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Abstract The levels of nitro fatty acids (NO,-FA), such as
nitroarachidonic, nitrolinoleic, nitrooleic, and dinitrooleic
acids, are elevated under various inflammatory conditions,
and this results in different anti-inflammatory effects.
However, other multiply nitrated and nitro-oxidized FAs have
not been studied so far. Owing to the low concentrations
in vivo, NO,-FA analytics usually relies on targeted gas chro-
matography—tandem mass spectrometry (MS/MS) or liquid
chromatography—-MS/MS, and thus require standard com-
pounds for method development. To overcome this limitation
and increase the number and diversity of analytes, we per-
formed in-depth mass spectrometry (MS) profiling of nitration
products formed in vitro by incubating fatty acids with
NO,BF,4, and ONOO'". The modified fatty acids were used
to develop a highly specific and sensitive multiple reaction
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monitoring LC-MS method for relative quantification
of 42 different nitrated and oxidized species representing
three different groups: singly nitrated, multiply nitrated, and
nitro-oxidized fatty acids. The method was validated in
in vitro nitration kinetic studies and in a cellular model of
nitrosative stress. NO,-FA were quantified in lipid extracts
from 3-morpholinosydnonimine-treated rat primary
cardiomyocytes after 15, 30, and 70 min from stress onset.
The relatively high levels of dinitrooleic, nitroarachidonic,
hydroxynitrodocosapenataenoic, nitrodocosahexaenoic,
hydroxynitrodocosahexaenoic, and dinitrodocosahexaenoic
acids confirm the presence of multiply nitrated and
nitro-oxidized fatty acids in biological systems for the
first time. Thus, in vitro nitration was successfully used
to establish a targeted LC-MS/MS method that was applied
to complex biological samples for quantifying diverse
NO,-FA.

Keywords Cardiomyocytes - Lipid nitration - Lipid
peroxidation - Nitrated fatty acids - Nitrosative stress

Introduction

Nitric oxide (*NO) is a well-known mediator of various bio-
logical processes [1]. Besides being a potent vasodilator, *NO
is generated by phagocytes as part of the innate immune re-
sponse [2] preventing platelet aggregation [3, 4] and leukocyte
adhesion to the endothelium [5]. Under aerobic conditions,
nitric oxide readily reacts with reactive oxygen species
(ROS) yielding various reactive nitrogen species (RNS) [6].
Whereas some RNS can act as oxidants and nitrosylating
agents (NO", N,Os, etc.), nitrogen dioxide radical (sNO,),
peroxynitrite anion (ONOO"), and nitronium cation (NO,")
are known nitrating species. The concentrations of *NO and
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oxygen in the hydrophobic environment of cellular mem-
branes and the lipid core of lipoproteins can be several times
higher than in the cytoplasm, triggering elevated RNS produc-
tion rates. In fact, around 90 % of *NO is auto-oxidized in
these compartments [7, 8] and this can modify surrounding
biomolecules. Free polyunsaturated fatty acids (PUFA) and
their esters are the primary targets of RNS owing to their high
susceptibility to oxidation and nitration.

In vivo formation of nitrated fatty acids (NO,-FA) was
supported by their detection in human blood plasma [9-13],
membranes of red blood cells [14], and urine [15, 16]. Recent
evidence indicates increased nitroalkene production rates in
various inflammatory models, such as a 20-fold higher
cholesteryl nitrolinoleate level in murine J774.1 macrophages
activated by an inflammatory stimulus [17]. Increased levels
of nitrolinoleic acid (LaNO,) were detected in mitochondria
during ischemic preconditioning, whereas the level of
nitrooleic acid (OaNO,) remained unchanged, indicating pos-
sible selectivity of fatty acid nitration [18]. Under inflamma-
tory conditions LaNO,, OaNO,, and nitroarachidonic acid
(AaNO,) posses anti-inflammatory activities [19-21], includ-
ing activation of peroxisome-proliferator-activated receptors
[22] and nuclear factor E2 related factor 2 [23, 24], induction
of heme oxygenase 1 [25], inhibition of nuclear factor kB, and
inhibition of prostaglandin endoperoxide H synthase (PGHS)
[26] and NADPH oxidase [27]. OaNO, decreased superoxide
production in activated macrophages and pulmonary artery
smooth muscle cells, demonstrating protective effects in a
hypoxia-induced murine model of pulmonary hypertension
[28]. Additionally, OaNO, reduced atherosclerotic lesion for-
mation in apolipoprotein E deficient mice by inhibiting vas-
cular smooth muscle cell proliferation [29]. Recently it was
demonstrated that OaNO, effectively induces expression of
heat shock proteins and antioxidant enzymes in keratinocytes
[30]. Synthetic AaNO, revealed several new regulatory prop-
erties in cellular models that might be common for NO,-FA.
Release of nitric oxide by AaNO, can induce cyclic GMP
(cGMP)-dependent vasorelaxation and downregulate induc-
ible nitric oxide synthase [31]. Additionally, AaNO, was
shown to prevent NADPH oxidase assembly [27], regulate
protein kinase C [32], and inhibit oxygenase activities of
PGHS-1 and PGHS-2.

Despite increasing interest in the therapeutic potential of
NO,-FA, their in vivo diversity has not been fully discovered.
Currently, data are limited to LaNO,, OaNO,, and AaNO,,
whereas other possible modifications—for example,
polynitro-PUFA and hydroxynitro-PUFA—have rarely been
addressed. In vivo, ROS and RNS are produced simultaneous-
ly, and it is likely that oxidation of PUFA can be followed by
their nitration, and vice versa, leading to a higher diversity of
modified PUFA than is currently assumed. Owing to their
very low in vivo concentrations, ranging from high picomolar
to low nanomolar concentrations, mass-spectrometric

detection of NO,-FA is very challenging. Therefore, multiple
reaction monitoring (MRM) is often used to achieve the re-
quired sensitivity. However, MRM allows only targeted de-
tection, and is thus limited to known or expected compounds.
It does not provide information on NO,-FA diversity. To over-
come these limitations, we performed an in-depth profiling of
PUFA [oleic acid (Oa), linoleic acid (La), conjugated La
(cLa), arachidonic acid (Aa), and docosahexaenoic acid
(Dha)] nitrated in vitro under low and high oxygen tension
to monitor the kinetics of NO,-FA. On the basis of the diver-
sity of NO,-FA identified in vitro, a highly specific and sen-
sitive liquid chromatography (LC)—tandem mass spectrometry
(MS/MS) MRM method was developed and applied for the
detection and relative quantification of NO,-FA in a cardio-
myocyte cell model of nitrosative stress.

Materials and methods
Chemicals

All unsaturated fatty acids, fert-butyl methyl ether (MTBE),
lithium trifluoroacetate, and horse serum were purchased
from Sigma-Aldrich (Taufkirchen, Germany). Acetonitrile,
methanol, and ammonium formate [ultrapure LC/mass
spectrometry (MS) grade] were obtained from Biosolve
(Valkenswaard, Netherlands). Chloroform was purchased
from Merck (Darmstadt, Germany). 2,3,5,6-Tetramethyl-
4-(methylnitrosoamino)phenol (P-NAP) was synthesized ac-
cording to Ieda et al. [33]. Cy;-15-F,-IsoP, dy4-10-F,4-NeuroP,
and d4-4-RS-4-F ,-NeuroP were synthesized according to the
published procedure [34, 35]. Dulbecco’s modified Eagle’s
medium/Ham’s F12 medium was purchased from PAA
Laboratories (Colbe, Germany). Fetal bovine serum,
phosphate-buffered saline, L-glutamine, nonessential amino
acids, sodium pyruvate, and antibiotic (penicillin/streptomy-
cin) solutions were obtained from Life Technologies
(Darmstadt, Germany). 3-Morpholinosydnonimine (SIN-1)
was purchased from Enzo Life Sciences (Lorrach, Germany).

PUFA nitration by NO,BF,

Oa, La, Aa, and Dha (100 g/L in chloroform) were nitrated in
the presence of solid nitronium tetrafluoroborate (NO,BFy;
100 mg, PUFA-NO,BF,, 1:2 molar ratio, 20 °C, 1 h, intense
shaking). Nitration was quenched (0.5 mL of deionized water;
vortexing for 30 s), and the lower organic phase was dried
under a vacuum and reconstituted in chloroform (1 mL).
Vials were sealed with Teflon caps and purged with nitrogen
gas prior to storage at -20 °C. The kinetics of nitration was
recorded for 2 h by taking aliquots (100 puL) 0.5, 15, 30, 45,
60, 90, and 120 min after addition of the nitrating reagent.
Samples were analyzed immediately.
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Nitration of cLa by P-NAP

An aliquot of cLa (75 pL; 8 mmol/L) was co-incubated with
the photocontrollable peroxynitrite donor P-NAP (24 uL,
100 mmol/L in dimethylformamide) [33]. The open polypro-
pylene tube containing the sample was placed under a UV
lamp (Dr. Honle, Gréfelfing, Germany) and irradiated
(20 min) with monochromatic UV-A light (350 nm) with an
average flux of 105 W/m?. The kinetics of nitration was re-
corded for 2 h by taking aliquots (50 uL) 0, 3, 6, 9, 15, 30, 60,
and 120 min after the reaction had started. Nitrated cLa was
extracted using chloroform (100 pL), dried, and reconstituted
in chloroform (50 puL). Samples were analyzed immediately.

Electrospray ionization LTQ Orbitrap MS of nitrated
PUFA

Samples were diluted in a mixture of methanol and chloro-
form (2:1, v/v) containing ammonium formate (5 mmol/L) to
obtain 10 pmol/L solutions [used for negative ion mode
electrospray ionization (ESI) MS] or in a 5 mmol/L solution
of lithium trifluoroacetate in methanol (positive ion
mode ESI-MS). The samples were analyzed using a robotic
nanoflow ion source (TriVersaNanoMate; AdvionBioSciences,
Ithaca, NY, ZSA) equipped with a nanoelectrospray chip
(-1.2-kV ionization voltage, 0.3-psi nitrogen backpressure for
negative ion mode; 1.4-kV ionization voltage, 0.4-psi nitrogen
backpressure for positive ion mode) coupled to an LTQ
Orbitrap XL ETD mass spectrometer (Thermo Fischer
Scientific, Bremen, Germany). The temperature of the transfer
capillary was set to 200 °C and the tube lens voltage was set to
120 V. Mass spectra were acquired with the Orbitrap with a
target mass resolution of 100,000 at m/z 400. Collision-
induced dissociation (CID) and higher-energy CID (HCD)
relied on an isolation width of 1.5 # and a normalized collision
energy of 30 % (CID) and 42 % (HCD). Recorded data were
analyzed manually using Xcalibur (version 2.0.7, Thermo
Fisher).

PUFA nitration Kinetics using MRM

Analyses were performed with as ESI 4000 QTRAP system
(AB Sciex Germany, Darmstadt, Germany) operated in a neg-
ative ion mode with an ionization voltage of -4.5 kV, an en-
trance potential of -10 V, and an ion source temperature of
600 °C. The normalized collision energy, declustering poten-
tial, and exit quadrupole potential were optimized for each
Q1/Q3 transition. The MRM included the two most intense
transitions of each analyte with a dwell time of 40 ms.
Each sample (30 uL in ESI solution) was infused with
methanol (0.2 mL/min) using an Waters Alliance 2790 high-
performance LC instrument (Waters, Eschborn, Germany)

and measured in triplicate. Data were processed using
Analyst (version 1.6, AB Sciex).

Analytical characterization of nitrated and oxidized
PUFA in cardiomyocytes

In vitro nitration mixtures of Oa, La, Aa, Dha, and cLa were
used to determine the retention times of all products. The LC—
MRM was performed with a nanoACQUITY UPLC system
(Waters, Eschborn, Germany) operated in high flow mode
using the mixer kit for 1 mm columns (Waters, Eschborn,
Germany) coupled to an ESI triple-quadrupole linear ion trap
MS instrument (4000 QTRAP, AB Sciex Germany,
Darmstadt, Germany). Samples were separated on an
ACQUITY UPLC HSS T3 C,;g column (internal diameter
1 mm, length 100 mm, pore size 100 A, and particle size
1.8 pum) using a column temperature of 50 °C , a flow rate
of 100 puL/min, and a linear 6-minute gradient from 30 %
acetonitrile to 98 % acetonitrile in 0.1 % aqueous HCOOH.
The electrospray voltage was set to -4.5 kV, the ion source
temperature was set to 600 ° C, the entrance potential was set
to -10 V, and the dwell time was set to 40 ms. All previously
optimized transition pairs (declustering potential, collision en-
ergy, and exit quadrupole potential) of each analyte were in-
cluded to record their retention times (see Table S1), whereas
only the most sensitive and retention-time-specific transitions
of each analyte were included in the final MRM method used
for the relative quantification of nitrated and oxidized PUFA
in the cardiomyocyte nitrosative stress model.

Cardiomyocyte cell culture and nitrosative stress
induction

Primary rat cardiomyocytes (Innoprot, Elexalde Derio, Spain)
were cultured until 80 % confluence in Dulbecco’s modified
Eagle’s medium/Ham’s F12 medium supplemented with fetal
bovine serum (20 %), horse serum (5 %), L-glutamine
(2 mmol/L), nonessential amino acids (0.1 mmol/L), sodium
pyruvate (3 mmol/L), and antibiotics (1 %) at 37 °C (95 % air
and 5 % CO, atmosphere). The medium was replaced
with serum-free medium 24 h before treatment with 3-
morpholinosydnonimine (SIN-1; 10 umol/L, 15, 30, and
70 min). Untreated (control) and treated cells (around 1.5x
10°) were collected and washed with phosphate-buffered sa-
line (pH 7.4), and lipids were extracted using MTBE [36].
Briefly, cell pellets were resuspended in 50 uL of ice-cold
0.1 % aqueous ammonium acetate containing 1 ng of internal
standards (C,;-15-F,-IsoP, d4-10-F4-NeuroP, d;-4-RS-4-F 4-
NeuroP; Table S1). After 15 min on ice, 375 pL of methanol
and 1.25 mL of MTBE were added, and the mixture was kept
on a rotary shaker for 1 h at 4 °C. Separation of phases was
achieved by adding water (313 uL) and keeping the mixture
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on the rotary shaker for 10 min at 4 °C. After centrifugation
(5 min, 4 °C, 1,000¢) the upper, organic phase was collected
and dried under a vacuum. The lower, aqueous phase was
used to measure the protein concentration by a Bradford assay.
Data were acquired and analyzed using Analyst (version 1.6).

Results and discussion

Mass-spectrometric analysis of fatty acids nitrated

Nitronium tetrafluoroborate (NO,BF,) readily produces
NO,", which can nitrate PUFA by electrophilic substitution.
Although nitration of fatty acids by NO,BF, results in an array
of different nitration products and not just a few positional
nitration isomers, we used this approach because of its sim-
plicity and the relatively high yields of nitrated PUFA. After
1 hnitration of Oa, La, Aa, and Dha, the sample mixtures were
directly analyzed by ESI LTQ Orbitrap MS. The high resolu-
tion (HR) and mass accuracy provided elemental composi-
tions of the detected nitration products (Table 1), including
singly or multiply nitrated derivatives and nitro-oxidized spe-
cies (Fig. 1). Fluorinated NO,-FA, which were also observed
as by-products, were not considered in the following study.

Nitration of Oa yielded ten signals corresponding to differ-
ent reaction products of Oa (Fig. 1a). The signal of
deprotonated Oa (m/z 281.25) was not observed, indicating
that within 1 h of nitration, Oa was quantitatively consumed.
Two low-intensity signals at m/z 295.23 and m/z 297.24 were
assigned as keto-Oa (0a0) and hydroxy-Oa (OaOH), whereas
the remaining eight signals, including the base peak,
corresponded to nitrated or nitroslyated Oa. Detection of
0aNO, (m/z 326.23), dinitro-Oa [0a(NO,),; m/z 371.22],
and trinitro-Oa [Oa(NO,)z; m/z 416.20] showed that up to
three NO, groups can be present although Oa contains only
one double bond. Although electrophilic nitration is known to
produce vinylnitro isomers, detection of Oa(NO,); after Oa
nitration suggests the presence of allylic NO, groups. Signals
with a mass shift of +29.99 u were assigned to nitroso-Oa
(0aNO; m/z 310.24) and nitrosodinitro-Oa [Oa(NO,),NO,
m/z 398.19]. The signal at m/z 342.23 may indicate
hydroxynitro-Oa (OaNO,OH), an oxidized nitro species.
Peaks corresponding to nitrooctadecadienoic acid
[La(NO,),, m/z 369.20] and nitrosonitrooctadecadienoic
acid (LaNO,NO; m/z 353.21) showed that Oa nitration
can yield products containing two double bonds, such as
octadecadienoic acid.

La nitration resulted in nine reaction products (Fig. 1b),
including oxidized forms, such as keto-La (LaO; m/z
293.21) and hydroxy-La (LaOH; m/z 295.23). Notably, sig-
nals of the oxidized La were more intense then the signals of
oxidized Oa species. The peak corresponding to deprotonated

Summary of NO,BF,- and 2,3,5,6-tetramethyl-4-(methylnitrosoamino)phenol-mediated nitration products of oleic acid (Oa), linoleic acid (La), arachidonic acid (4a), docosahexaenoic acid

(Dha), and conjugated La (cLa). The elemental composition and the m/z values for deprotonated ions are shown

Table 1

Nitration and oxidation derivatives

Nitration derivatives

Fatty acid  Oxidation derivatives

(NO,)(Oh),

(NO)(NOy),

(NOZ):(

(NO),

—OOH, -OH, =0

C15H3,05N" (m/z 342.2289)

C 1 gH2905N24 (m/z 3532082),

C18H3204N4 (m/z 3262332), C]gHZQO(,Ni

C18H3203N‘(m/z 3 102390)

C18H3]O34 (m/z 2952275),

Oa (18:1)

C15Hag0,N, (m/z 398.1932)

(m/z 369.2035), C15H3,04N,” (m/z 371.2188),

C|3H3008N3_ (m/z 4162038)
CigH3004N" (m/z 324.2178), C18H2906N,”

C18H3303_ (m/z 2972431)

C18H3005N- (m/z 340.213 1),

C15H3005N" (m/z 308.2230)

C1gH2005" (m/z 293.2121),

La (18:2)

C15H3,05N (m/z 342.2089)

(m/z 369.2029), C1gH30gNy™ (m/z 414.1878),

C18H27010N4_ (m/Z 459.1 727)
C20H3004N< (m/z 3482180), Conngg,Nz‘

Ci5H3,05 (m/z 295.2278)

C20H3005N- (m/z 364.21 29)

C20H2905N2- (m/z 377. 2082)

C20H3003N- (m/Z 332.223 0),

C20H2903- (m/z 31 72278),

Aa (20:4)

(m/z 393.2032), CoHa50sN5™ (m/z 438.1881)

C22H3004N< (m/z 3722178), szHngg,Nz‘

C20H2904N2_ (m/z 3612244)

C20H3103_ (m/z 3192275)

Dha (226) C22H2903- (m/z 341.21 ]4),

C22H3107N2_ (m/z 435, 1773)

CaoHioOsN" (m/z 388.2127),
C18H3005N- (m/z 3402123),

C22H2905N2- (m/z 401 2079),
CaoHagO;Ny™ (/2 446.1930)
C18H3105N2_ (m/z 3552233)

(mlz 417.2028), CyHagOgNy™ (m/z 462.1878)

C18H3004N_ (m/z 3242174), C18H2906N2-

C22H3 103_ (m/z 3432271)

cLa (18:2) CigHaOy (m/z 293.2114),

C18H3003N- (m/z 3082225)

C15H3,05N (m/z 342.2280),
C18H3206N_ (m/z 3582229),
C18H2907N24 (l’ﬂ/Z 385]975)

(mlz 369.2025)

CigH31 05" (m/z 295.2271),
C18H3104_ (m/z 31 12222),

C|8H33O44 (l’l’l/Z 31 32377)
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La was observed at m/z 279.23, indicating that La was not
fully consumed within 1 h in the reaction with NO,".
Signals corresponding to LaNO, (m/z 324.22), dinitro-La
[La(NO,),; m/z 369.20], trinitro-La [La(NO,)s; m/z 414.19],
and tetranitro-La [La(NO,)4; m/z 459.17] suggested that the
two double bonds allowed incorporation of up to four nitro
groups. Unlike Oa nitration, La nitration yielded only one
nitroso product, observed at m/z 308.22 (LaNO). Similarly
to Oa nitration, hydroxynitro-La (LaNO,OH; m/z 340.21)
and hydroxynitrooctadecenoic acid (OaNO,OH; m/z 342.23)
were also detected.

ESI Orbitrap mass spectra of Aa (Fig. 1¢) and Dha (Fig. 1d)
nitration mixtures displayed the deprotonated fatty acid ions
as base peaks (m/z 303.23 and m/z 327.23, respectively), and
the relative signal intensities of all nitration products were
below 10 %. This observation indicated significantly lower
susceptibilities of Aa and Dha to NO, -mediated nitration
compared with Oa and La. Both Aa and Dha were oxidized
to keto derivatives (m/z 317.23, AaO; m/z 341.21, DhaO) and
hydroxy derivatives (m/z 319.23, AaOH; m/z 343.23,
DhaOH). Mass spectra of both Aa and Dha nitration
mixtures revealed the presence of nitro derivatives (m/z
348.22, AaNO,; m/z 372.22, DhaNQO,), dinitro derivatives
[m/z 393.20, Aa(NO,),; m/z 417.20, Dha(NO,),], and trinitro
derivatives [m/z 438.19, Aa(NO,)s; m/z 462.19, Dha(NO,)s].
Additionally, nitroso-Aa (AaNO; m/z 332.22), dinitro-Aa
[Aa(NO),; m/z 361.22], and nitrosonitro-Aa (AaNO,NO,
m/z 377.21) as well as nitrosonitro-Dha (DhaNO,NO,
m/z 401.21) and nitrosodinitro-Dha [Dha(NO,),NO, m/z
446.19] were detected. Weak signals were observed for
nitro-oxidized Aa and Dha—namely, hydroxynitro-Aa
(AaNO,OH; m/z 364.21), hydroxynitro-Dha (DhaNO,OH;
m/z 388.21), and hydroxydinitrodocosapentaenoic acid
[Dpa(NO,),OH; m/z 435.18,].

Electrophilic fatty acid nitration by nitronium ions under
low oxygen tension resulted in a high diversity of modified
Oa, La, Aa, and Dha. ESI Orbitrap MS spectra acquired after a
reaction time of 1 h (Fig. 1) revealed different susceptibilities.
To the best of our knowledge, this is the first report on in vitro
nitration of Dha. Besides single-nitro fatty acids, the formation
of polynitro fatty acids was observed for each fatty acid.
Regardless of a higher unsaturation degree of Aa (C20:4)
and Dha (C22:6), these two fatty acids were detected with
up to three nitro groups introduced along the alkyl chain,
whereas for La with two double bonds even a tetranitro deriv-
ative was present. Our data indicate lower susceptibilities of
Aa and Dha toward nitration in general and especially the
formation of multiple nitration derivatives compared with
Oa and La. The relative signal intensities of the modified
species decreased with increasing fatty acid chain lengths
and the numbers of double bonds in PUFA. Additionally, the
low oxygen tension conditions applied here minimized forma-
tion of oxidized fatty acids and nitrohydroxy fatty acids.

MS/MS of NO»-FA

The CID and HCD fragmentation behavior of nitrated PUFA
was studied using HR-MS/MS in order to evaluate the diver-
sity of positional isomers on the basis of previously published
mechanisms [37] (see Figs. S1-S4, Scheme S1). Neutral loss
of nitrous acid (HNO,; -47 u) produced under the CID condi-
tions was observed in all tandem mass spectra of NO,-FA, and
served as a reporter ion for the presence of the nitro group.
Although successful nitration of Oa, La, and Aa and analysis
of'the corresponding MS/MS spectra was previously reported,
to the best of our knowledge, this is the first report of Dha
nitration. Since in the MS/MS spectrum of deprotonated
DhaNO, the parent ion dominates the spectrum, and fragmen-
tation of the alkyl chain was poor, we used the lithiated ion of
DhaNO, for the fragmentation. We relied on the fragmenta-
tion mechanism previously reported by Bonacci et al. [37] to
predict a series of fragment ions of each nitro-Dha (DhaNO,)
isomer, and compared them with the recorded Fourier trans-
form CID-MS/MS spectrum (Fig. 2). It was possible to match
12 product ions, including structure-specific ions for seven
nitro-Dha isomers, including 11-NO,-Dha (m/z 161.08), 13-
NO,-Dha (m/z 175.09), 14-NO,-Dha (m/z 201.11), 16-NO,-
Dha (m/z 215.12), 17-NO,-Dha (m/z 241.14), 19-NO,-Dha
(m/z 255.16), and 20-NO,-Dha (m/z 281.17). Fragment ions
containing a nitrogen atom were not detected.

Similarly, the tandem mass spectrum of [AaNO,+Li']"
recorded using HCD fragmentation and detection in the
Orbitrap mass analyzer (Fig. S2) confirmed the presence of
five AaNO, vinyl isomers—namely, 9-NO,-Aa, 11-NO,-Aa,
12-NO,-Aa, 14-NO,-Aa, and 15-NO,-Aa (Fig. S2,
Scheme S1). We did not observe fragment ions specific for
5-NO,-Aa, 6-NO,-Aa, and 8-NO,-Aa or 4-NO,-Dha, 5-NO,-
Dha, 7-NO,-Dha, 8- NO,-Dha, and 10-NO,-Dha. However, it
cannot be ruled out that isomers of nitro fatty acids with the
NO, group localized at the first three vinyl carbons are
formed, but with lower yields compared with the other iso-
mers, and thus the corresponding ions will result in signal
intensities below the limit of detection of the Orbitrap mass
analyzer. Furthermore, the fragmentation pattern might be dif-
ferent for the isomers with the NO, group near the carboxy
group. Nevertheless, Trostchansky et al. [31] performed
in vitro nitration of Aa by sodium nitrite under acidic condi-
tions, and also observed only four major isomers of
nAaNO,—namely, 9-NO,-Aa, 12-NO,-Aa, 14-NO,-Aa, and
15-NO,-Aa.

Further, in vitro nitrated PUFA mixtures were used to opti-
mize MRM parameters, including precursor to product ion tran-
sitions in a series of direct infusion experiments (Table S1). This
in vitro approach allowed us to specify 91 different transition
pairs for the simultaneous relative quantification of 42 nitrated,
oxidized, and nitro-oxidized PUFA, which was further validat-
ed as part of the nitration kinetics study.
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<« Fig. 1 Electrospray ionization (ESI) Orbitrap mass spectrometry spectra
recorded after 1 h of oleic acid (Oa; a), linoleic acid (La; b), arachidonic
acid (Aa; ¢) and docosahexaenoic acid (Dha; d) nitration with nitronium

tetrafluoroborate

Kinetics of NO," -mediated nitration of Oa, La, Aa, and Dha

The kinetics of PUFA nitration by NO," was monitored by
MRM-based ESI-MS/MS. Altogether, we were able to mon-
itor eight, nine, eight, and five products of Oa, La, Aa, and

Fig. 2 ESI Fourier transform
collision-induced dissociation
spectrum of nitro-Dha (lithiated
precursor at m/z 380.24; upper
panel) and schematic annotation
for structure-specific product ions
(1-11; lower panel)

Dha nitration and oxidation, respectively (see Figs S5-S8).
Except for OaO, all monitored oxidized fatty acids (i.e.,
LaO, LaOH, AaO, AaOH, and DhaO) were formed immedi-

ately, and then their quantities decreased constantly, most like-
ly due to further nitration by NO," ions. Among the singly

nitrated derivatives, OaNO, was formed the fastest, with a

mild increase over the following 60 min. The quantities of

LaNO, and AaNQO, increased several fold until the maxima
were reached after 30 and 15 min, respectively, whereas the
quantity of DhaNO, increased over the whole reaction period.
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Nitro fatty acids via further reactions with NO," ions yield
multiply nitrated fatty acids, which was observed for Oa, La,
Aa, and Dha. The nitration kinetics revealed that Aa and Dha
with longer alkyl chains and more double bonds than Oa and
La are less reactive toward nitronium ions. Maximal levels of
0a(NO,), and Aa(NO,), were reached after 60 min, and the
level of La(NO,), gradually increased over the reaction time
course. The kinetics of Dha(NO,), formation suggests that the
product is formed at the reaction onset and quantity decreases
in the first 60 min. Finally, nitro-oxidized products of Oa and
La (OaNO,OH and LaNO,OH) showed an overall increase in
the detected levels, whereas maximal levels of nitro-oxidized
Aa and Dha (AaNO,OH, DhaNO,OH) were observed at the
reaction onset, suggesting that the formed AaOH and DhaOH
are readily consumed in further reactions with NO, " ions.

HR-MS detection of cLa nitration by P-NAP

Use of the UV-inducible peroxynitrite donor P-NAP was re-
cently introduced. It releases NO, which reacts under aerobic
conditions with O,", producing a peroxynitrite anion
(ONOO) [33], which forms *NO,, an RNS capable of
nitrating fatty acids in vivo or lipid radicals yielding nitro fatty
acids and hydroxynitro fatty acids. Thus, we used P-NAP as
an ONOO" donor in aqueous solutions to investigate fatty acid
nitration for biologically more relevant conditions.

As a recent study identified cLa as a better substrate for
nitration than bisallylic La in vitro and in vivo [12], we select-
ed cLa as the substrate for P-NAP nitration (Fig. 3a). UV
irradiation will induce peroxynitrite generation from P-NAP
and additionally produce ROS, thus providing both ROS and
RNS simultaneously, mimicking closely pathophysiological
conditions. Signals corresponding to nitro-cLa (cLaNO,; m/z
324.22) and dinitro-cLa [cLa(NO,),; m/z 369.20] confirmed
that P-NAP triggers free-radical-mediated nitration of cLa.
Although La(NO.,), is present with considerably lower rela-
tive signal intensities than after nitration of La by NO,BF,, the
formation of La(NO,), by P-NAP suggests that multiple ni-
tration derivatives can be formed via reaction with *NO,.
Free-radical-mediated nitration of cLa under high oxygen ten-
sion yielded additionally four oxidation products—namely,
keto-cLa (cLaO; m/z 293.21), hydroxy-cLa (cLaOH; m/z
295.23), hydroperoxy-cLa (cLaOOH; m/z 311.22), and
hydroperoxyoctadecenoic acid (OaOOH; m/z 313.23).
Among all the oxidation products, these showed the
highest relative intensities. Moreover, several derivatives
of cLa resulted from simultaneous oxidation and nitration,
including hydroxynitro-cLa (cLaNO,OH; m/z 340.21),
hydroxynitrooctadecenoic acid (OaNO,OH; m/z 342.23),
hydroperoxynitrooctadecaenoic acid (OaNO,OOH; m/z
358.22), and hydroxydinitro-cLa [cLa(NO,),OH; m/z
385.20]. Additionally, nitroso derivatives were present after
free-radical-mediated cLa nitration—namely, nitroso-cLa

(cLaNO; m/z 308.22) and nitronitrosooctadecenoic acid
(OaNO,NO; m/z 355.22)—indicating that nitroso derivatives
are most likely formed from nitro fatty acids, independently of
the fatty acid nitration mechanism. cLa nitration mixtures
were used for further optimization of the MRM method
(Table S1).

The kinetics of nitration of cLa by P-NAP was monitored
using specific MRM transitions of four oxidation, four nitra-
tion, and four nitro-oxidation products (Fig. 3b). UV irradia-
tion of P-NAP readily releases ONOO™ with tenfold increased
levels within 15 min [33]. Thus, cLa nitration was monitored
for shorter time intervals within the first 15 min (0, 3, 6,9, and
15 min) and then for 30, 60, and 120 min of the nitration
reaction. Conditions of higher oxygen tension favored fatty
acid oxidation compared with the hydrophobic conditions of
NO,BF, nitration, yielding more oxidized cLaNO, deriva-
tives. The concentrations of cLaOOH, cLaOH, cLaO, and
0aOO0H increased over the whole reaction period. Two main
mechanisms have been proposed for free-radical-induced ni-
tration of fatty acids [38]. One suggests the abstraction of a
bisallylic hydrogen followed by the reaction with *NO,, pro-
ducing vinylnitro isomers. The second mechanism predicts a
homolytic attack of *NO, at the C=C-bond, yielding a {3-
nitroalkyl radical that can lose a hydrogen atom and form
nitroalkenes. Owing to the absence of bisallylic hydrogens
in cLaNO,, this product is most likely formed by the second
mechanism. The kinetics of cLaNO, formation showed that
maximal amounts of cLaNO, were reached after 6 min and
then the amounts decreased rapidly until 15 min, reaching
stable levels after 60 min. Indeed, this fast decrease between
6 and 15 min can be explained by the homolytic attack of a
second *NO, responsible for the increased levels of
cLa(NO,), (maximum at 15 min). Similarly, cLaNO, can also
react with *OH to form cLaNO,OH and cLa(NO,),OH.
Additionally, nitroalkyl radicals formed by the homolytic at-
tack of a second *NO, can produce a nitronitrite derivative,
hydrolysis of which can further result in hydroxynitroalkenes,
such as 0aNO,OH and OaNO,OOH. The formation rates of
cLaNO,OH and OaNO,OH are clearly different. Whereas the
0aNO,0OH levels increase fast within the first 6 min, reaching
relatively stable values, the cLaNO,OH and cLa(NO,),OH
levels increase gradually over the full reaction period. The
possibility that oxidized cLa is nitrated was also considered.
The half-lives of *OH and *OOH (107 s) [39] are significantly
shorter than the half-life of *NO, (10°-107* s) [40].
Additionally, the reaction rates of an olefinic double bond with
«OH and *OOH (10® M s7) [39] are much faster than with

Fig. 3 (a) ESI Orbitrap mass spectrum of conjugated La (cLa)P>
incubated with the peroxynitrite donor 2,3,5,6-tetramethyl-4-
(methylnitrosoamino)phenol for 15 min. (b) Kinetics of cLa
nitration monitored by multipole reaction monitoring (MRM) optimized
for 12 cLa derivatives for 2 h
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*NO, (10°~10” M ") [40]. Thus, it appears very likely that
oxidation occurs first and nitration follows. Both processes
can produce cLaNO,OH and cLa(NO,),, although their indi-
vidual contributions remain to be defined. Hydroperoxy and
hydroxy derivatives of NO,-FA accumulate over time, and
thus might provide a better “chemical fingerprint” of
nitrosative stress than NO,-FA itself. Finally, we observed
formation of nitroso derivatives, including cLaNO and
0aNO,NO, reaching the highest concentrations after 30 min
before decreasing afterward.

The kinetics of electrophilic (NO, ") and free radical (sNO,)
driven fatty acid nitrations are determined by the reaction con-
ditions. Nevertheless, both electrophilic and free-radical-
driven nitration of fatty acids successfully produced a wide
array of products. Fatty acids nitrated with NO," under low
oxygen tension yielded low levels of oxidized fatty acids,
whereas high oxygen tension continuously produced oxidized
fatty acids. Similar kinetics were observed for singly nitrated
fatty acids for both nitration reactions, indicating that regard-
less of the nature of the RNS and the chemical environment,
NO,-FA do not represent the final products, but are prone to
further nitration and oxidation reactions.

NO,-FA in the cardiomyocyte nitrosative stress
model

Following successful application of the new MRM method for
simultaneous detection of nitrated and nitro-oxidized PUFA in
kinetics experiments, we used this approach for relative quan-
tification of modified PUFA in a cellular model of nitrosative
stress using LC-MS coupling. Retention-time mapping was
performed using each in vitro fatty acid nitration mixture sep-
arately and in combinations. Oxidation products with the same
elemental composition (same m/z values) derived from differ-
ent precursors, such as Oa0O and LaOH (m/z 295.2) have dif-
ferent functional groups (keto and hydroxy), and reversed-
phase high-performance LC separation of these fatty acids
results in different elution times of isobaric analytes, which
allowed us to perform structure-specific retention-time map-
ping. Rat primary cardiomyocytes were treated with the
peroxynitrite donor SIN-1 (10 uM) for 15, 30, and 70 min,
and the levels of modified PUFA in lipid extracts were com-
pared with those in untreated cells. The most sensitive MRM
transitions optimized for each modified fatty acid were used
(Table S1). Under the CID conditions, nitro fatty acids exhibit
strong neutral loss of nitrous acid. Thus, for each nitration and
oxidation/nitration derivative, the product ion of deprotonated
nitrous acid (NO,’; m/z 46), and the product ions of single or
multiple neutral losses of HNO, were monitored. These tran-
sitions were, without exception, more sensitive than any
isomer-specific ones. Moreover, a fast reversed-phase LC gra-
dient was designed, providing higher sensitivities owing to co-

elution of different isomers. The specificity of the LC-MS
method was ensured by compound-specific retention-time
mapping using mixtures of in vitro nitrated fatty acids. Thus,
identification of the free and modified fatty acids in the cell
model was based on the retention time and quadrupole
1/quadrupole 3 specific transitions for each compound.

The stability of endogenous NO,-FA is largely unknown.
Owing to the absence of authentic isotopically labeled nitro
fatty acid standards, we were unable to estimate compound
stability or determine the limits of detection. Although artifi-
cial oxidation cannot be excluded, it is generally believed that
the MTBE-methanol hydrophobic environment used here for
lipid extraction in combination with low temperatures (4 °C)
minimizes artificial oxidation of lipids. Nitro fatty acids were
shown to be stabile under hydrophobic conditions, and organ-
ic extractions offer the highest recoveries of nitro fatty acids
from samples [38]. Work by Baker et al. [15] indicates the
level of OaNO, decays by 10 % when it is stored in methanol
for 1 month, while 40 % loss was observed in phosphate
buffer after 2 h. LaNO, showed higher instability, probably
owing to the higher unsaturation degree. This indicates that
AaNO, and DhaNO, might decay even faster than OaNO,
and LaNO,.

Apart from Oa, La, Aa and Dha, we detected and
relatively quantified four oxidized fatty acids (OaOH,
LaOH, LaOOH, AaOH), four NO,-FA [Oa(NO,),, AaNO,,
DhaNO,, Dha(NO,),] and two oxidized/nitrated fatty acids
[DhaNO,OH, Dpa(NO,),OH] (Table 2, Figs. 4, S9).
Induction of stress in the cardiomyocytes resulted in an in-
crease in free fatty acid concentrations. After 15 min from
stress onset, the levels of free La and Dha mildly increased
(161 % and 155 % relative to the control for La and Dha,
respectively; see Fig. S9), whereas approximately doubled
levels of Oa and Aa (193 % for Oa; 183 % for Aa) were
detected. An increase in the concentration of free fatty acids
can be connected to elevated activity of phospholipase A,
(PLA,). Several studies showed that as a response to cell
membrane lipid peroxidation, catalytic activity of PLA, is
enhanced, leading to increases in the levels of free fatty acids
and lysophospholipids [41, 42]. An increase in the levels of
oxidized fatty acids in the first 30 min from stress onset was
observed for La (168 % and 150 % for LaOH and LaOOH,
respectively) and Aa (169 % for AaOH), whereas the highest
increase was detected for OaOH (234 %). The increases in the
levels of OaOH, LaOH, LaOOH, and AaOH in the first
30 min can be accounted for by direct PUFA oxidation as well
as increased activities of PLA, that could lead to the hydroly-
sis of hydroxylated and peroxidized fatty acids from
phospholipids.

The relatively fast LC gradient resulted in co-elution of the
single-nitro fatty acid derivatives, whereas multiply nitrated
fatty acids and nitro-oxidized fatty acids appeared as multiple
signals in the in vitro nitration mixtures. In the SIN-1-treated
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Table 2 Relative quantification of unmodified, oxidized, nitrated, and nitro-oxidized fatty acids detected after 15, 30, and 70 min of 3-
morpholinosydnonimine treatment in rat primary cardiomyocytes shown as a percentage relative to the control (control=100 %)

Class Analyte 15 min 30 min 70 min
Percentage relative ~ p Percentage relative ~ p Percentage relative ~ p
to control+SD to control+SD to control+SD
Fatty acid Oa 19316 0.014 198+85 0.184 276+60 0.049
La 161+£22 0.012 184+18 0.0007 208+33 0.005
Aa 183+30 0.012 1714£22 0.006 171£27 0.015
Dha 15517 0.006 161+18 0.005 174+20 0.003
Oxidized fatty acid 0aOH 200446 0.047 234461 0.046 226+35 0.011
LaOH 147+15 0.009 168+31 0.033 1,470+53 0.205
LaOOH 117+£3 0.011 150+14 0.036 164+64 0.221
AaOH 163+£12 0.0005 169+12 0.0002 157+21 0.014
Nitrated fatty acid 0a(NO,), 173+41 0.075 199+23 0.006 228+78 0.095
AaNO, 141+43 0.218 148+6 0.007 115+28 0.323
DhaNO, 174+45 0.121 230432 0.028 190+55 0.122
Dha(NO,), 33245 0.0002 371+40 0.011 226+22 0.014
Nitro-oxidized fatty acid DhaNO,OH 131+£24 0.118 134+16 0.030 131+£26 0.133
Dpa(NO,),OH 345+33 0.009 210+28 0.031 369+54 0.019

SD standard deviation

cardiomyocytes, the Oa(NO,),-specific transition resulted in
multiple signals at 5.82, 7.47, 7.98, 8.72, and 9.49 min
(Fig. 4a). Using the retention-time mapping based on the
in vitro NO, " nitration of Oa, we were able to assign the peaks
at 7.47 and 7.98 min to two Oa(NO,), isomers. After SIN-1
treatment, the levels of Oa(NO,), increased twofold compared
with the levels in the untreated cells, reaching the maximal
levels after 30 min from stress onset (199 %; Fig. 4a) and
remained relatively stable after 70 min. AaNO, (retention time
8.33 min; Fig. 4b) and DhaNO, (retention time 8.53 min;
Fig. 4c) reached maximal values after 30 min (148 % for
AaNO,; 230 % for DhaNO,) of peroxynitrite treatment,
followed by a mild decrease in the amounts detected.

Four signals (6.99, 7.65, 8.09, and 8.56 min) were detected
for the Dha(NO,),-specific transition for in vitro nitrated Dha
(Fig. 4e). In the cardiomyocytes treated with SIN-1 for
15 min, two Dha(NO,), peaks with similar intensities were
observed at 8.20 and 8.66 min, and were assigned to two
different Dha(NO,), isomers. The levels of Dha(NO,), were
significantly increased in the cardiomyocytes under the stress
conditions compared with untreated cells, reaching the maxi-
mum at 30 min (371 %; Fig. 4e).

For in vitro nitrated Dha, multiple signals of DhaNO,OH
(6.47,7.23, and 8.09 min; Fig. 2d) and Dpa(NO,),OH (6.22,
6.86, 7.54, 8.17, and 9.50 min; Fig. 4f) were detected.
However, in cardiomyocyte lipid extracts, only the single peak
for each compound was present. Thus, DhaNO,OH was elut-
ed at 7.30 min and Dpa(NO,),OH was eluted at 8.05 min. The
concentration of DhaNO,OH in SIN-1-treated cells mildly

increased within the first 15 min (131 %; Fig. 4d) and
remained stable afterward. On the other hand, the levels of
Dpa(NO,),OH significantly increased (345 %; Fig. 4f) at
15 min, decreased at 30 min (210 %), and again increased at
70 min (369 %).

Overall, treatment of primary cardiomyocytes with the
peroxynitrite donor resulted in increased amounts of oxidized
fatty acids (approximately 150 % compared with the untreated
cells). The singly nitrated fatty acids—namely, AaNO, and
DhaNO,—were detected with maximal levels at 30 min,
followed by a mild concentration decrease at 70 min. The
relative increase in the level of DhaNO, (250 %) at 30 min
of SIN-1 treatment was approximately three times higher than
that of AaNO, (148 %). The levels of Oa(NO,), doubled after
30 min (199 %) and remained relatively stable afterward.
Thus SIN-1 treatment of cardiomyocytes had the highest im-
pact on the Dha nitration, resulting not only in pure nitration,
but also in increased levels of nitration/oxidation derivatives.
The highest and the fastest concentration increase of
Dpa(NO,),OH (245 %) and Dha(NO,), (232 %) in SIN-1-
treated cells compared with the untreated cells was detected
after 15 min of stress induction. These results indicate that
multiply nitrated and nitro-oxidized derivatives of fatty acids,
including Dha, are produced in cells even under basal condi-
tions, and the levels are significantly elevated in the
peroxynitrite stress model. To the best of our knowledge, this
is the first report of the endogenous formation of AaNO,, and
Dha nitration products such as DhaNO,, Dha(NO,),,
DhaNO,OH, and Dpa(NO,),OH.
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Fig. 4 Extracted ion chromatograms for the quadrupole 1/quadrupole 3
transition pairs corresponding to a Oa(NO,),, b AaNO,, ¢ DhaNO,, d
DhaNO,OH, e Dha(NO,),, and f Dpa(NO,),OH in cardiomyocyte (CM)
lipid extract (upper panels) and corresponding polyunsaturated fatty acids
in in vitro nitration mixtures (lower panels). ldentification of modified
fatty acids was based on the compound-specific MRM transitions and
retention times. Measured values were normalized to the values for the

The presence of the endogenously formed NO,-FA was
reported for the first time more than a decade ago [9].
Several LC-MS/MS and gas chromatography—MS/MS stud-
ies have been directed toward quantification of LaNO, and
0aNO, in human blood plasma, and reported values between
300 pmol/L [9-11, 13] and 600 nmol/L [14, 15], whereas
AaNO, remained undetected [10]. Recently, Bonnaci et al.
[12] showed that dictary cLa rather than bisallylic La is a
preferential substrate for the nitration by ONOO™ and "NO,,
with endogenous levels 0.3 to 1.3 nmol/L in healthy human
plasma. In the present study, we did not observe detectable
levels of LaNO,, cLaNO,, and OaNO, in control and SIN-1-
treated rat cardiomyocytes, most probably owing to the low
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corresponding controls (100 %), averaged, and represented as bar plots
with standard errors. The data represent the mean value of up to five
independent measurements. Significant increase in quantified values
[control vs 3-morpholinosydnonimine (SIN-1)-treated cells] was
assigned using a ¢ test (one asterisk p<0.05, two asterisks p<0.01, three
asterisks p<0.005)

concentrations and/or absence of cLa as a nitration substrate in
the cell culture medium. Additionally, nitroalkylation of pro-
teins and glutathione by the electrophilic NO,-FA and fatty
acid metabolism can reduce endogenous levels of free NO,-
FA [43]. Over the past two decades various techniques have
been designed for the enrichment of the low endogenous con-
centrations of Aa-derived F,-isporostanes (approximately 107
pmol/L in healthy human plasma) from various biological
samples [44], and now ensure their routine detection and
quantification by LC-MS. Biological concentrations of
isoprostanes are similar to those of NO,-FA in healthy human
plasma; thus, further development of NO,-FA enrichment pro-
tocols could improve their detection in biological samples.
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In the present study, Dha-derived nitration products were
detected for the first time. Although F4-neuroprostanes de-
rived from Dha, like Aa derived F,-isoprostanes, have
been related to various cardiovascular and neurodegen-
erative disorders [45, 46], here we can only speculate
about the beneficial effects of Dha-derived nitration
products, as was shown for AaNO, [27, 31, 32] and
all other singly nitrated fatty acids. Lipid peroxidation
products usually posses proinflammatory properties [47];
however current data on biological activities of NO,-FA
support their anti-inflammatory effects via both ¢cGMP-
dependent and cGMP-independent mechanisms.
Although the overproduction of NO,-FA was observed
during inflammation, a series of anti-inflammatory ef-
fects were reported for LaNO, [48-50] , OaNO, [15, 24],
and AaNO, [27, 31, 32]. The question about biological activ-
ities of multiply nitrated and nitro-oxidized PUFA remains
open owing to the lack of the data on their biological
availability.

Conclusion

A novel analytical approach to explore the diversity of
NO,-FA was developed using in vitro nitration mixtures
of Oa, La, Aa, and Dha for optimization of highly spe-
cific and sensitive targeted LC—-ESI-MS/MS. Specific
MRM transitions were optimized for 42 reaction prod-
ucts—that is, singly and multiply nitrated as well as
nitro-oxidized fatty acids. The optimized methods were
applied for the detection and relative quantification of
NO,-FA in a cardiomyocyte model of nitrosative stress.
Six fatty acid nitration products—namely, Oa(NO,),,
AaNO,, DhaNO,, Dha(NO,),, DhaNO,OH, and
Dpa(NO,),OH—were detected and quantified over a pe-
riod of 70 min after stress induction, providing the ki-
netics of NO,-FA formed in cells during nitrosative
stress.
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