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Nitro-fatty acids (NO,-FA) are electrophilic signaling media-
tors formed by reactions of nitric oxide and nitrite. NO,-FA
exert anti-inflammatory signaling actions through post-transla-
tional protein modifications. We report that nitro-oleic acid
(OA-NO,) stimulates proMMP-7 and proMMP-9 proteolytic
activity via adduction of the conserved cysteine switch domain
thiolate. Biotin-labeled OA-NO, showed this adduction occurs
preferentially with latent forms of MMP, confirming a role for
thiol alkylation by OA-NO, in MMP activation. In addition to
regulating pro-MMP activation, MMP expression was modu-
lated by OA-NO, via activation of peroxisome proliferator-acti-
vated receptor-y. MMP-9 transcription was decreased in phor-
bol 12-myristate 13-acetate-stimulated THP-1 macrophages to
an extent similar to that induced by the peroxisome pro-
liferator-activated receptor-y agonist Rosiglitazone. This was
affirmed using a murine model of atherosclerosis, ApoE ™/~
mice, where in vivo OA-NO, administration suppressed MMP
expression in atherosclerotic lesions. These findings reveal that
electrophilic fatty acid derivatives can serve as effectors during
inflammation, first by activating pro-MMP proteolytic activity
via alkylation of the cysteine switch domain, and then by tran-
scriptionally inhibiting MMP expression, thereby limiting the
further progression of inflammatory processes.

Nitro-fatty acids, products of the reaction of nitric oxide
(NO), secondary oxides of nitrogen, and unsaturated fatty
acids, act as anti-inflammatory signaling mediators (1, 2).
Nitroalkene derivatives of fatty acids, including nitro-linoleic
acid (LNO,)? and nitro-oleic acid (OA-NO,), are electrophilic
and exert signaling actions via peroxisome proliferator-acti-
vated receptor-y (PPARy)-dependent and -independent mech-
anisms (3). NO,-FA also modulate inflammation by inhibiting
nuclear factor kB (NF-«B)-dependent gene expression (4), sup-
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pression of the proinflammatory signal transducer and activa-
tor of transcription-1 (STAT-1) (5), and induction of heat
shock factor and nuclear factor-erythroid 2-related factor
2/Kelch-like ECH-associating protein 1 (Keapl/Nrf2)-depen-
dent phase II gene expression (6).

A broad range of enzymatically and non-enzymatically mod-
ified fatty acids mediate different stages of inflammation, rang-
ing from cytokine secretion and cell recruitment to the resolu-
tion of inflammation (7). In particular, electrophilic fatty acids
stemming from oxidative inflammatory reactions (i.e. 15-de-
oxy-A'*"*-prostaglandin J,, 4-hydroxynonenal, 4-oxononenal,
acrolein, and NO,-FA) undergo Michael addition reaction with
nucleophilic amino acids (i.e. cysteine and histidine) located in
electrophile-sensitive protein domains (8). The sites, rates, and
reversibility of reaction of these different species are strongly
influenced by the electron withdrawing group. In this regard,
the rate constant for the reversible Michael addition of cysteine
and glutathione (GSH) by NO,-FA is 2 orders of magnitude
greater than for a,B-unsaturated carbonyl fatty acids includ-
ing 4-hydroxynonenal, 4-oxononenal, prostaglandin A,, and
15-deoxy-A'>'*-prostaglandin J, (9). The facile reaction of
NO,-FA with susceptible thiols of key transcriptional regula-
tory proteins, including the p65 subunit of NF-«B (10), PPARYy
(11), and Keap1/Nrf2 (12). This supports that nitroalkenes are
redox reaction-derived byproducts that link both gene expres-
sion and cell function with metabolic and inflammatory status
(13). It is expected that electrophile-induced cytoprotective
versus toxic reactions will be dependent on multiple factors,
including electrophile concentration, molecular target specific-
ity, reaction reversibility, metabolism, and excretion (14, 15).

Matrix metalloproteinases, a class of proteolytic enzymes
under strict transcriptional and post-translational regulation,
are composed of 24 members in mammals. MMPs are respon-
sible for the degradation and turnover of extracellular matrix
components. MMPs all share a common structure that consists
of a signal peptide, the pro-peptide domain, and a catalytic
domain containing a Zn>" ion at the active site (16). In general,
MMPs are secreted as zymogens and are maintained in a latent
state until activated. Latency is maintained by a covalent thiol-
Zn>" interaction between a conserved cysteine in the pro-pep-
tide domain and a Zn>" ion complexed in the catalytic domain.
Activation of pro-MMP occurs upon the dissociation of the
Cys-S-Zn*"* bond or by proteolytic cleavage of the pro-domain
(17). Dysregulation of MMP activity is linked with the initiation
and development of numerous pathological processes such as
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atherosclerosis, cardiac remodeling, emphysema, and meta-
static cancers (18).

Byproducts of inflammatory reactions play a role during
MMP activation in vivo. In this context, compelling evidence
supports that a product of neutrophil myeloperoxidase,
hypochlorous acid, induces in vitro activation of proMMP-7 by
Cys-SH oxidation to sulfinic acid (Cys-SO,H) (19). Also, the
product of superoxide and NO reaction, peroxynitrite
(ONOO7™), induces oxidation and glutathiolation (Cys-S-SG)
of the MMP cysteine switch thiol (20). In contrast, MMP acti-
vation by NO-mediated Cys-S-nitrosation remains controver-
sial, because of the broad range of concentrations and chemical
natures of different NO donors being used (21, 22).

During the onset of inflammation, immune cell access to
sites of injury and infection is facilitated by MMP activity.
Uncontrolled or prolonged exposure to MMP activity results in
tissue damage, remodeling, poor resolution of inflammation,
and even progression of disease toward more chronic states.
For example, atheroma formation in blood vessels is associated
with, neointimal proliferation and infiltration of macrophages
(23). Plaque stability is critically related to the action of MMPs,
as the hydrolysis of extracellular matrix leads to plaque insta-
bility, plaque rupture, and vessel occlusion (24).

It remains unclear as to what regulates the beneficial versus
deleterious actions of MMPs toward atherosclerotic plaque.
Studies of MMP-9~/~ mice have revealed opposing results on
plaque size and stability (25, 26). Therefore, the regulation of
MMP expression by macrophages and control of the inflamma-
tory process seem to be crucial aspects for the prevention of
plaque rupture. In this regard, in vivo administration of
OA-NO, inhibits the formation of fatty streaks and stabilizes
atheromatous plaque in ApoE '~ mice fed a high-fat diet, a
model of atherosclerosis (27). Notably, tissue and plasma levels
of NO,-FA can be increased by inflammatory and ischemic
processes (10, 28, 29), suggesting that downstream signaling
actions may also be of relevance. For these reasons, we exam-
ined the impact of an exemplary nitroalkenyl fatty acid,
OA-NO,, on the activity and transcriptional regulation of
MMPs using MMP-7 and MMP-9 as enzymatic and biological
models.

EXPERIMENTAL PROCEDURES

Materials—All chemicals were purchased from Sigma, if not
stated otherwise. Recombinant human proMMP-7, proMMP-
9, MMP-2/MMP-9 substrate II, and MMP-7 fluorescent Mca
peptide  (7-methoxycoumarin-4-acetyl-Pro-Leu-Gly-Leu-3-
(2,4-dinitrophenylamino)Ala-Ala-Arg-NH,) were from Calbi-
ochem (La Jolla, CA). Polyclonal MMP-9 antibody was
obtained from Sigma and streptavidin-conjugated HRP from
Pierce. Nitro-linoleic acid (9-, 10-, 12-, or 13- octadeca 9,12-cis,
cis dienoic acids; LNO,) and nitro-oleic acid (9- or 10- octadeca
9-cis enoic acids; OA-NO,) were prepared as previously
described (30, 31). OA-NO,-biotin and OA-biotin were pre-
pared as described (4). The human macrophage THP-1 cell line
was obtained from the American Type Culture Collection
(ATCC). Cells were maintained in DMEM, 10% fetal serum
bovine (FBS), and 100 units/ml of penicillin and streptomycin
at 37°C, 5% CO,.
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MMP-9 Activity Determination—Pro-MMP-9 activation
was determined by following the proteolytic product of the
MMP synthetic peptide substrate by mass spectrometry. Pro-
MMP-9 was incubated with various concentrations of OA-NO,,
(1-20 um), oleic acid (OA, 1-20 uMm), and methanol (vehicle
control) in 50 mm sodium phosphate buffer, pH 7.5, for 45 min
at 23 °C. Then, 30 wmol of the synthetic substrate was added
and, at the indicated time points, the reaction was terminated
by acidification with formic acid (1% final concentration) and
proteolytic products were quantified by LC-ESI-MS. Mass
spectrometric analysis and quantification were performed
using a hybrid triple-quadrupole linear ion trap mass spectrom-
eter (4000 Q trap; Applied Biosystems) coupled to a Shimadzu
HPLC system. Peptides were separated on a reverse-phase col-
umn (Zorbax SB300-C18, 100 X 0.5 mm, 3.5 um) using mobile
phase: solvent A (0.1% formic acid in water) and solvent B (0.1%
formic acid in acetonitrile). Elution was carried out with a linear
gradient of solvent B (2-100% in 7 min). MS analysis in the
positive ion mode showed an ion corresponding to the MMP
peptide substrate m/z 656.5, and the MMP cleavage product
ion with an m/z 369.5 resulting from the activation of
proMMP-9 with p-aminophenylmercuric acetate, a known
activator of latent MMP-9. Quantification of substrate con-
sumption and product formation was done using the multiple
reaction monitoring scan mode by recording peak areas using
an external standard curves. The following multiple reaction
monitoring transitions were used for substrate consumption
(m/z 656.5/369.5) and product formation (m/z 369.5/239.1).

ProMMP-7 Activity—Proteolytic activity of proMMP-7 was
measured by fluorescence analysis using the synthetic pep-
tide, 7-methoxycoumarin-4-acetyl-Pro-Leu-Gly-Leu-B-(2,4-
dinitrophenylamino)Ala-Ala-Arg-NH, (Mca peptide), which
under proteolytic cleavage release the fluorescence domain.
Briefly, the proMMP-7 sample was incubated with NO,-FA as
described above with proMMP-9. Then, aliquots of proMMP-7
(30 ng) were transferred to a 96-well microtiter plate containing
3 uM substrate (Mca) in 500 ul of reaction buffer (50 mm Tris-
HC], pH 7.4, 0.2 M NaCl, 10 mm CaCl,, and 0.02% NaN,).
Fluorescence was acquired using an excitation wavelength of
Aoy = 328 nm and emission A, = 392 nm in a SpectraMax M2
microplate reader (Molecular Devices). Control reactions were
performed to evaluate the effects of the reaction mixture com-
ponents on fluorescence yields.

Gelatin Zymography—MMP-9 activity was assessed in con-
ditioned media from THP-1 cells incubated with OA-NO,, OA,
or preincubated with the PPARy antagonist GW9662. Samples
were prepared in non-reducing buffer and loaded on 4-12%
polyacrylamide gradient gels containing 0.1% gelatin. After
electrophoresis, the gels were washed with 2.5% Triton X-100
and incubated for 18 h in activation buffer containing 10 mm
Tris-HCI, pH 7.4, 100 mm NaCl, and 10 mm CaCl,. Then, gels
were stained in 0.25% Coomassie Brilliant Blue G-250 solution.
Proteolytic activity was determined as proteolysed areas of gel-
atin against the blue background staining.

Mass Spectrometry—Native proMMP-7 (10 ug) was digested
before and after OA-NO, and OA treatment with sequencing
grade trypsin (1:50) in 50 mM phosphate buffer, pH 7.4, at 37 °C
for 16 h. ESI-LC-MS analysis of the peptide digest was per-
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FIGURE 1. 0A-NO, induces activation of proMMP-9 and proMMP-7. Pro-MMPs were treated with either OA-NO, or OA (1-20 um) in 50 mm phosphate buffer,
pH 7.5, for 30 min at RT. Aliquots were removed and proteolytic activity was determined by LC-ESI-MS using a synthetic peptide as MMP substrate. A, proMMP-9
activation by OA-NO,. B, OA-NO, time and dose dependence of proMMP-9 activation. C, proMMP-7 activation by OA-NO,. D, OA-NO, (10 um) does not affect
MMP-9 activity. Results are the mean = S.D. of three independent determinations.

formed in the positive ion mode with a linear ion trap mass
spectrometer (LTQ-XL, Thermo Electron Corp., San Jose, CA).
Peptides were separated in a reverse-phase column (Grace
Vydac, 5 wm, 2.1 X 150 mm, 300 A) with solvent A (0.1% formic
acid in water) and solvent B (0.1% formic acid in acetonitrile) at
a flow rate of 0.2 ml/min. Peptides were eluted with a linear
gradient of solvent B (5—60% in 70 min). The electrospray volt-
age was set at 5 kV and the capillary temperature was 260 °C.

Western Blotting—ProMMP-9 and MMP-9 treated with
OA-NO,-biotin or OA-biotin were separated on 10% SDS-
polyacrylamide gels (Criterion™ XT Precast Gels, Bio-Rad)
and transferred to nitrocellulose membranes at 90 V for 1 h at
4 °C. Membranes were blocked with 10% nonfat milk in Tris-
buffered saline, 0.05% Tween 20 (TTBS) for 1 h at room tem-
perature before incubation with a 1:1000 dilution of streptavi-
din-horseradish peroxidase (HRP) conjugate (Pierce) in TTBS,
1% nonfat milk for 1 h at RT. Then, membranes were washed in
TTBS and developed with chemiluminescent substrate (GE
Healthcare). To ensure even protein loading, membranes were
stripped and re-probed with anti-MMP-9 antibody, which rec-
ognizes pro- and active forms.

Quantitative Real Time PCR—THP-1 cells (90% of conflu-
ent) were treated with OA-NO, (1-2.5 um), Rosiglitazone
(1-2.5 um), and methanol (vehicle control) for 1 h before stim-
ulation with 0.1 um PMA during 4, 9, and 16 h. Then, cells were
harvested for RNA extraction. Total RNA was extracted by
TRIzol® (Invitrogen) according to the manufacturer’s instruc-
tions. RNA (1 ug) was reverse transcribed in a 25-ul reaction
using iScript™ ¢DNA synthesis kit (Bio-Rad). Samples were
analyzed by TagMan fast universal PCR master mixture using
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gene expression primers for MMP-9 (Hs00234579_m1) and
actin as a housekeeping gene. Samples were run in triplicate in
the StepOne detection system (Applied Biosystems).

Murine Atherosclerosis Studies—Male ApoE™'~ mice were
purchased from The Jackson Laboratory. At 8 weeks age, mice
were placed on an atherogenic diet for 12 weeks (21% fat and
1.25% cholesterol, Harlan Teklan). Concurrently, mice were
implanted with a subcutaneous osmotic mini-pump (Alzet®,
Durect Corp., Cupertino, CA), which delivered OA-NO, (8
mg/kg/d), OA (8 mg/kg/d, Nu-Chek Inc.), or vehicle control
(polyethylene glycol/ethanol). At the termination of treatment,
mice were sacrificed and aortic roots dissected and embedded
in OCT medium for posterior sectioning. Tissue was fixed
before staining and atherosclerotic lesions were detected by Oil
Red O staining. Immunofluorescence of aortic root sections
was performed with an anti-MMP-9 antibody (Sigma). All ani-
mal studies were approved by the University of Pittsburgh Insti-
tutional Animal Care and Use Committee (approval 0709432).

RESULTS

OA-NO, Activation of ProMMUP-9 and ProMMP-7—To eval-
uate whether OA-NO, disrupts Cys-Zn>" interactions to acti-
vate proMMP-9, the pro-enzyme was treated with OA-NO,
and extents of proteolytic product generation from an added
synthetic peptide substrate was monitored by mass spectro-
metry (Fig. 1). Incubation with OA-NO,, (1-10 um) for 30 min
at 37°C induced a 3-fold increase in the activation of
proMMP-9, whereas both vehicle control (not shown) and OA
had no effect (Fig. 1A). Activation of proMMP-9 was both time-
and dose-dependent, with pro-enzyme not being activated by
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FIGURE 2. OA-NO, induces activation of proMMP-9. A, recombinant
proMMP-9 treated with OA-NO, is activated in a dose-dependent fashion
(1-10 um). Conversion of proMMP-9 (92 kDa) to the low molecular mass active
form (82 kDa) is demonstrated by gelatin zymography. B, Western blot of
proMMP-9 activated by OA-NO,. One representative experiment of three is
shown.

native OA (Fig. 1B). In addition, the activation of proMMP-9 by
OA-NO, presented a biphasic response profile, showing acti-
vation at concentrations lower than 10 uM and reduction of
activity at higher and less biological concentrations (>10 um)
(Fig. 1, A and B). ProMMP-7 activation by OA-NO, was also
dose-dependent and unaffected by native OA (Fig. 1C), with
proMMP-7 slightly more sensitive to activation by OA-NO,
than proMMP-9 (Fig. 14, C). MMP-9 activity was not affected
by 10 um OA-NO, and its native fatty acid counterpart OA
(Fig. 1D).

To verify that OA-NO, activated MMP-9 by inducing cleav-
age of the pro-domain, recombinant proMMP-9 was incubated
with OA-NO, and evaluated by both gelatin zymography and
Western blot analysis. Zymography gels (Fig. 24) showed that
OA-NO, treatment induces, in a dose-dependent fashion
(1-10 um), conversion of the zymogen (92 kDa) to the active
form of MMP-9, as revealed by an emerging band showing both
proteolytic activity and a lower molecular mass (82 kDa). In
separate experiments over time (2, 12, and 24 h), treatment with
OA-NO,, gave similar results, confirming conversion to the
active MMP-9 form, as compared with the MMP activator
p-aminophenylmercuric acetate. Treatment with native OA
did not induce cleavage of proMMP-9 (Fig. 2B).

OA-NO, Adduction of ProMMP-9—The activation of
proMMP-9 was further evaluated with a biotin-OA-NO,, deriv-
ative. MMP-9 and proMMP-9 (0.2 ug) were treated with either
biotin-OA-NO, or the corresponding native fatty acid control,
biotin-OA, and the proteins were analyzed by Western blotting
(Fig. 3). Formation of the proMMP-9-OANO,-biotin adduct
was increased in a dose-dependent manner (1-10 um) (Fig. 3).
In contrast, the active form of MMP-9, which lacks the 10-kDa
amino-terminal pro-domain, was not alkylated by biotin-OA-
NO, at concentrations up to 10 um. Non-electrophilic OA-
biotin was used as a control for nonspecific interactions (Fig. 3).
These results reveal that biotin-OA-NO, adduction to
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FIGURE 3. OA-NO, induces nitroalkylation of the proMMP-9 cysteine
switch domain. ProMMP-9 and MMP-9 (200 ng) were incubated with various
concentrations of biotinylated OA-NO, (1, 5, and 10 um) in 50 mm phosphate
buffer, pH 7.5, at room temperature (23 °C) for 30 min. Pro-MMP-9 and MMP-9
controls were incubated with 10 um biotinylated native oleic acid (OA-B).
Samples were subjected to SDS-PAGE (10% acrylamide gel) under non-reduc-
ing conditions. Proteins were transfered and immunoblotted with streptavi-
din-HRP or polyclonal anti-MMP-9 antibody, which demonstrates an equal
loading of proMMP-9 (92 kDa) and the active form of MMP-9 (82 kDa). This
result is representative of three independent experiments.

Streptavidin

TABLE 1

LC-MS analysis of proMMP-7 cysteine and histidine adduction by
OA-NO,

Tryptic peptides having OA-NO, adducts displayed an increase in HPLC retention
time. The proMMP-7 amino acid sequence is shown below. SP, signal peptide; italic
bold letters indicate propeptide domain, PD; CL, catalytic domain and CL-ZnBD,
CL zinc binding domain.

Peptides targeted by OA-NO2 in proMMP-7

LC-Retention Time Experimental mass

min z detected
Peptide sequence {mir) ( ) Domain®
Native OA-NO2 Native OA-NO2
C*GVPDVAEYSLFPNSPK 38-42 70.2-72.5 1823.0(3) 2150.2 (3) PD
DLPH*ITVDR 243 60.8 1065.5(2)  1392.9 (2) cL
EIPLH*FR 231 60.2 911.5(3)  12389(2) cL
GSSLGINFLYAATH*E 37.0 64.1 1579.7 (2)  1907.1(2) CL-ZnBD
proMMP-7 Autocatalytic cleaved peptide
YSLFPNSPK 26.7 1052.5 (2) PD
SP

1 MRLTVLCAVCLLPGSLAL PLPQEAGGMSELQWEQAQDYLKRFYLYDSETKNANSLEAKLK
61 EMQKFFGLPITGMLNSRVIEIMQKPRC*GVPDVAEYSLFPNSPKWTSKVVTYRIVSYTRDL
121 PH*ITVDRLVSKALNMWGKEIPL H*FRKVVWGTADIMIGFARGAHGDSYPFDGPGNTLAHAF
181 APGTGLGGDAHFDEDERWTDGSSLGINFLY AATH*ELGHSLGMGHSSDPNAVMYPTYGNGD
241 PQNFKLSQDDIKGIQKLYGKRSNSRKK CL-ZnBD

proMMP-9 occurs in the pro-domain region, which contains
the critical thiol group involved in the activation of MMPs
(Cys-70 and Cys-100 for proMMP-7 and proMMP-9,
respectively).

Mass Spectrometric Analysis of ProMMP-7—To define spe-
cific sites of OA-NO, adduction, proMMP-7 was trypsin di-
gested and sequenced by mass spectrometry. ProMMP-7 was
selected for analysis due to its lower molecular mass (29 kDa)
and the fact that it contains only 1 cysteine (in the prodomain)
and 8 histidine residues. Untreated proMMP-7 (5 ug) tryptic
digests were analyzed by ESI-LC-MS, resulting in 65% peptide
coverage of the primary sequence (not shown). When digests of
OA-NO,-treated proMMP-7 were analyzed, four OA-NO,-ad-
ducted peptides were identified (Table 1). These peptides
showed both the addition of m1/z 327.3 upon OA-NO, reaction
(the mass of OA-NO,) and a shift in retention time compared
with the non-modified peptides, due to an increased hydropho-
bicity induced by OA-NO, adduction. One of the four modified
peptides encompassed residues 70—86 that contain the cys-
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teine switch domain coordinating the Zn>" ion in the catalytic
domain. ESI-LC-MS analysis also showed a new peak in the
treated sample as the doubly charged ion m/z 1075.4; [C(OA-
NO,)GVPDVAEYSLFPNSPK]*>* having a theoretical mass of
m/z of 1075.8 (Table 1 and supplemental Fig. S1A4). The
unmodified peptide was detected as a doubly charged ion of
m/z 912.0 [CGVPDVAEYSLFPNSPK]**; which was present in
low abundance in OA-NO,-treated samples (supplemental Fig.
S1A). The mass difference between the non-modified and the
modified peptide was m/z 163.4 atomic mass units, corre-
sponding to the mass of OA-NO, in a doubly charged peptide
(supplemental Fig. S14). To verify these results, MS/MS analy-
sis of ions m/z 912.0 and 1075.4 was performed and showed a
sequence of b and y ions that match the expected ion products
from the cysteine switch domain peptide (supplemental Fig.
S1B). These results indicate that the thiol group of the pro-
domain is the principal target for covalent adduction by
OA-NO,, and supports that lipid electrophiles can play a role in
the activation of MMPs.

Activation of pro-MMP involves the disruption of the
thiol-Zn>" interactions that in turn trigger an autoproteo-
lytic cleavage of the prodomain. MS analysis of the peptide
digest of OA-NO,-treated proMMP-7 identified a doubly
charged ion of m/z 526.7 [YSLFPNSPK]>", which corresponds
to the autoproteolytic product of the prodomain peptide,
CGVPDVAE"”Y”®SLFPNSPK (supplemental Fig. S1C). Analy-
sis of unmodified proMMP-7 did not detect this peptide ion.
Failure to detect the complementary ion CGVPDVAE™ (m/z
1117.3) in both treatments may have been the result of poor
ionization.

Regulation of MMP-9 Gene Expression by OA-NO,—To
determine whether OA-NO, modulates MMP-9 transcription,
THP-1 macrophages were stimulated with 0.1 um PMA after
OA-NO, treatment. Upon activation, MMP-9 mRNA tran-
scription was assessed at 4, 9, and 16 h by quantitative real time
PCR. PMA induced 10 * 1.5- and 65 * 4.3-fold increases in
mRNA levels at 9 and 16 h, respectively (Fig. 44). OA-NO,
(1-2.5 um) and Rosiglitazone (2.5 um), both potent PPAR7y
ligands (11), markedly suppressed PMA induction to 2 % 0.2-
and 1.8 = 0.3-fold increases, respectively, after 9 h of incuba-
tion. Comparable results were obtained after 16 h of treatment,
with OA-NO, and Rosiglitazone reducing PMA induction of
MMP-9 mRNA transcription to 31.3 * 4.1- and 35 = 3.8-fold
increases. Only slight effects were observed at 4 h after PPAR7y
ligand addition (Fig. 44). No change in MMP-9 mRNA expres-
sion was induced by OA-NO, or Rosiglitazone in the absence of
cell differentiation by PMA (Fig. 4B).

To evaluate whether a change in transcription affected
MMP-9 protein secretion, extracellular levels of MMP-9 were
assessed. THP-1 cells in serum-free medium were treated for
1 h with OA-NO, (0-2.5 um) or Rosiglitazone (0-2.5 um)
before PMA stimulation and then secretion into the medium
was monitored by Western blotting. MMP-9 was only detecta-
ble in cell medium upon PMA stimulation (Fig. 4C). Both
Rosiglitazone and OA-NO, significantly decreased extracellu-
lar MMP-9 secretion, although the effect of NO,-FA was less
pronounced. Trypan blue exclusion staining for cell viability
did not show any difference between treatments (not shown).
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FIGURE 4. PMA-induced MMP-9 expression is down-regulated by
OA-NO,. THP-1 cells were preincubated with the indicated concentrations of
OA-NO, and Rosiglitazone for 1 h prior to addition of PMA. A, PMA induced
MMP-9 mRNA expression is significantly decreased by OA-NO, (1.0-2.5 um)
and Rosiglitazone (2.5 um) at 9 and 16 h compared with PMA treatment. Data
are presented as mean = S.E. of three independent experiments (OA-NO,
(1.0-2.5 um), ¥, p < 0.05; and Rosiglitazone (2.5 um), #, p < 0.05 compared
with PMA, analysis of variance). B, OA-NO, did not alter MMP-9 mRNA levels in
cells in the absence of PMA stimulation but significantly reduced its expres-
sion under PMA stimulation. Data are presented as mean = S.E. of three inde-
pendent experiments (OA-NO, (1.0-2.5 um), *, p < 0.05; and Rosiglitazone
(2.5 pum), #, p < 0.05 compared with PMA induction, analysis of variance).
C, MMP-9 protein expression is decreased in the medium of THP-1 cells
exposed to OA-NO, previous to PMA stimulation. Results are representative
of three independent experiments. D, PPARy antagonist GW9662 blocks
MMP-9 down-regulation by OA-NO,. Gel zymography of the THP-1 cells
supernatant incubated with OA-NO, (1-5 uMm) in the presence or absence of
PPARYy inhibitor, GW9662, significantly inhibited down-regulation of MMP-9.
These results are representative of three independent experiments.
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FIGURE 5. OA-NO, decreased MMP-9 expression in atherosclerotic
plaques. A, representative aortic sections stained by MMP-9 (magnification
X 20, scale bar indicate 100 nm, blue = nuclei, red = MMP-9). B, quantitative
analysis of MMP-9 expression in the atherosclerotic lesion area. OA-NO, sig-
nificantly reduces MMP-9-positive areas (¥, p < 0.05 versus vehicle control).
Data are presented as mean = S.E. of three independent experiments.

Gelatin zymography of THP-1-conditioned medium con-
firmed the inhibition of MMP-9 expression by OA-NO, (1-5
uM). Notably, when cells were incubated with the PPARvy
receptor antagonist GW9662 (20 um), OA-NO,-induced inhi-
bition of MMP-9 expression was abrogated (Fig. 4D).

OA-NO,, Decreases MMP-9 Expression in Atherosclerotic
Plaque of ApoE-deficient (ApoE ’~) Mice—The effect of
OA-NO, administration in vivo on MMP-9 expression in
developing atherosclerotic lesions of ApoE '~ mice was exam-
ined by immunofluorescence analysis of protein expression.
There was a significant decrease in MMP-9 expression when
compared with vehicle-treated mice (Fig. 5, A and B) support-
ing in vivo regulation of MMP-9 expression by OA-NO.,,.

DISCUSSION

The electrophilic fatty acid OA-NO, modulates the proteo-
lytic activity of MMP-9 and MMP-7 by reaction with and alky-
lation of the cysteine switch domain thiol, converting the pro-
enzyme to the active form. In addition, OA-NO, suppresses
PMA-induced human THP-1 macrophage MMP-9 mRNA
gene expression to an extent similar to the PPARYy agonist
Rosiglitazone. This effect was inhibited by the PPARYy receptor
antagonist GW9662. These actions are of potential clinical sig-
nificance, because MMPs strongly influence turnover and
remodeling of the vascular extracellular matrix. Thus, electro-
philic fatty acids can transduce the vessel remodeling promoted
by physiologic modulators of MMP expression and activity that
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include inflammatory cytokines, reactive oxygen species, and
hemodynamic stresses (32).

Inflammatory stimuli induce elevated rates of generation of
reactive oxygen and NO-derived species, which in turn contrib-
ute to the nitration of unsaturated fatty acids. For example,
oleic and linoleic acid nitration are induced in cardiac tissue
and mitochondria following ischemia-reperfusion events and
in inflammatory mediator-activated macrophages (2, 28, 29).
The endogenous concentrations of these electrophilic species
that can accumulate during inflammatory responses depends
on multiple factors including nitration rates, hydrophobic ver-
sus aqueous compartmentalization of reactions, free versus
esterified unsaturated fatty acid levels, lipase activities, acyl
chain metabolism via 3-oxidation, extents of electrophilic fatty
acid adduction to susceptible nucleophilic residues of proteins
and glutathione, and finally, the cellular export of electrophilic
fatty acid-GSH adducts via multidrug resistance transport pro-
teins (33, 34). Although the predominant mechanisms leading
to the formation of NO,-FA in vivo remain incompletely
defined, fatty acid nitration can also arise from acid-catalyzed
reactions of nitrite (NO, ), both a dietary constituent and a
product of NO metabolism. The protonation of NO, yields
nitrous acid (HNO,), which decomposes to a broad range of
oxidizing, nitrating, and nitrosating species (35, 36). In addi-
tion, nitration reactions can be mediated by the nitrogen diox-
ide ('NO,) that arises from homolytic decomposition of per-
oxynitrous acid (ONOOH) and the CO, reaction product of
peroxynitrite, nitrosoperoxocarbonate (ONOOCO,). Finally,
fatty acid nitration can be induced by one electron oxidation of
NO, to*NO, by heme peroxidases such as leukocyte myeloper-
oxidase (37, 38).

One of the most distinctive properties of NO,-FA is an ability
to undergo kinetically rapid and reversible Michael addition
with nucleophilic amino acids of proteins (e.g Cys, His), an
event leading to post-translational protein modification and
subsequent modulation of protein structure, function, and dis-
tribution (8). In this regard, the limited proteolytic cleavage of
the MMP prodomain is viewed as the principal mechanism for
MMP activation (16). Recent evidence also support that oxi-
dants and electrophilic species can activate pro-MMP (39, 20).
In this context acrolein, an electrophilic constituent of cigarette
smoke (39), and the myeloperoxidase product hypochlorous
acid (HOCI) both stimulate MMP activity (19, 40). Contradic-
tory observations have been reported regarding the activation
of MMP by NO and its secondary superoxide reaction product
peroxynitrite (22, 41).

A central aspect of many inflammatory and degenerative dis-
eases is the dysregulation of MMP activity, a consequence of a
compromised proteolytic balance arising from increased MMP
expression, zymogen activation, and the action of protease
inhibitors (16). MMPs are secreted by diverse cell types, with
their expression dependent on cell type and regulation by a
broad spectrum of mediators. For example, in the vessel wall
MMP-9 is secreted by fibroblasts, endothelial cells, and macro-
phages. In atherosclerotic tissues, macrophage-derived foam
cells are the primary source of the proMMP-9 that dictates the
stability of the atherosclerotic plaque (23, 42). The factors that
stimulate MMP-9 activity in atheroma-associated macro-
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FIGURE 6. OA-NO, regulation of MMP activation.

phages are unclear; however, activation by oxidative stress and
up-regulation of expression by oxidized LDL are implicated
(43).

The catalytic activity of proMMP-7 and proMMP-9 was
modulated by OA-NO, in a dose-dependent manner (Fig. 1).
The mechanism accounting for proMMP-7 activation by
OA-NO, was identified by LC-MS/MS, which revealed
Michael addition of OA-NO, to the cysteine switch domain
thiol (C(OA-NO,)GVPDVAE”’Y”®SLFPNSPK). An alternative
mechanism for MMP activation has also been characterized,
autoproteolytic cleavage at Glu”’-Tyr’® and the subsequent
release of the prodomain fragment. The products of this auto-
proteolytic event were investigated, and revealed an increase in
the formation of the ”*YSLFPNSPK peptide upon OA-NO,
treatment. The appearance of this peptide supports that
OA-NO, adduction also triggered the catalytic activation of
pro-MMP and thus reveals a new mechanism for the post-
translational regulation of MMP catalytic activity (Fig. 6).

In aggregate, this data supports that OA-NO, and other
inflammatory or dietary-derived electrophiles can exert the
activation of proMMP-7 and -9 at low concentrations, while
inhibiting MMP at higher concentrations (14). Patterns of
MMP activation and inhibition will be influenced by steady
state OA-NO, concentrations and target molecule exposure
times. The MMP cysteine switch domain is viewed to represent
the primary target of electrophile reaction that leads to the
zymogen activation. This was further confirmed by an affinity
labeling strategy using biotinylated OA-NO,. In this context,
biotin-OA-NO, underwent rapid reaction with proMMP-9,
but did not react with active MMP-9 at lower and more physi-
ologically relevant concentrations (Fig. 3). Incubation with bio-
tin-OA-NO, at concentrations >10 uM promoted reaction
with catalytically active forms of MMP, reflecting OA-NO,
adduction with less reactive nucleophilic residues such as
histidine.

Current data indicate that NO,-FA play critical roles in mod-
ulating inflammation by inducing both tissue-protective and
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anti-inflammatory responses. Nitroalkene derivatives of fatty
acids are robust PPARY ligands that lead to suppression of
MMP transcription. Notably, NO,-FA covalently react with the
PPARY ligand binding domain Cys*®*® residue, a phenomenon
that will significantly impact K reactions (11). The extended
exposure of PPARy to low concentrations of a covalently
adducting ligand can result in significant accumulation of
bound ligand and receptor activation. This mode of PPARYy
adduction also induces unique patterns of coregulatory protein
interactions when contrasted to those induced by Rosiglita-
zone, thus uniquely impacting patterns of downstream PPARy-
dependent gene expression (11). PPARYy agonists such as
Rosiglitazone and 15-deoxy-A'>'*-prostaglandin J, inhibit
inflammatory cytokine (IL-1B, IL-6, and TNFa), inducible
nitric-oxide synthase, and MMP-9 expression in monocytes by
a transrepression mechanism, wherein PPAR-retinoic acid
receptor heterodimers bind to the transcription factor AP-1,
STAT-1, and NF-«B to inhibit pro-inflammatory transcrip-
tional activity (44). The present results may be explained by
these events, because OA-NO, or Rosiglitazone treatment of
PMA-induced human THP-1 monocytes suppressed both
MMP-9 mRNA expression and protein levels (Fig. 4). Thus,
OA-NO, also modulates MMP-9 expression at the transcrip-
tional level through activation of PPARY, a signaling event not
previously demonstrated for endogenous PPARYy ligands.
Recently, the analysis of atherosclerotic vascular lesions in
ApoE ™/~ mice revealed that in vivo treatment with OA-NO,
significantly attenuated inflammatory cell accumulation within
the lesion and decreased adhesion molecule expression (27).
These data also suggested that OA-NO, might improve plaque
stability by its ability to increase collagen and a-smooth muscle
actin content in plaque material. Because the degradation of
matrix proteins and collagen by MMPs have also been associ-
ated with plaque instability and rupture (26), the present study
extended these observations by showing a significant suppres-
sion of MMP-9 expression in atherosclerotic lesions of
ApoE™’~ mice by OA-NO, (Fig. 5). The decreased plaque
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region MMP-9 expression also affirmed in vitro observations in
THP-1 cells. Thus, NO,-FA regulation of expression and acti-
vation of MMP-9 appears to play a critical role in modulating
macrophage infiltration, plaque formation, vessel wall remod-
eling, and plaque stability. In aggregate, these results reveal a
novel attribute of electrophilic fatty acids, decreasing plaque
formation and increasing plaque stability.

In summary, conditions favoring the generation of electro-
philic fatty acid derivatives can influence MMP activity either
via PPARy-dependent transcriptional regulation or by post-
translational modification of pro-MMP. Specifically, the mech-
anism of pro-MMP activation involves Michael addition of the
nitroalkene with a critical nucleophilic cysteine thiol, disrup-
tion of the thiolate-Zn>* ion interaction and the subsequent
autocatalytic release of the pro-domain. The functional conse-
quences of these electrophilic lipid signaling actions in the con-
text of inflammation could involve an early MMP activation
necessary for remodeling and promotion of cell migration to
the site of injury, followed by inhibition of MMP expression in
support of the resolution of inflammatory processes.
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