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Abstract

Reactive oxygen species mediate a decrease in nitric oxide (NO) bioavailability and endothelial
dysfunction, with secondary oxidized and nitrated byproducts of these reactions contributing to the
pathogenesis of numerous vascular diseases. While oxidized lipids and lipoproteins exacerbate
inflammatory reactions in the vasculature, in stark contrast the nitration of polyunsaturated fatty acids
and complex lipids yield electrophilic products that exhibit pluripotent anti-inflammatory signaling
capabilities acting via both cGMP-dependent and -independent mechanisms. Herein we report that
nitro-oleic acid (OA-NO>) treatment increases expression of endothelial nitric oxide synthase
(eNOS) and heme oxygenase 1 (HO-1) in the vasculature, thus transducing vascular protective effects
associated with enhanced NO production. Administration of OA-NO, via osmotic pump results in
asignificant increase in eNOS and HO-1 mRNA in mouse aortas. Moreover, HPLC-MS/MS analysis
showed that NO,-FAs are rapidly metabolized in cultured endothelial cells (ECs) and treatment with
NO,-FAs stimulated the phosphorylation of eNOS at Ser!179. These post-translational modifications
of eNOS, in concert with elevated eNOS gene expression, contributed to an increase in endothelial
NO production. In aggregate, OA-NO»-induced eNOS and HO-1 expression by vascular cells can
induce beneficial effects on endothelial function and provide a new strategy for treating various
vascular inflammatory and hypertensive disorders.
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Introduction

Nitro-fatty acids (NO,-FA) are byproducts of oxidative reactions between unsaturated fatty
acids and both nitric oxide and nitrite (NO,")-derived species. Current data support that NO,-
FA are pluripotent anti-inflammatory cell signaling mediators acting via both cGMP-
dependent and -independent mechanisms. While nitro derivatives of oleic and linoleic acid
(nitro-oleic acid, OA-NOo; nitro-linoleic acid, LNO»), can decay via a Nef reaction to liberate
NO and mediate cGMP-dependent vascular smooth muscle cell relaxation, this reaction is
inhibited by both protein reactions and organization into lipid membranes and micelles [1].
Proteomic analysis reveals that NO,-FA derivatives are also electrophilic and readily undergo
reversible reaction with GSH, Cys, and His residues of proteins [2,3]. This electrophilic
reaction results in post-translational modifications that alter both protein function and
distribution, thus manifesting cell signaling actions via cGMP-independent mechanisms [3].
For example, LPS-induced cytokine and expression of other pro-inflammatory genes by
macrophages is attenuated via the NO,-FA adduction of critical thiols in the p65 subunit of
NF«B, suppressing p65 DNA binding and downstream expression of NF«B regulated genes
[4]. Also, NO»-FA display robust PPARYy ligand activity, a property that promotes the
expression of predominantly adaptive and anti-inflammatory genes [5,6]. Thus, in contrast to
peroxidized lipids and lipoproteins that exert pro-inflammatory reactions in the vasculature,
all current data support that nM concentrations of NO»-FA exert broad anti-inflammatory and
cardioprotective actions [7-10].

One of the hallmarks of inflammatory vascular diseases is a loss of NO bioavailability. This
highly lipophilic and readily-diffusible free radical species regulates blood flow and serves
important anti-inflammatory actions by inhibiting platelet aggregation, leukocyte adhesion,
and expression of pro-inflammatory mediators within the arterial wall [11]. Reactions that
contribute to impaired NO signaling include radical-radical interactions [superoxide (02°")
and peroxyl radical (LOO") reaction with NO], eNOS uncoupling, and tetrahydrobiopterin
(BH,) oxidation [12-14].

Multiple clinical strategies can enhance NO bioavailability, including the use of organic
nitrates, sodium nitroprusside [15], and statins [16]. Of relevance, numerous physiological and
pathophysiological stimuli can also increase endogenous NO formation by activating eNOS
catalytic activity and gene expression. This regulation of eNOS can occur transcriptionally,
post-transcriptionally, and post-translationally, resulting in 2- to 3-fold changes in the
production of NO that exerts a significant downstream physiological impact. For example,
shear stress and other mechanical stimuli increase both the transcription and stability of eNOS
MRNA [17-19]. Moreover, shear stress-induced phosphorylation of serine residues of eNOS
via the stimulation of Akt and protein kinase A-dependent signaling results in increased eNOS
activity [20-22]. These phosphorylation-dependent mechanisms of eNOS regulation do not
require a sustained increase in Ca2*, thus representing a Ca2*-independent mode of eNOS
activation.

Another mechanism whereby NO-derived species can exert anti-inflammatory signaling
actions in the vasculature is via the transcriptional activation of heme oxygenase 1 (HO-1)
expression [23,24]. Heme oxygenase 1 is a 32-kDa enzyme that is the rate limiting step in heme
degradation, catalyzing the cleavage of the heme ring yielding equimolar amounts of biliverdin,
carbon monoxide (CO), and ferrous iron. Biliverdin is subsequently converted to bilirubin by
biliverdin reductase, with these products of heme catabolism limiting vascular inflammation
through multiple antioxidant, anti-proliferative, and anti-apoptotic signaling actions [25]. The
inhibition of either eNOS or HO-1 expression increases systemic arterial pressure [26-28] and
conversely, enhanced eNOS or HO-1 expression normalizes blood pressure in hypertensive
animals [29-31]. In aggregate, these studies demonstrate that eNOS- and HO-1-catalzyed
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production of NO and CO, respectively, can regulate blood pressure via cGMP-dependent
mechanisms and lend cytoprotection to vascular inflammatory insults by both cGMP-
dependent and —independent mechanisms.

Recently, NO,-FA derivatives have been observed to be produced at high nM concentrations
by activated inflammatory cells and both cardiac tissue and mitochondria following ischemia-
reperfusion events [8-10,32]. In light of the ability of this class of signaling mediators to induce
anti-inflammatory actions, we evaluated the potential impact of NO,-FA on the vascular cell
expression and activity of eNOS- and HO-1 both in vitro and in vivo. We observed that these
enzymes were upregulated and thus can serve to transduce the vascular signaling actions of
nitroalkene fatty acid derivatives.

Materials and Methods

Materials and chemicals

Anti-HO-1 antibody (SPA-896) was obtained from Stressgen Biotechnologies (Vancouver,
Canada); monoclonal anti-eNOS, polyclonal anti-phospho-eNOS (Ser'177/9) were from
Transduction Laboratories (Lexington, KY); and anti-phospho-Akt (Ser473), -phospho-p38,
and -phospho-ERK p42/44) were from and Cell Signaling Technology (Beverly, MA); anti-
actin Ab and the secondary Ab were from Sigma (St. Louis, MO). Nitro-oleic acid (9- and 10-
nitro-9-cis-octadecaenoic acid; OA-NO,) and the corresponding internal standard [13C;g]-OA-
NO, were synthesized and purified as previously [5].

Cell culture systems

Bovine aortic endothelial cells (BAECs) were isolated from descending thoracic aortas [33]
and maintained in Medium 199 (Cellgro; Herndon, VA) containing 10% fetal bovine serum
(Hyclone; Logan, UT), 10 uM thymidine (Gibco; Carlsbad, CA), and antibiotic-antimycotic
solution (Cellgro). Cells were monitored visually for typical cobblestone morphology
indicative of endothelial cells by staining for von Willebrand factor expression and were not
passaged for more than eight cycles. Human coronary aortic endothelial cells (HCAECSs) were
obtained from Lonza Group Ltd (Basel, Switzerland) and were maintained according to
manufacturer’s directions. Studies were performed on confluent monolayers of endothelial
cells (ECs) over a range of three to seven passages. All cells were grown at 37°C in 95% air
and 5% CO». For all treatments, ECs were serum deprived (for cell synchronization) for 16 h
and then treated with NO,-FA, the corresponding native fatty acid, or vehicle (methanol) added
to complete media containing 10% serum at indicated time points.

In vivo administration of OA-NO»

All animal studies were approved by the University of Pittsburgh Institutional Animal Care
and Use Committee (Approval 0710454). Osmotic mini-pumps (7 d delivery, ALZET®,
Durect Corporation, CA, USA) containing either OA-NO, (3 mg/kg/d) or the parent fatty acid
oleic acid (OA, 3 mg/kg/d) were subcutaneously implanted in C57BL/J6 male mice, 8-10 wks
of age (Jackson Laboratories, Bar Harbor, ME). Briefly, mice received a pain-relief injection,
Buprenex (0.05 mg/kg, SQ) prior to surgical implantation and were anesthetized using
isoflurane. A small longitudinal incision was made for subcutaneous implantation of the
osmaotic mini-pump in the nape of the neck of the mouse. The pump was inserted and the skin
incision was closed using Stoelting 9mm staples (Wood Dale, IL).

Lipid extraction of serum

Blood was collected from the saphenous vein of mice, transferred to a Microtainer® Brand
Serum Separator Tube (Becton Dickinson and Company, Franklin Lakes, NJ), and allowed to
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clot for 2 h at room temperature. The serum fraction was obtained by centrifugation at 6000 x
g at room temperature for 5 min. Serum (10-20 pl) was combined with cold acetonitrile (1:4,
—20°C) and centrifuged at 2500 rpm for 15 min at 4°C to obtain lipid extracts. A final
concentration of 0.5 ng/ml of internal standard ([13C]9- and 10-nitro-octadenoic acid, termed
[13C]-OA-NO,, m/z 344) was added during extraction to correct for losses due to sample
preparation. In the preparation of this internal standard and the use of more accurate gravimetric
determination of concentration, it was appreciated that plasma OA-NO, concentrations
determined with previous internal standard preparations of [13C]-OA-NO; led to a 3.2-fold
underestimation of endogenous blood and tissue concentrations of OA-NO5 (in particular
[10,34,35]).

Endothelial cell metabolism of OA-NO»

BAECs were grown to confluence on 6-well-plates and incubated at 37°C for 90 min with 5
1M oleic acid, OA-NO, or [13C]-OA-NO, in 2 ml Hank’s buffered salt solution (HBSS). Cell
solution was collected at baseline and after 5, 15, 30, 60, and 90 min. After each time point,
cells were rinsed twice with HBSS and scrape harvested in HBSS. HBSS (from cells at
indicated time points), cell lysate and a control HBSS solution (treatment with lipids at 37°C
for indicated time point) were deproteinized and the lipids extracted with acetonitrile (ACN)
as mentioned above. Metabolite analyses were performed by high performance liquid
chromatography-electrospray (HPLC, Shimadzu CBM20A, Japan) ionization mass
spectrometry (HPLC-ESI MS/MS) using a hybrid triple quadrupole mass spectrometer (API
5000, Applied Biosystems/MDS Sciex, Thornhill, ON, Canada) as described previously for
lipid extraction of blood [34]. For ECs, to characterize OA-NO, and/or its metabolites, reverse-
phase HPLC was used to resolve the NO,-FASs using a 20 x 2-mm Gemini C1g 3um Mercury
MS column (Phenomenex, Torrance, CA, USA) at a flow rate of 0.75 ml/min using a gradient
elution with 0.1% acetic acid in water as solvent A and 0.1% acetic acid in 100% ACN as
solvent B. For [13C;g]-OA-NO,, elution was carried out with the following gradient profile:
0-0.5 min 11% of B, 0.5-4 min of 11-99% B, 4-5 min 99% of B, 5-5.1 min 99-11% of B,
5.1-7 min 11% of B; and for [13C15]-OA-NO, metabolites, the gradient profile consisted of:
0-1 min 11% of B, 1-9 min of 11-100% B, 9-11 min 100% of B, 11-11.1 min 100-11% of
B, 11.1-14 min 11% of B. Enhanced product ion (EPI) analysis was performed in the negative-
ion mode to generate characteristic and identifying fragmentation patterns of adducted eluting
species with precursor masses of m/z 344.3, [13C1g]-OA-NO,; 346.2, specific saturated 9-nitro-
octadecanoic acid (9-SA-NO,, where SA represents stearic acid) represented as [13C1g]-SA-
NO,; and 362.3, 9-nitro-10-hydroxyoctadecanoic acids or 10-nitro-9-hydroxyoctadecanoic
acids, represented as [13C1g]-OA-(OH)-NO,.

RNA isolation and real time PCR analysis

Mouse aorta and total cellular RNA (from BAECs and HCAECSs) were isolated using RNeasy
kit (Qiagen, Valencia, CA). Reverse transcription to cDNA was performed using iScript cDNA
Synthesis Kit (BioRad) according to manufacturer’s instructions. Real-time quantitative PCR
analysis was performed with a StepOne Real-Time PCR System (Applied Biosystems, Foster
City, CA). Primer-probe sets were purchased from Qiagen (Hs_NOS3_1 FAM QuantiTect
Gene Expression) and Applied Biosystem’s “Assays-on-demand”. Expression was normalized
to actin.

Western blotting analysis

Both BAECs and HCAECs were rinsed with ice cold phosphate buffer saline (PBS) and
homogenized in lysis buffer consisting of 1% Triton X-100, 10 mM NaF, 1 mM vanadate, 1
mM phenylmethylsulfonyl fluoride, 10 pg/ml aprotinin, 10 pg/ml leupeptin in Tris-buffer
saline at pH 7.5. The cells were disrupted by sonication on ice and then centrifuged at 12,000
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x g for 5 min at 4 °C. The protein concentration was determined by the BCA protein assay kit
(Pierce, Rockford, IL). Protein was denatured by boiling, resolved by SDS-PAGE, and
transferred to nitrocellulose (BioRad, Hercules, CA). Membranes were probed with antibodies
to eNOS at 1:2000, HO-1 at 1:5000, all phospho-antibodies (eNOS, Akt, ERK1/2, p38) at
1:1000 overnight and then washed with TTBS, incubated with horseradish peroxidase-
conjugated antibodies (Sigma) at 1:25000 dilution. Immunoreactive bands were detected using
chemiluminescence (Amersham, Piscataway, NJ). To verify protein loading, membranes were
subsequently stripped and reprobed with mouse monoclonal antibodies against g-actin (Sigma)
at a dilution of 1:1000.

Assessment of NO production

NO was determined by the accumulation of nitrite (NO, "), the stable oxidation product of NO,
in agqueous medium. NO was detected by chemiluminescence following the reduction of
NO,~ with Kl and CuSQOy, according to manufacturer’s instructions (Sievers). BAECs and
HCAECSs were grown to confluency in six-well plates in 10% fetal bovine serum medium. The
medium was removed and cells were washed twice with HBSS at 37°C prior to incubation
with 0.75 ml of HBSS containing 25 uM L-arginine plus the addition of NO,-FA, native FAs,
or vehicle (MeOH) for 5-120 min. Following treatment, the HBSS plus treatment was collected
from each well and centrifuged at 1,000 x g for 10 min. The resulting supernatant was then
injected (50 pl via Hamilton syringe) into the Sievers nitric oxide analyzer (NOA). Each
treatment was performed in triplicate and normalized to cell protein content. A serial dilution
of nitrite standards were prepared for each experiment using a freshly prepared NaNO,
solution. Background levels of NO,™ concentrations were determined using samples of dH,0
and HBSS containing L-arginine.

Statistical analysis

Results

Results are from at least three independent experiments and data are expressed as mean + SEM.
Statistical analysis was performed with GraphPad Prism and the data were analyzed by either
Student’s t test or 1-way ANOVA with Student Newman-Keuls post hoc comparisons. All
results are considered significant at p < 0.05.

Serum OA-NO, levels

To investigate the actions of OA-NO, on eNOS and HO-1 expression in vivo, osmotic mini-
pumps containing OA or OA-NO, were implanted subcutaneously in C57BI1/J6 mice.
Representative chromatographs of lipids extracted from serum of control and OA-NO, treated
mice (MRM, m/z=326/46) revealed identical retention times to that of internal standard (MRM,
m/z = 344/46 for [13C]OA-NO,) as detected using a 13C isotope dilution by reverse-phase
HPLC with electrospray ionization triple quadrupole mass spectrometry (ESI MS/MS) in the
negative ion mode (Fig 1A). Administration of OA-NO, (3 mg/kg/d for 3 d) resulted in a
significant increase in plasma levels of OA-NO5 (28.3+9.6 nM) compared to OA-treated mice
(2.72£0.96 nM) (Fig. 1B).

OA-NOs induces in vivo eNOS and HO-1 expression in mouse aorta

There was a 3.0-fold increase in eNOS mRNA expression in mouse aorta induced by OA-
NO, administration, compared to native fatty acid (OA)-treated mice. The administration of
OA-NO; also significantly upregulated HO-1 mRNA expression (1.9-fold) in the mouse aorta
as determined by multiplex real time PCR analysis (Fig. 1C).
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HO-1 induction by OA-NO> in cultured vascular cells

Previous observations have shown that the majority of the NO,-FAs are rapidly adducted to
plasma lipoproteins, proteins, and low molecular weight thiols in vivo and in vitro. Thus,
experimental conditions were conducted in complete media containing 10% serum (which acts
a sink for adduction) therefore the treatment concentrations ranged from 1-5 uM to ensure
sufficient quantities of non-adducted, free OA-NO,. Incubation of endothelial cells with OA-
NO, for 6 h significantly induced HO-1 mRNA expression in a dose-dependent manner with
a 3.3- and 11.9-fold increase over controls at 2.5 and 5 uM, respectively. There was no change
in HO-1 mRNA expression upon treatment with similar concentrations of native OA, as
detected by multiplex real time analysis (Fig. 2A). Similar results were obtained by treating
ECs under the same conditions with primers specific for HO-1 and 18S using a SYBR green
method detection system (not shown). Western blot analysis revealed a robust induction of
HO-1 protein expression after cell treatment with 1 and 2.5 uM OA-NO,, for 24 h (Fig. 2B).

The OA-NO,-mediated induction of HO-1 expression occurred not only in cultured endothelial
vascular cells but also in rat aortic smooth muscle cell (RASMC) cultures. Exposure to OA-
NO, for 2.5 h to concentrations of 1 and 2.5 uM OA-NO, resulted in an induction of HO-1
MRNA expression of 7.4- and 14.2-fold, respectively (Fig. 2C). Moreover, Western blot
analysis showed HO-1 protein expression was substantially increased compared to controls 24
h after treatment with the same concentrations of OA-NO, (Fig. 2D).

OA-NOs increases eNOS expression and NO release in cultured endothelial cells

Cells were treated with 1 and 2.5 uM OA-NO, for 16 h. OA-NO, significantly induced eNOS
MRNA expression over controls and native OA, as determined by multiplex real time PCR
analysis (Fig. 3A). Western blot analysis showed a dose-dependent increase in eNOS protein
expression following treatment with 2.5 and 5 uM OA-NO,, for 24 h, respectively (Fig. 3B).
Additionally, OA-NO,-mediated increases in eNOS expression resulted in a significant
increases in cellular NO generation as determined by NO,™ accumulation (basal NO,™ = 326.5
+8.7 pmol/mg protein) in the media which was normalized to cell protein content and reported
as a percent of the OA control (Fig 3C).

A critical eNOS regulatory event occurs by phosphorylation of serinel77/®, resulting in a 2-
to 3-fold increase in eNOS distribution, activity, and NO generation, therefore the link between
OA-NO,-induced NO production and activation of eNOS signaling cascades was explored.
Incubation of cells with OA-NO5 for 7.5 min resulted in the phosphorylation of eNOS at
Serl179 (Fig. 4A). Potential upstream pathways of eNOS activation include the phosphorylation
of Akt, p38, and ERK [36-38]. Treatment with OA-NO, stimulated phosphorylation of both
Akt (at Ser73) and p38 in a dose-dependent manner at 7.5 min (Fig. 4A), a reaction that was
still sustained at 30 min (Fig. 4B). ERK activation by OA-NO, peaked at approximately 7.5
min and then decreased rapidly below basal levels at 15 min (data not shown) and 30 min (Fig.
4B).

The ability of OA-NO, to stimulate eNOS phosphorylation at Ser!179 Jed to an increase in NO
production over time in BAECs. The media was collected and analyzed for NO-derived
NO,~ levels after treating cells with 2.5 uM OA-NO,, for 30, 60, and 120 min. This NO,™
accumulation in the media was normalized for cell protein content (basal NO,™ = 4.8 £0.2
pmol/min/mg protein) and reported as a percent of OA control. No changes in NO,™
accumulation were observed for untreated, vehicle and native fatty acid treated cells at the
same sampling times (not shown). Additional control studies revealed that the addition of 2.5
uM OA-NO,, to culture medium for 30, 60, and 120 min did not liberate detectable NO levels,
in the absence of cells (not shown). Exposure of cells to OA-NO; increased NO,™ accumulation
1.5-, 1.8-, and 2.7-fold over control at 30, 60, and 120 min, respectively (Fig. 5B).
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OA-NO> is metabolized by ECs

NO,-FA metabolism may either inactivate or form bioactive species. To test the ability of ECs
to metabolize OA-NO, without interference coming from endogenous NO»-FAs and their
metabolites, ECs were rinsed with HBSS (to remove complications of protein adduction with
serum in the media) and supplemented with a mixture of 9- and 10-nitro regio-isomers of
[13C15]-OA-NO, (Fig 6A, inset) in HBSS. These [13C1g]-OA-NO, metabolism studies were
conducted by examining cell lysate and the extracellular release from the ECs by collecting
the HBSS over the indicated time course. Only in the presence of ECs did [13C4g]-OA-NO,
undergo decay in HBSS (~35% remaining after 30 min) as evidenced by the representative
HPLC-MS/MS analysis of [13C;5]-OA-NO, over time (0-90 min) (Fig. 6A). The decreases in
[13C15]-OA-NO, concentration could be partially due to a minimal non-enzymatic decay
resulting in the formation of nitro-hydroxy products, a key reaction in the absence of cells
[1]. Additionally, electrophilic adduction with nucleophilic residues (i.e.- Cys and His) form
a ‘reversible sink’-the nitroalkene moiety present in [13C1g]-OA-NO; is rapidly saturated to a
nitroalkane forming nitro-stearic acid ([13C1g]-SA-NO,, 18:0-NO5). This product is no longer
electrophilic and becomes detectable in the HBSS in a time-dependent manner (Fig. 6C, left
panel). The [13C15]-SA-NO, metabolite was detectable in HBSS as early as 5 min after cell
treatment and yielded increasing concentrations over 90 min (Fig 6C, left panel). There is a
corresponding loss of the [13C1g]-OA-NO, (filled squares) and the formation of [13C1g]-SA-
NO, (open triangle) over the 90 min time course (Fig 6B). The identity of [13C1g]-SA-NO,
was confirmed by the analysis of [13C1g]-OA-NO, by HPLC ESI MS/MS in the negative ion
mode by performing product ion analyses concurrent to MRM detection (Fig 6C, right panel).
In addition, the non-electrophilic nature of [13C1g]-SA-NO, was confirmed by not reacting
with high concentrations of -mercaptoethanol (not shown) [32]. The spectra shows the major
expected fragments from [13C1g]-SA-NO,, which are indicative of native fatty acids and
NO,-FA derivatives, including the neutral loss of a HNO, (loss of 47 amu) and H,O (loss of
18 amu) corresponding to m/z 299 and 328, respectively. The HBSS from ECs supplemented
with [13C4]-OA-NO; also contained nitro-hydroxyoctadecanoic acid derivatives ([13C1g]-
OA-(OH)-NO,) (Fig 6D, left panel). The presence of [13C1g]-OA-(OH)-NO, was confirmed
using HPLC ESI MS/MS concurrent with MRM detection [5]. Two [13C1g]-OA-(OH)-NO,
derivatives, the 9- and 10-nitro regio-isomers were measured corresponding to the m/z 362 to
211 and to 180 respectively (Fig. 6D, right panel). The main fragmentation products of
[13C1g]-OA-(OH)-NO, are shown in Fig. 6D (insets). The same distribution profiles were
observed from cell lysates as detected in the HBSS (not shown).

Discussion

This study reveals that subcutaneous administration of nM concentrations of the nitrated fatty
acid OA-NO, to C57BI/J6 significantly induces vascular eNOS and HO-1 expression. In
vitro, OA-NO, treatment induces a robust increase in eNOS and HO-1 gene expression in
cultured vascular cells and activates eNOS by phosphorylation of Serl179, In aggregate, these
responses result in increased NO production by cells and encourage a conferral of greater anti-
inflammatory character to the cardiovascular system. Of note, this electrophilic fatty acid
nitroalkene derivative is rapidly metabolized in cultured ECs to the non electrophilic
metabolites SA-NO, and OA-(OH)-NO, (Fig. 6). The SA-NO, and OA-(OH)-NO,
metabolites of OA-NO, detected in BAECs represented ~1-2% of initial administered OA-
NO,. This low yield of byproducts suggested that these OA-NO, metabolites are not
responsible for the signaling actions of OA-NO». To test this hypothesis, ECs were treated
with supra-physiological concentrations of SA-NO, (50 uM) or OA-(OH)-NO, (20 uM),
which resulted in no significant increases in eNOS and HO-1 expression (not shown). This
indicates that the true active signaling molecule mediating the effects on HO-1 and eNOS is
either free or protein-adducted OA-NO- and not either of these two key metabolites. The
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intravenous injection of OA-NO> in mice leads to ~40% conversion of OA-NO5 to SA-NO,
within 5 min [34], indicating significant differences between in vivo and vascular EC
metabolism of OA-NO5 to SA-NO,.

Nitro derivatives of unsaturated fatty acids are mainly generated by NO and NO, -derived
reactive species that are produced at increased rates during oxidative inflammatory conditions
[9,10,12,39]. These lipid signaling mediators exhibit pluripotent anti-inflammatory actions,
acting via both cGMP-dependent and -independent mechanisms. For example, NO,-FA
derivatives bind to and activate all three peroxisome proliferator-activated receptor (PPAR)
isotypes [5,6], which have been mediate broad metabolic and anti-inflammatory signaling
actions in the vasculature. In addition, NO,-FA derivatives inhibit neutrophil and macrophage
activation, inhibit platelet aggregation and suppress both TNFa-induced VCAM-1 expression
and monocyte rolling and adhesion to vascular endothelium [4]. When added to neutral aqueous
buffer at concentrations below the critical micellar concentration of NO,-FA, these species
can undergo aslow Nef reaction to release low yields of *NO [1,40]. Under biologically relevant
conditions that contain plasma lipoproteins, membranes, proteins and low molecular weight
thiols, *NO release from NO,-FAs, through the Nef reaction, is inhibited and does not
participate in *"NO-mediated signaling [41]. Rather, the electron-withdrawing NO, group
renders the vicinal olefinic carbon of unsaturated moieties strongly electrophilic. This in turn
facilitates the adduction of nucleophiles such as the amino acids cysteine, lysine, and histidine
[2,3].

In contrast to the predominantly pro-inflammatory reactions mediated by oxidized lipids in
inflammatory diseases, electrophilic NO,-FAs-exert pluripotent anti-inflammatory cell
signaling responses in both vascular and nonvascular tissues that contrast with many oxidized
lipid species (e.g., hydroperoxyl, hydroxyl, aldehyde and keto derivatives) [1,6,42,43]. Recent
data ranging from in vitro to clinical studies supports that many electrophilic species are
adaptive signaling mediators that act, at least in part, by modifying key thiols and other
nucleophilic moieties of transcription factors and signaling proteins. The nitroalkylation of
proteins is unique, in that NO»-FA are generated by oxidative inflammatory reactions, are
highly thiol-reactive, and undergo post-translational protein modifications (PTM) at rate
constants 10-1000 times faster than most other biological electrophiles. These PTMs not only
alter protein function but also distribution within the cell, since the addition of a fatty acid
moiety to a protein can significantly influence catalytic activity, structure, and protein
hydrophobicity [1,3]. Finally, the ability of electrophilic NO,-FA to undergo reversible PTMs
is encouraging from a toxicological perspective, since the reversibility of electrophile-
biomolecule reactions appears to correlate with a lack of toxicity [44].

The PTM of proteins by redox-derived electrophiles, particularly by NO,-FAs, can be expected
to impact multiple cell signaling pathways [45-47]. For example, NO,-FAs inhibit NFkB
activity by nitroalkylating the p65 subunit, thereby suppressing NFkB-mediated pro-
inflammatory cytokine and adhesion protein expression [4]. Moreover, NO,-FA also
upregulate phase Il gene expression via electrophile responsive element (EpRE), also known
as the antioxidant responsive element (ARE) [48,49]. This signaling mechanism is activated
by electrophiles such as NO,-FA, 4-hydroxy-2-nonenal (4-HNE), and 4-oxononenal (4-ONE),
alkylating critical cysteine residues on Kelch ECH associating protein 1 (Keapl). This results
in the liberation of nuclear transcription factor erythroid 2-related factor 2 (Nrf2), translocation
to the nucleus, and the transactivation of ARE genes which encode phase-11 enzymes
responsible for detoxification and cell protection [47,50].

HO-1 is an adaptive inflammatory mediator that catalyzes the degradation of hemoglobin to
ferric iron (Fe2*), CO, and biliverdin, which is subsequently oxidized to bilirubin. Biliverdin,
bilirubin, and CO display anti-inflammatory properties- with the latter species sharing many
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signaling characteristics with NO. For example, CO is highly diffusible, has a longer tissue
half-life than NO, ligates the metal center of many Feheme proteins and activates soluble
guanylyl cyclase. Moreover, CO elicits other diverse anti-inflammatory, antioxidant,
metabolic, and anti-apoptotic signaling actions which may modulate vascular tone [51-54].

During inflammatory conditions HO-1 acts as an adaptive mediator, attenuating vascular
pathologies such as ischemia-reperfusion injury, atherogenesis and neointimal hyperplasia
[25]. In all of these instances, an early manifestation of vascular dysfunction is decreased
bioactivity of eNOS, resulting in impaired NO-dependent vessel relaxation, increased smooth
muscle cell proliferation, elevated peroxynitrite (ONOO™) production and enhanced cytokine
and cell adhesion protein expression [55]. Oxidative stress, resulting from excess production
of ROS and NO-derived species, leads to vascular inflammation. The upregulation of HO-1
and eNOS have shown to protect against oxidative stress-mediated tissue injuries by altering
redox balance, influencing cell function, and gene regulation. Consequently, eNOS and HO-1
expression and activity induced by NO,-FAs can exert broad protective effects within the
vasculature that suppresses pro-oxidant and pro-inflammatory mediators.

HO-1istypically regulated at the level of transcription. Several key regulatory binding domains
exist in the 5'-flanking region covering over 10-kb of the HO-1 gene including AREs and cyclic
AMP response elements (CRE) [25]. Previous data demonstrated LNO,—mediated
transcriptional upregulation of HO-1 in human aortic endothelial cells [41]. New evidence
supports that LNO,-mediated HO-1 induction is strongly dependent on CRE, NF-E2/AP-1,
and proximal E-box sequences of the HO-1 promoter and is not acting solely through activation
of Nrf2-dependent transcriptional regulation [56].

Unlike HO-1, eNOS does not appear to be regulated at the level of transcription, as there was
no observable difference in promoter activity following treatment of cells transfected with the
human eNOS promoter (1625 bp) with either OA-NO, or LNO, (not shown). Endothelial-
derived NO maintains an anti-proliferative and anti-apoptotic environment in the vessel wall
as well as inhibits platelet aggregation, expression of adhesion molecules, and leukocyte
adhesion. eNOS expression is regulated by both transcriptional and posttranscriptional
mechanisms by numerous physiological stimuli such as shear stress and inflammatory
mediators [17,22,57,58]. Both eNOS mRNA and protein induction result in an increase in NO
production and more importantly NO bioavailability [18,59,60]. Notably, eNOS is regulated
by post-translational modifications and protein/protein interactions that are important factors
in regulating eNOS activity, expression, and localization. Three events can regulate eNOS via
covalent modification- myristoylation, palmitoylation, and phosphorylation. Covalent
modifications of eNOS include the co-translational and irreversible myristoylation of the N-
terminal Gly and the post-translational and reversible palmitoylation of multiple Cys residues
[61,62]. These covalent modifications are both required for efficient targeting of eNOS to the
caveolae of endothelial cells [63]. Nitroalkylation of eNOS can conceivably compete with or
supplement other thiol or amino-targeted eNOS lipid modifications, such as S-palmitoylation
and N-myristoylation, thereby changing the dynamic regulation of eNOS activity by its
subcellular localization. Similar to previous studies with GAPDH [3], NO,-FA may also
change the intrinsic function of eNOS by altering lipid-dependent cell membrane protein
modifications through myristoylation, palmitoylation, and now nitroalkylation reactions.
There are also numerous critical Cys residues that play a significant role in the regulation of
eNOS [64]. Nitroalkylation by NO,-FAs may thus also affect eNOS trafficking and function
to increase NO bioavailability.

In addition to the above-mentioned PTMs, several phosphorylation sites also influence eNOS
activity [65]. The phosphorylation of eNOS at Serl179 by the redox-sensitive PI3K/Akt, p38,
or ERK results in a 2-fold increase in NO production and decreased sensitivity to Ca?*/CaM
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[20,36,37,66]. Also, agonist-induced activation of eNOS is also regulated, in part, by the
dephoshorylation of Thr497 [67,68] which coincides with phosphorylation at Ser!179 and
increased NO production. Herein, OA-NO,, treatment did not significantly alter the
phosphorylation status of Thr*97 (not shown) but did stimulate eNOS phosphorylation at
Ser!179 leading to an increase in NO production.

The upregulation of eNOS and HO-1 activity can contribute to the impact of chronic OA-
NO, administration, via subcutaneous osmotic mini-pumps, on the inhibition of atherosclerotic
lesion formation in apoE—/— mice (unpublished). Related to this, HO-1 inhibits atherosclerotic
lesion formation in both LDLR—/— [69] and apoE—/— mice [70]. Additionally, gene transfer of
eNOS regressed atherosclerosis in rabbits fed a high cholesterol diet [71]. Finally, the induction
of eNOS and HO-1 expression in the vasculature by OA-NO, may result in improved vascular
function. This is reinforced by the observation that ex vivo infection of eNOS to atherosclerotic
rabbit aortic rings improves vasorelaxation in response to acetylcholine [72].

Another cardiovascular problem, vessel wall injury-induced neointimal hyperplasia, is
attenuated by the induction of HO-1 [73,74] and its metabolite CO [75-77]. We have previously
reported that LNO, induces HO-1 expression in HAECs and rat aortic segments ex vivo [41].
This current study adds new insight, in that OA-NO, also increases HO-1 expression in VSMCs
in vitro and throughout the endothelial and intimal cells of vessels in vivo. Relevant to this,
subcutaneous delivery of OA-NO, also inhibits neointimal hyperplasia following wire-induced
vascular injury, with upregulation of HO-1 activity vital in OA-NO,-mediated vascular
protection (unpublished). Adenovirus eNOS delivery also markedly inhibits neointima
proliferation in the denuded rabbit carotid artery by enhancing endothelial regeneration [78,
79]. Thus, the upregulation of both eNOS and HO-1 may have profound effects on inhibiting
atherogenesis and restenosis following angioplasty of occluded vessels.

In summary, the administration of OA-NO, to mice in vivo can induce multiple signaling
actions by increasing eNOS and HO-1 expression, events that are mirrored in cultured vascular
endothelial and smooth muscle cells, both in vitro and in vivo. Moreover, NO,-FA derivatives
are further metabolized and in part affect eNOS activity and NO availability via PI3K-, p38-,
and MAPK-dependent signaling. These events can in turn mediate the anti-inflammatory
actions of NO and nitrite-derived fatty acid signaling mediators.

Acknowledgments

This work was supported in part by National Institutes of Health Grants HL8115 and HL64937 (to B.A.F.) and AHA
#0525330B (to N.K.H.K). B.A.F. acknowledges a financial interest in Complexa, Inc.

Abbreviations

ACN acetonitrile

AP1 activator protein-1

apoE—/— apolipoprotein E knockout
ARE antioxidant responsive element
BAECs bovine aortic endothelial cells
BH4 tetrahydrobiopterin
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endothelial cell

endothelial nitric oxide synthase

enhanced product ion

electrophile responsive element
extracellular signal-regulated kinase
glyceraldehyde-3-phosphate dehydrogenase
Hank’s buffered salt solution

human coronary aortic endothelial cells
heme oxygenase 1

high-performance liquid chromatography electrospray ionization
triple quadrupole mass spectrometry

Kelch ECH associating protein 1
low-density lipoprotein

low-density lipoprotein receptor knockout
nitro-linoleic acid

peroxyl radical

mass-to-charge ratio

multiple reaction monitoring

nuclear factor kappa B

nitric oxide

nitrite

nitro-fatty acids

nuclear transcription factor erythroid 2-related factor 2
superoxide

nitrohydroxy allylic derivative

oleic acid

nitro-oleic acid

p38 mitogen-activated protein kinase
polyacrylamide gel electrophoresis
phosphate buffer saline

phosphoinositide 3-kinases

peroxisome proliferator-activated receptor y
post-translational protein modifications
rat aortic smooth muscle cells

reactive oxygen species

nitro-stearic acid derivative

sodium dodecyl sulfate
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TTBS tween 20 tris-buffered saline
4-HNE 4-hydroxy-2-nonenal
4-ONE 4-oxononenal
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Figure 1.

OA-NO; levels increased in mice treated subcutaneously with OA or OA-NO, via osmotic
mini pump for three days accompanies enhanced eNOS and HO-1 gene expression. Blood was
collected from the treated mice. The serum was analyzed by HPLC ESI MS/MS in the negative
ion mode using [13C]JOA-NO> as an internal standard by acquiring MRM transitions consistent
with the loss of the nitro functional group (46 amu corresponds to the mass of NO,): m/z 326/46
and m/z 344/46 for OA-NO, and [13C]JOA-NO,, respectively. Representative chromatographs
of lipids extracted from serum [13C1g] OA-NO,, (top panel), OA-NO, (middle panel), and OA
(bottom panel) are shown (A). Free OA-NO, levels (nM) were determined using ANALYST
1.4 quantitation software (B). Real time PCR analysis was performed for eNOS and HO-1 from
aortas of mice with the osmotic mini pump for 3 d. Administration of OA-NO, (3 mg/kg/d for
3d) increased eNOS (left) and HO-1(right) mRNA levels compared to OA-treated mice. eNOS
and HO-1 mRNA levels were normalized to Actin (C). Data are expressed from 6-8 mice per
group and expressed as mean = SEM.

Free Radic Biol Med. Author manuscript; available in PMC 2011 January 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Khoo et al.

12.57

HO-1 Fold Induction

HO-1 Fold Induction

10

7.5

2.5

Page 18

OA-NO, (M)

con

OA-NO, (uM)
QA 25 5

= ) HO1

A

con OA 0.5 1 25

OA-NO, (uM)

Figure 2.

OA-NO; induces HO-1 mRNA and protein in endothelial and vascular smooth muscle cells.
Endothelial cells were incubated with 2.5 and 5 uM OA-NO, or the native fatty acid OA for
16 hrs and real time PCR analysis was performed (A). Endothelial cells were treated with the
same concentrations of OA-NO, or OA for 24 hr and Western blotting was performed (B).
VSMCs were treated with the indicated concentrations of OA-NO, or OA for 2.5 hr and 24 hr
and real time PCR analysis (C) and Western blotting (D) was performed, respectively. The
Western blot is a representative of 5-7 separate experiments. The real time PCR analysis results
are derived from at least five independent experiments and data are expressed as mean + SEM.
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Figure 3.

Endothelial cells increase eNOS following OA-NO, treatment. Cells were incubated for 16 hr
with indicated concentrations of OA-NO, or OA and real time PCR analysis was performed
(A) and 24 hr for Western blotting (B). OA-NO, treatment for 16 hr stimulates NO release
from ECs. NO generation was determined in OA- and 2.5 uM OA-NO,-treated confluent ECs
for 16 hrs using Sievers nitric oxide analyzer (NOA). The levels of nitrite accumulation have
been normalized to protein content of the ECs and are reported as a percent of the OA control.
Basal levels of NO,™ = 326.5 + 8.7 pmoles/mg protein. Results are derived from at least five
independent experiments and data are expressed as mean + SEM.
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Figure 4.

OA-NO, treatment stimulates phosphorylation of eNOS, Akt, ERK, and p38. Confluent ECs
were stimulated with 2.5 and 5 uM OA-NO, for 7.5 (A) and 30 min (B) and Western blotted
for P-eNOS, P-Akt, P-p38, P-ERK, and actin. The results are a representative of 5-7 separate
experiments.
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Figure 5.

OA-NO, treatment stimulates NO release from ECs. NO generation was determined in OA-
and 2.5 uM OA-NO,-treated confluent ECs for the indicated times using Sievers nitric oxide
analyzer (NOA). The levels of nitrite have been normalized to protein concentration (basal
NO,™ = 4.8 = 0.2 pmoles/min/mg protein) and are reported as a percent of control at each
individual time point (30, 60, and 120 min). Results are derived from at least five independent
experiments and data are expressed as mean + SEM.
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Figure 6.

OA-NO; is rapidly metabolized by ECs. BAEC were grown to confluence and treated with a
mixture of 9- and 10-nitro regio-isomers of [13C1g]-OA-NO, (5 M) in HBSS over a period
of 90 minutes. Equimolar distribution of the 9- and 10-nitro regio-isomers of OA-NO, is
depicted (A, inset) as previously determined ([7], online supplement). The HBSS solution was
collected and ECs were scrape harvested at the indicated time points. HBSS, corresponding
cell extracts and control HBSS treatments (with [13C;g]-OA-NO, at 37°C at each indicated
time point) were extracted using ACN precipitation as described in Materials and Methods and
supernatants were analyzed by LC-MS-MS. [13C45]-OA-NO, was detected following a m/z
344/46 for [13C1g]-OA-NO, and a MRM transition corresponding to the detection of the nitro
group (NO,™) with peak at 3.6 min. A continuous decay in peak area was observed for
[13C1g]-OA-NO, over the 90 min time course (A). A composite of the chromatograms shows
the loss of the [13C1g]-OA-NO, (filled square) and the concomitant formation of [13C;g]-SA-
NO, (open triangle) over the period of 90 min (B). [13C4g]-OA-NO; is rapidly saturated to a
nitro-stearic acid ([13C1g]-SA-NO,). [13C1g]-SA-NO, was detected following a m/z 346/46
MRM transition (C, left panel). Arrow indicates a peak corresponding to the contribution of
heavy isotopes from [13C4g]-OA-NO,. Fragmentation patterns of product ion analysis (peak
at 3.73 min) confirmed the formation of [13C4g]-SA-NO,. The major expected fragments from
[3C1g]-SA-NO, were detected, corresponding to the formation of 46 (NO,7): m/z 299 (neutral
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loss of HNO,,-47 amu) and 328 (the loss H,0, —18 amu) (C, right panel). Scheme showing
the main fragmentation products (C, inset right panel). The two isomers of [13C4g]-OA-(OH)-
NO, were detected following a formation of specific breakdown product ions. The MRM
transition m/z 362/180 corresponds to the fragmentation of 9-(OH)-10NO, (peak at 5.7 and
5.8 min) (D, upper panels), and transition m/z 362/211 corresponds to the fragmentation of 10-
(OH)-9NO, (peak at 5.8 min) (D, lower panels). Fragmentation patterns of [1:3C1g]-OA-(OH)-
NO, isomers (D, right panels) show characteristic fragmentation for vicinal nitro-hydroxy fatty
acids (180 and 193 ions) and formation of NOo™ (46 ion).
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