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Abstract

Rationale—TFatty acid nitroalkenes are endogenously-generated electrophilic byproducts of nitric
oxide and nitrite-dependent oxidative inflammatory reactions. Current evidence indicates
nitroalkenes support post-translational protein modifications and transcriptional activation that
promote the resolution of inflammation.

Objective—The aim of this study was to assess whether in vivo administration of a synthetic
nitroalkene could elicit anti-inflammatory actions in vivo using a murine model of vascular injury.

Methods and Results—The in vivo administration (21 days) of nitro-oleic acid (OA-NO,)
inhibited neointimal hyperplasia after wire injury of the femoral artery in a murine model (OA-
NO, treatment resulted in reduced intimal area and intima to media ratio vs. vehicle (V) or oleic acid
(OA) treated animals, P<0.0001). Increased heme oxygenase-1 (HO-1) expression accounted for
much of the vascular protection induced by OA-NO, in both cultured aortic smooth muscle cells and
in vivo. Inhibition of heme oxygenase (HO) by Sn(IV)-protoporphyrin (SnPP) or HO-1 siRNA
reversed OA-NO, -induced inhibition of platelet-derived growth factor-stimulated rat aortic smooth
muscle cell migration. The up-regulation of HO-1 expression also accounted for the anti-stenotic
actions of OA-NO, in vivo, since inhibition of neointimal hyperplasia following femoral artery injury
was abolished in HO-1 mice (OA-NO,-treated WT vs. HO-17~ mice, P=0.016).

Conclusions—In summary, electrophilic nitro-fatty acids induce salutary gene expression and cell
functional responses that are manifested by a clinically significant outcome, inhibition of neointimal
hyperplasia induced by arterial injury.
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Methods

Basal and inflammatory redox signaling reactions are broadly regulated by nitric oxide (NO).
For example, secondary reactions of NO, promoted by a pro-oxidative inflammatory milieu,
yield oxidizing, nitrosating and nitrating species that transduce NO signaling via cGMP-
independent and -dependent mechanisms. Nitro-fatty acid derivatives (NO,-FA) are one class
of lipid oxidation byproducts generated by NO-mediated inflammatory reactions?. Current
insight indicates that the robust and reversible electrophilic reactivity of NO,-FA supports
post-translational protein modifications and transcriptional activation reactions that promote
the resolution of inflammation?: 3. In this regard, in vitro studies reveal NO,-FA inhibit platelet
aggregation, neutrophil activation, nuclear factor kappa B (NF«kB)-mediated cytokine release
and stimulate heme oxygenase-1 (HO-1) expression, all via cGMP-independent
mechanisms® 2. NO,-FA also serve as ligands for peroxisome proliferator-activated receptor
gamma (PPARY), a nuclear lipid receptor that regulates the expression of cell differentiation,
development and inflammatory-related genes® 6.

In the context of vascular responses to inflammation, NO»-FA in part inhibit vascular smooth
muscle cell proliferation via activation of the Nrf2 (nuclear factor erythroid 2-related factor
2)/Keap 1 (Kelch-like ECH-associating protein) pathway’. Under basal conditions, Keapl
represses nuclear translocation of Nrf2 and Nrf2-dependent transcription. When cells are
exposed to reactive species, including thiol-reactive electrophiles such as NO,-FA, Nrf2
escapes Keapl-mediated repression to activate antioxidant responsive element 8-regulated
gene expression. Expression of ARE-dependent gene products, including HO-19: 19, attenuates
inflammatory responses and maintains cellular redox homeostasis.

HO-1 is the rate-limiting enzyme in the degradation of heme, yielding biliverdin, iron, and
carbon monoxide (CO). HO-1, especially when up-regulated, limits vascular inflammatory
injury via metabolic, vasodilatory, and immune-modulatory actions!l: 12, Nitro-linoleic acid
has recently been reported to transcriptionally activate cultured vascular endothelial HO-1
expression via PPARy- and NO-independent mechanisms3: 14 but no phenotypic responses
to elevated HO-1 expression via this mechanism have been observed either in vitro or in vivo.
Herein, we reveal that the extended in vivo administration of the nitroalkene derivative of oleic
acid at nM concentrations potently inhibits neointimal hyperplasia after arterial injury via
HO-1-dependent mechanisms, revealing the ability of endogenously-produced inflammatory
byproducts to limit the progression of vascular inflammatory injury.

OA-NO> Synthesis

Nitro-oleic acid (OA-NO>) used in this study was synthesized via nitroselenation as previously
described 15,

Wire-Mediated Vascular Injury

All animal studies were approved by the University of Pittsburgh Institutional Animal Care
and Use Committee (Approval 0702181). Vehicle (V), OA (2 mg/kg/d), or OA-NO, (2 mg/
kg/d) were delivered by osmotic mini-pumps (21d delivery, ALZET®, Durect Corporation,
CA, USA). Sn(IV) protoporphyrin (SnPP) was administered to mice (i.p., 50 umol/kg) one
time immediately prior to mini-pump implantation and femoral wire injury and then every 3d
for 21d. Unilateral femoral artery injury was achieved by 3 passes of a 0.36 mm angioplasty
guide wire.
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Detection and Quantitation of OA-NO» in Serum

Serum OA-NO; levels in treated mice were quantitated using 13C isotope dilution by reverse-
phase HPLC with electrospray ionization triple quadrupole mass spectrometry (ESI MS/MS)
detection in the negative ion mode. Multiple reaction monitoring (MRM), following the
transitions m/z=326/46 (OA-NO,) and m/z = 344/46 ([13CJOA-NO,), was utilized to quantify
serum OA-NO, levels following [13C]JOA-NO, internal standard addition prior to serum lipid
extraction.

Vessel Morphometry

Intimal and medial cross-sectional areas of injured and non injured femoral arteries were
measured in three sets of three serial 6 um thick cross-sections of each artery, spaced at 300
um intervals. Endothelial cells and smooth muscle cells were visualized by immunofluorescent
staining against CD31 and smooth muscle a-actin respectively. Elastic lamina were visualized
by autofluorescence.

Immunofluorescence

6 um thick cross-sections of injured femoral arteries were stained with antibodies against HO-1
or Ki67 followed by incubation with fluorescently labeled secondary antibodies. Images were
obtained using a Zeiss confocal microscope. Nuclei were stained using Hoechst stain (10 mg/
ml, Sigma-Aldrich, Inc, St Louis, MO). Quantitation of proliferating cells was achieved by
dividing the number of Ki67 positive nuclei by the total number of nuclei.

Cells and Cell Culture

Rat aortic smooth muscle cells (RASMC) were isolated via explant and cultured in DMEM
containing 10% FBS in 5% CO, at 37 °C. All experiments were performed using RASMC
between passage 3 and 8. Cell proliferation was assessed using the Cyquant NF proliferation
assay as described by the manufacturer (Invitrogen, Carlsbad, CA). Migration studies were
performed using the wound assay as described in supplemental materials. For some
experiments, RASMC were transfected with 50 uM siRNA against HO-1 or non-targeting
control siRNA (Dharmacon Lafayette, CO) using Lipofectamine 2000 transfection reagent
(Invitrogen, Carlsbad, CA).

Real-Time Quantitative PCR

Total RNA from RASMC and femoral artery tissue was isolated with TRIzol® and further
purified using the RNeasy Mini kit (Qiagen, Valencia, CA). Complimentary DNA was
obtained using iScript reagents (Bio-Rad Laboratories, Hercules, CA) or SuperScript Il
Reverse Transcriptase (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.
Quantitative mRNA expression was assessed using real-time PCR with TagMan Fast Universal
PCR Master Mix or Brilliant SYBR Green QPCR Master Mix (Stratagene, La Jolla, CA) using
primers specific for HO-1, actin or GAPDH. Samples were run in triplicate on the StepOne or
Prism 7000 detection systems (Applied Biosystems, Foster City, CA).

Western Blot analysis

Protein preparation, SDS-PAGE, and Western analysis were performed as previously.® Equal
amounts of protein were loaded and both HO-1 (1:5,000) and HO-2 (1:1000) were detected
using Stressgen antibodies (Stressgen Biotechnologies, Ann Arbor, Ml).

Heme Oxygenase Enzyme Activity

Heme oxygenase activity was measured by bilirubin generation in microsomal preparations
from mouse liver as described previously?6.
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Statistical Analysis

Results are expressed as mean = SD or SEM. Statistical analysis was performed using one-
way ANOVA or unpaired students t-test as appropriate. Differences between groups were
assessed by Bonferroni post hoc test. A value of p < 0.05 was considered statistically
significant. SPSS 15.0 was used for all calculations.

Results

In Vivo Delivery of Nitro-Oleic Acid (OA-NOy)

To test the effect of NO,-FA on intimal hyperplasia, C57BL/6 mice were administered vehicle
(V), oleic acid (OA), or OA-NO, via osmotic mini-pump implantation immediately prior to
unilateral femoral artery injury. Serum OA-NO, levels in treated mice were quantified using
HPLC-mass spectrometry. Representative chromatographs of serum lipid extracts reveal
identical retention times for both OA-NO, administered in vivo and internal standard (Figure
1A). Serum OA-NO, levels were significantly greater in OA-NO, treated mice (6.21+0.60
nmol/L), compared to V- and OA-treated mice (1.43+0.02 nmol/L and 1.36+0.08 nmol/L
respectively, p <0.0001, Fig. 1B).

Inhibition of Neointimal Proliferation by OA-NO,

The influence of OA-NO> on neointimal formation was investigated in a murine model where
endoluminal injury to the common left femoral artery was induced by an angioplasty guide
wire. This injury induces a highly reproducible neointima that can be quantified after three to
four weeks1” 18, Fig. 2A-D shows representative micrographs of injured vessels from V, OA,
or OA-NOy, treated animals and the contra-lateral uninjured femoral artery from V-treated
mice. Vessels were isolated and stained for smooth muscle a-actin (red) and endothelial CD31
(blue). Green fluorescence represents autofluorescence of the elastic lamina. Morphometric
analysis of injured vessels from V or OA treated animals revealed an intima to medial area
ratio of >2, reflecting considerable neointimal hyperplasia. In contrast, injured vessels from
OA-NO,-treated mice displayed a significantly reduced intimal area and intima to media ratio
compared to V or OA treated animals (n=6-7 per group, P<0.0001; Figures 2E and 2F). Medial
areas in all groups were not significantly different (Fig. 2G).

Induction of HO-1 Expression by OA-NO,

To investigate whether OA-NO, induces HO-1 expression in vascular smooth muscle cells in
vitro, rat aortic smooth muscle cells (RASMC) were grown to 100% confluence and maintained
in serum-free media. Two hours after incubation with OA-NO, (50-1000 nmol/L) HO-1
MRNA levels increased in a dose-dependent fashion (P<0.01, Fig. 3A). Western blot analysis
also revealed increased expression of HO-1 protein, with no alterations in HO-2 occurring in
response to OA-NO, (100-1000 nmol/L; Fig. 3B) after 24h. Administration of OA-NO, in
vivo increased HO enzyme activity by two-fold in liver tissue (V: 1.04+0.18 vs. OA-NO>: 2.05
+0.28 nmol bilirubin/mg protein/h, P = 0.02; n=6 animals per group). Furthermore, HO-1
expression was induced in vivo in the vasculature by OA-NO> treatment. Following wire-
induced injury (21d), arterial segments immunostained for HO-1 reveal that HO-1 is
abundantly expressed throughout the vascular wall in OA-NO, treated mice. In contrast, there
was a significantly lower extent of vessel wall HO-1 expression in OA- or V-treated mice (Fig.
3C). In addition, quantitative real-time PCR revealed that HO-1 mRNA expression was
increased in both injured and the contralateral uninjured femoral artery artery tissue 3d after
OA-NO, treatment, compared with V-treated mice following femoral artery injury (Fig. 3D).
This supports that OA-NO, is a potent inducer of HO-1 expression both in vitro and in vivo.
Levels of HO-2 mRNA expression did not change in all femoral artery treatment groups (Fig.
3E).

Circ Res. Author manuscript; available in PMC 2010 November 6.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cole et al. Page 5

Effects of OA-NO, on Vascular Smooth Muscle Cell Proliferation and Migration

Treatment of RASMC with OA-NO3 significantly inhibited cell proliferation ata concentration
of 2.5 uM (P<0.001; Fig. 4A). This anti-proliferative effect of OA-NO, in vitro was not
attenuated by either addition of the HO-1 inhibitor Sn(1V) protoporphyrin (SnPP, 50 pmol/L)
or suppression of HO-1 expression by siRNA (50 uM) treatment (Fig. 4A and 4B). Effective
inhibition of HO-1 expression by siRNA treatment was confirmed by western blotting, where
HO-2 expression remained unaffected (Fig. 4C). Of note, immunostaining of femoral artery
sections with a Ki67 antibody revealed that OA-NO5 significantly inhibited smooth muscle
cell proliferation in vivo (P=0.001; Fig. 4D).

In addition to proliferation, the migration of vascular smooth muscle cells from the media to
the intima after arterial injury is a key step in the development of neointimal hyperplasia. To
define whether OA-NO, influences neointimal formation by limiting vascular smooth muscle
cell migration, RASMC monolayers were wounded by scratching. Images taken immediately
after wounding and 18h later revealed that OA-NO, (50-250 nmol/L) significantly inhibited
RASMC migration in a dose-dependent manner, whereas OA had no effect (P<0.01; Fig.
5A). These in vitro responses reveal that OA-NO, preferentially inhibits RASMC migration
rather than limiting cell proliferation, since OA-NO; is at least a 20-fold more potent inhibitor
of vascular smooth muscle cell migration.

To test the hypothesis that OA-NO> inhibits vascular smooth muscle cell migration via
induction of HO-1 expression and activity, RASMC were co-incubated with 50umol/L SnPP
or HO-1 siRNA and OA-NO, (250 nmol/L). Both SnPP and HO-1 siRNA reversed the
inhibitory effect of OA-NO, on smooth muscle cell migration (Fig. 5A and 5B), indicating a
significant role for HO-1 in the inhibition of vascular smooth muscle cell migration by OA-
NO..

HO-1 Mediated Anti-Stenotic Actions of OA-NO In Vivo

Two lines of evidence support that HO-1 expression and activity transduces OA-NO> inhibition
of wire-induced neointimal formation: (1) Administration of the HO-1 inhibitor SnPP, from
the time of wire-induced injury until pathology evaluation at 21d, significantly attenuated the
anti-stenatic actions of OA-NQO, in OA-NO, treated mice (SnPP: 2.20+0.32%, OA-
NO,+SnPP: 1.75+0.27%, P=0.023 vs. OA-NO,, treated animals; n=6-7 per group). (2) OA-
NO,-induced inhibition of neointimal hyperplasia was abolished in OA-NO»-treated
HO-17"" mice (P=0.016; Fig. 6). In both SnPP-treated and in HO-17~ mice, neointima
formation was even more pronounced than in wild type mice. These in vivo findings confirm
that induction of HO-1 by NO»-FA predominantly mediates the protection of vessels from
neointimal hyperplasia.

Discussion

This is the first report demonstrating that in vivo supplementation of nM concentrations of an
endogenous byproduct of nitro-oxidative inflammatory conditions induces tissue-protective
actions. Electrophilic nitro-fatty acids are generated by NO and nitrite (NO™)-dependent
reactions that yield nitrogen dioxide (NO,) as the proximal instigator of fatty acid olefin
nitration. Recent reports support that a) these reactions are accelerated in the hydrophobic
milieu of membrane and lipoprotein compartments and b) occur at accelerated rates in cells
and organs exposed to inflammatory conditions8: 19: 20, The addition of ‘NO; to the double
bond of unsaturated fatty acids yields an array of regio- and sterecisomers detectable in vivo
that display kinetically rapid and reversible Michael addition to proteins®. Due to the unique
physical characteristics of these derivatives, complex metabolic profiles, tissue and subcellular
distribution and signaling actions are expected. In vitro studies indicate that NO,-FA will gain
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access to both the cytosol and nucleus to stimulate redox-dependent transcription factor and
nuclear lipid receptor-dependent gene expression=6. Current data support that NO,-FA a)
covalently adduct macromolecules containing nucleophilic centers (e.g., thiol and histidine
residues of proteins and glutathione)3, b) reversibly react with water to form nitro-hydroxy
derivatives, c) react with coenzyme A and undergo p-oxidation® and d) become esterified to
complex lipids in membranes and lipoproteins®. Due to these reactivities, the HPLC-MS-based
detection of ~10 nM “free” serum OA-NO, upon continuous osmotic mini-pump infusion over
weeks in mice will underestimate the net pool of potentially bioactive OA-NO,-derived species
that could manifest adaptive and anti-inflammatory signaling actions?.

Nitro-fatty acid treatment in vitro induced HO-1 expression in cultured vascular endothelial
cells and rat aortic segments!3. The increased gene expression of HO-1 is stimulated by a broad
array of reactive inflammatory mediators and cytokines, leading to protection against vascular
injury via multiple mechanisms including heme catabolism and the signaling actions of heme
metabolites such as carbon monoxide?L. In this regard, increased expression of HO-1 attenuates
intimal hyperplasia after arterial injury22 and reduces atherosclerotic lesion formation in LDL-
receptor23 and ApoE-deficient mice?4. HO-1 and CO can also inhibit vascular smooth muscle
cell proliferation and neointimal hyperplasia>~27. Herein, we reveal that induction of HO-1
expression by OA-NO, potently inhibits vascular smooth muscle cell migration. This occurs
at much lower expression levels of HO-1 than required for the inhibition of vascular smooth
muscle cell proliferation, since the concentrations of OA-NO> that induced HO-1 and inhibited
vascular smooth muscle cell migration had no effect on cell proliferation in vitro. This supports
that the protective actions of HO-1 after endoluminal injury in vivo are mainly a consequence
of the inhibition of cell migration, a key step in neointimal formation that is proximal to
proliferation of vascular smooth muscle cells. In this context, it is noted that the serum OA-
NO, levels measured upon chronic in vivo administration are not fully representative of the
bioactive species that can accumulate. Electrophilic nitro-fatty acids undergo protein adduction
and partial B-oxidation to shorter chain metabolites that can retain signaling capabilities?®.
Thus the higher concentrations of OA-NO, required for inhibition of smooth muscle cell
proliferation in vitro may be a reflection of differences in model systems. The HO-1-mediated
inhibition of smooth muscle cell migration is a significant mechanism underlying the anti-
stenotic benefits of OA-NO». This property is further affirmed by the observations that sSiRNA
inhibition of HO-1 expression or SNPP, a competitive inhibitor of HO, reversed the inhibition
of RASMC migration but not the anti-proliferative actions of OA-NO,.

The induction of HO-1 expression by NO,-FA is regulated by multiple signaling mechanisms.
Initial HO-1 promoter activation analyses revealed a synergy between the cCAMP-dependent
response element CRE and AP-1 sequences in the -4.5Kb HO-1 promoter region in response
to NO,-FA exposurel3. More recently, chromatin structure analysis revealed that regulation
of human HO-1 expression by NO»-FA requires synergy between CRE, AP-1 and E-box
sequences and involves the participation of CREB-114. Finally, NO,-FA activate Nrf2/Keap1-
dependent gene expression by electrophilic adduction of critical Keap-1 thiol residues’. In turn,
activa;[gor; of the Nrf2/Keapl pathway mediates the induction of phase 1l genes, including
HO-129-3L,

The loss of OA-NO,-dependent inhibition of wire-induced neointimal hyperplasia in both
SnPP treated and HO-1(/") mice further supports the hypothesis that increased HO-1
expression in the vascular compartment accounts for a significant component of protection
against intimal hyperplasia. This beneficial cardiovascular response to extended administration
of fatty acid nitroalkene derivatives is likely to include additional signaling events, however.
Mass spectrometric and gene expression analysis of cells exposed to electrophilic species
reveals that >300 cellular proteins can be reproducibly post-translationally modified, and the
expression of a similar number of genes significantly affected (unpublished data).
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Characteristic cell and tissue responses are also expected for different electrophiles, with these
events a consequence of the charge, size and both the rate and reversibility of reaction with
nucleophilic targets32. Recent evidence indicates that reversibly-reactive electrophiles may
manifest little or no apparent cytotoxicity when administered at low concentrations32,
Moreover, current data support that multiple transcription factors possess electrophile-reactive
amino acids critical for the regulation of stress-related adaptive signaling reactions. These
highly-conserved genes and their allied signaling pathways promote adaptation to the myriad
of electrophilic species present in the diet and those that are endogenously generated by toxin
exposure, nitro-oxidative inflammatory conditions and metabolic stress. In this regard, fatty
acid nitroalkene derivatives are generated by inflammatory conditions, reversibly react via S-
alkylation of protein thiols at kinetically rapid second order rate constants (~300 M1 sec 1)
and activate multiple thiol-dependent transcriptional events?.

In summary, when administered in vivo for extended periods in low concentrations, a
prototypic fatty acid nitration product induces anti-inflammatory responses in both cell and
animal models of vascular injury. This class of redox-derived electrophilic signaling mediators
induces rapid adaptive signaling reactions, in response to changes in tissue metabolic, redox
and immune status, by modulating protein function and patterns of gene expression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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{0 carbon monoxide

ESI MS/MS electrospray ionization triple quadrupole mass spectrometry
HO heme ogygenase
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Keapl Kelch-like ECH-associating protein
MRM multiple reaction monitoring

NFxB nuclear factor kappa B

NO»-FA nitro-fatty acids

Nrf2 nuclear factor erythroid 2-related factor 2
OA oleic acid

OA-NO, nitro-oleic acid

PDGF platelet derived growth factor
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PPAR peroxisome proliferator-activated receptor
RASMC  rat aortic smooth muscle cells
SnPP Sn(1V) protoporphyrin
\Y vehicle
WT wild type
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Fig. 1.

Quantitation of OA-NO> in serum following administration of V, OA, or OA-NO,. (A) Serum
from treatment groups was analyzed by HPLC ESI MS/MS in the negative ion mode using
[13C]JOA-NO; as an internal standard (dashed tracing) and by acquiring MRM transitions
consistent with the loss of the nitro functional group: m/z 326/46 and m/z 344/46 for OA-
NO, and [13C]OA-NO respectively. (B) Free OA-NO; levels (nM) were quantitated using
ANALYST 1.4 quantitation software. Data are expressed as mean + SD of 6—7 mice per group
where *p <0.001.
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Fig. 2.

Vehicle OA OA-NO,

Nitro-oleic acid decreases neointimal formation. Femoral artery tissue sections from (A) V,
(B) OA, (C) OA-NO, treatment groups, as well as (D) control mice were labeled with anti-
smooth muscle actin (red) and anti-CD31 (blue), with autofluorescence used to visualize the
inner and outer elastic membrane (green) 21d after wire-induced endoluminal injury
(Magnification 20X, Olympus Provis | fluorescence microscope; bar indicates 100 um). (E-
G) Quantitative morphometric analysis of artery remodeling 21d after injury. Data are

expressed as mean + SEM of

6-7 mice per group.
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Fig. 3.

Nitro-oleic acid induces HO-1 expression in vitro and in vivo. (A) HO-1 and HO-2 (B)
expression in vitro. RASMC were treated with OA-NO», OA, or vehicle (MeOH) at the
indicated concentrations for 2h [real-time PCR analysis, *P<0.01 (ANOVA)] or 18h
(immunoblot analysis). Real time PCR data are expressed as mean + SD of 34 independent
experiments. (C) HO-1 expression in vivo. Injured femoral arteries were labeled with anti-
smooth muscle actin (green) and anti HO-1 (red), 21d after injury. Representative images are
shown for V (top 3 panels) and OA-NO, (bottom 3 panels) treated mice (Magnification 40X;
Zeiss confocal microscope; bar indicates 10 um). (D) HO-1 mRNA levels are increased in
isolated femoral arteries 3d following OA-NO, administration [compared to vehicle, mean +
SD, *P<0.01 (ANOVA)], where HO-2 mRNA levels remain unchanged (E).
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Fig. 4.

Nitro-oleic acid inhibits vascular smooth muscle cell proliferation in vitro and in vivo. (A, B)
RASMC were serum starved for 24h, stimulated to proliferate with DMEM (2% serum), and
treated with OA (2.5 uM) or OA-NO3 (1, 2.5 uM), and with SnPP (50 uM) or HO-1 siRNA
(50uM). Concentrations for HO-1 siRNA experiments were 2.5 um for OA and OA-NO,. After
24h cell proliferation was assessed using Cyquant NF proliferation assay. Data are presented
as mean + SEM of 3 independent experiments (*P<0.001). (C) Western blot analysis confirmed
OA-NO; (2.5 pM)-induced HO-1 gene expression is knocked-down in cells transfected with
siRNA for HO-1 (50 uM), where HO-2 expression is unaffected. Control siRNA (50 uM) did
not change OA-NO, (2.5 uM) -induced HO-1 gene expression. (D) OA-NO, significantly
inhibited smooth muscle cell proliferation in vivo. Proliferative cells were visualized by
staining femoral arterial sections with Ki67. Color threshold was used for quantification of
Ki67 positive cells in 6 different fields of view per section (3 sections per animal, 6-7 mice
per group). Magnification 40X; Olympus Provis | fluorescence microscope; Bar indicates 10
pm.
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Fig. 5.

Nitro-oleic acid inhibits vascular smooth muscle cell migration and neointima formation via
HO-1-dependent mechanisms. (A, B) OA-NO, inhibition of RASMC migration. After
inducing monolayer wounding, cells maintained in serum free media were treated with PDGF
(20 ng/ml) and OA (250 nM) or OA-NO> (25, 50, 100 and 250 nM), with SnPP (50 uM) or
HO-1 siRNA (50 uM). Concentrations for HO-1 siRNA transfected experiments were as
follows: OA (250 nM), OA-NO, (250 nM) and PDGF (20 ng/ml). Quantitative image analysis
was conducted 18h later to reveal extents of migration of RASMC into the denuded area. Data
are presented as mean + SEM of 6 independent experiments (*P<0.01).
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Protective actions of OA-NO; are inhibited in HO-17/~

wT
0A-NO,

HO-1+
OA-NO,
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Vehicle

mice. Femoral artery tissue sections

(HO-1""mice) from (A) V and (B) OA-NO, treatment groups were labeled with anti-smooth
muscle actin (red) and anti-CD31 (blue), with autofluorescence used to visualize the inner and
outer elastic membrane (green) 21d after wire-induced endoluminal injury (Magnification
20X; Olympus Provis | fluorescence microscope; bar indicates 100 um). (C) Quantitative
morphometric analysis of the intima to media ratio wild-type and HO-17/~ mice treated with
or without OA-NO, for 21d. Data are expressed as mean + SEM of 4-6 mice per group.
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