molecular cloning, and func-

; : ; ; tions. Hypertension 23:1121-1131
duced by iNOS and superoxide anion contribute to t?f Mayer B, John M, Heinzel B, Werner ER, Wachter H, Schultz

formation of nitrotyrosine residues, our results confirM” G Bshme E (1991) Brain nitric oxide synthase is a biopterin-
and extend previous reports [30, 42] of the presence ofand flavin-containing multi-functional oxido-reductase. FEBS
nitrotyrosine-modified proteins in atherosclerotic le- Lett288:187-191 _ _

sions. Thus, it is Iiker that peroxynitrite or other nitratl-z- Pollock JS, Forstermann U, Mitchell JA, Warner TD, Schmidt

; . f di h I ic lesi HH, Nakane M, Murad F (1991) Purification and characteriza-
Ing species are formed In atherosclerotic lesions. tion of particulate endothelium- derived relaxing factor syn-

Several types of oxidative injuries occur during ath- thase from cultured and native bovine aortic endothelial cells.
erogenesis, since malondialdehyde-, hydroxynonenal-Proc Natl Acad Sci USA 88:10480-10484
[43] and peroxynitrite-modified proteins can be detectéd- Stuehr DJ, Cho HJ, Kwon NS, Weise MF, Nathan CF (1991)

: . . . Purification and characterization of the cytokine-induced mac-
in _human atherosclerotic lesions. The expression of rophage nitric oxide synthase: an FAD- and FMN-containing

INOS mRNA is low in normal arteries, but we find that it flavoprotein. Proc Natl Acad Sci USA 88:7773-7777
increases substantially during lesion development. Bdth Radi R, Beckman JS, Bush KM, Freeman BA (1991) Peroxy-
macrophages and SMCs express iNOS in the majority ofnhitrite-induced membrane lipid peroxidation: the cytotoxic po-

; ; ; ; tential of superoxide and nitric oxide. Arch Biochem Biophys
different types of human atherosclerotic lesions. iINOS 555547 4o

expression and 0X|dat|Ve injuries may play importagg. Stary HC, Chandler AB, Dinsmore RE, Fuster V, Glagov S,
parts in atherogenesis. Insull W Jr, Rosenfeld ME, Schwartz CJ, Wagner WD, Wis-
sler RW (1995) A definition of advanced types of atheroscle-
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