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Organic nitrate esters, long-recognized therapies for cardiovascular disorders, have not been detected biologi-
cally. We characterize in rat stomach unsaturated fatty acid nitration reactions that proceed by generation of
nitro-nitrate intermediates (NO2-ONO3-FA) via oxygen and nitrite dependent reactions. NOy—-ONOo-lipids
represent ~70% of all nitrated lipids in the stomach and they decay in vitro at neutral or basic pH by the loss of
the nitrate ester group (-ONO») from the carbon backbone upon deprotonation of the a-carbon (pKa ~7),
yielding nitrate, nitrite, nitrosative species, and an electrophilic fatty acid nitroalkene product (NO»-FA). Of note,
NO2-FA are anti-inflammatory and tissue-protective signaling mediators, which are undergoing Phase II trials for
the treatment of kidney and pulmonary diseases. The decay of NO2-ONO;-FA occurs during intestinal transit and
absorption, leading to the formation of NOy-FA that were subsequently detected in circulating plasma tri-
glycerides. These observations provide new insight into unsaturated fatty acid nitration mechanisms, identify
nitro-nitrate ester-containing lipids as intermediates in the formation of both secondary nitrogen oxides and
electrophilic fatty acid nitroalkenes, and expand the scope of endogenous products stemming from metabolic
reactions of nitrogen oxides.

1. Introduction non-enzymatic and enzyme-catalyzed reduction-oxidation (redox) re-

actions that have in common the generation of the nitrating species

The chemical synthesis of nitroglycerin (NTG) in 1846 by Ascanio
Sobrero led to the initial manufacturing of this nitrate ester and its use in
mining and warfare. Upon the 1879 description of NTG’s therapeutic
effects in angina pectoris, extensive use of nitrate esters in cardiovas-
cular medicine has continued to the present. After discovering the
endogenous generation of nitric oxide (*NO) and its role in endothelium-
dependent vascular relaxation in 1986, it is now appreciated that
diverse inflammatory and metabolic reactions give rise to a broad array
of chemically-reactive nitrogen oxides and oxygen-derived oxidizing,
nitrosating, and nitrating signaling mediators [1,2]. The class of
endogenous mediators described herein stems from diverse reactions
induced by the primary species *NO, nitrite (NO2), superoxide (037),
and hydrogen peroxide (H203). These reactive species undergo both

nitrogen dioxide (*NO3) [3-5]. One example of redox-induced *NO,
generation comes from the protonation of NO; during digestion or
inflammation. The latter generates both symmetric and asymmetric
dinitrogen trioxide (N2O3) that, upon homolytic cleavage, yields *NO
and *NO, [6]. Another example is the reaction between O3~ and *NO and
the consequent formation of peroxynitrite (ONOO™), which in turn
yields *NO; either from protonation and homolysis (also producing
hydroxyl radical, *OH) [7] or reaction with CO, (also producing car-
bonate anion radical, CO3") [8]. Other sources of *NO, are the autoxi-
dation of *°NO [9] and the myeloperoxidase-induced oxidation of NO3
[10,11]. These redox reactions induce nitration of guanine, tyrosine,
tryptophan, and conjugated fatty acids, the latter promoting the
endogenous formation of fatty acid nitro-alkenes (NO»-FA) in plants and
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mammals [12-15]. Electrophilic NO,-FA reversibly alkylate soft nucle-
ophilic amino acids, thus post-translationally modifying (PTM)
functionally-significant cysteines in enzymes and transcriptional regu-
latory proteins [16]. This reversible protein thiol alkylation by hydro-
phobic fatty acid nitroalkenes, as well as myristate, palmitate, isoprenes,
and other lipids, induces a panoply of protein distribution, cell signaling,
and gene expression responses [5,16-19].

The reactions of photochemical air pollutants *°NO and *NOs, deliv-
ered in reagent quantities as gases, have shown that the nitration of
esterified monounsaturated and bis-allylic fatty acid dienes yield mul-
tiple oxidation products, including nitro-nitrate (NO2-ONOjy) de-
rivatives [20]. In healthy humans, the oral supplementation of
conjugated diene-containing linoleic acid (CLA) and °NO3z or °NO3
resulted in nM concentrations of 15N02—CLA in plasma and urine [21].
Still, to date, no nitrate ester derivatives of lipids, carbohydrates, nu-
cleotides, or other biomolecules have been detected in vivo [22-24]. To
test this possibility, the products of CLA nitration during digestion were
evaluated. Herein, we report that the in vitro and in vivo nitration of
unsaturated fatty acids proceeds through the formation of an organic
nitrate-containing intermediate that stabilizes the initial radical formed
upon addition of °NO, to a conjugated diene. Specifically,
NO2-ONO,-CLA derivatives were endogenously generated under acidic
gastric conditions after oral supplementation of dietary levels of CLA
and NO3. NOo-ONO,-CLA species are non-electrophilic and decompose
at physiological pH to the electrophilic nitroalkene NO5-CLA in concert
with the generation of secondary reactive nitrogen oxide species.

2. Materials and methods

9- and 12-nitro-octadeca-9,11-dienoic acid (9-NO,-CLA and 12-NO»-
CLA), and the corresponding isotopically labeled internal standard
([15N]02—CLA), and 10-nitro-stearic acid (NO2-SA) standard were syn-
thesized and quantitated as previously described [25-27]. The abbre-
viation NO-CLA refers to a mixture of the above-mentioned positional
isomers. 9,11 and 10,12 mixed isomers of octadecadienoic acid (CLA)
(UC-59AX) and 1,2-dipalmitoylglycerol (D-151) were purchased from
Nu-Check (Elysian, MN, USA) to synthesize dipalmitoyl-CLA glycerol
standard (CLA-TAG) as reported before [28]. For in vitro assays
octadeca-9Z,11E-dienoic acid was purchased from Cayman Chemical
(Ann Arbor, MI, USA). Gastric juice artificial (S76772) was from Fisher
Scientific Company. Chemicals were analytical grade and purchased
from Sigma (St. Louis, MO) unless otherwise stated. Solvents used for
extractions and mass spectrometric analyses were from Burdick and
Jackson (Muskegon, MI).

2.1. Synthesis of NO2-CLA-containing TAG standard

Synthesis of NO3-CLA-TAG was performed by nitration of CLA-TAG.
Briefly, an oven-dried 20 mL vial was charged with CLA-TAG (87 mg) in
5 mL CHyCly. Trifluoroacetic anhydride (150 pL) and tetrabutylammo-
nium acetate (57 mg) were added to the stirred solution under nitrogen.
The vial was stirred for 10 min and then 10 pL hydrofluoroboric acid
(48% aq.) were added. The vial was sealed, covered in aluminum foil
and the solution stirred at room temperature overnight. The next day,
the solution was quenched and partitioned with 5 mL water, transferred
to a separatory funnel, and the aqueous layer was extracted 3 x CHyCl,.
The organic layers were combined, washed 1 x water and 1 x brine,
then dried over anhydrous sodium sulfate. The solids were filtered, and
the solvent removed by rotary evaporation, transferred to a new 20 mL
vial, and redissolved in 10 mL dry Et,0. Potassium proprionate (135 mg)
was added to the stirred solution and the resulting suspension stirred at
room temperature overnight. The next day the solution was partitioned
with 5mL 0.1M HCI, stirred briefly, then extracted three times with
5 mL Etp0. The organic layers were washed with water and brine, then
dried over sodium sulfate. The solvents were removed by rotary evap-
oration and the resulting oil purified by column chromatography (silica
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gel, 0-8% EtOAc/hexanes) to yield 66 mg of a light-yellow oil (72%).
Products were analyzed by HPLC-HR-MS/MS, 1H NMR, and 13C NMR
for structural confirmation (Suppl. Fig. 1B, C, D).

'H NMR (600MHz, CDClz) & (ppm): 7.52 (-CH=CNO,, d,
J=11.4Hz, 1H); 6.32 (CH,-CH=CH, dt, J=14.9, 7.2Hz, 1H); 6.19
(CH=CH-CH=, dd, J=13.8, 12.9Hz, 1H); 5.24 (CH3-HC(OR)-CHa,
quint, J = 4.8 Hz, 1H); 4.28 (CH,~CH(OR)CH,, dd, J = 11.9, 3.7 Hz, 2H);
4.14 (CH2-CH(OR)CH>, dd, J=11.9, 5.9 Hz, 2H); 2.64 (CNO,—CH>, t,
J=7.6 Hz, 2H); 2.30 (CH2-COq, t, J=7.5Hz, 6H); 2.23 (CH,-CH=CH,
2H); 1.59 (m, 7H); 1.50 (m, 3H); 1.44 (m, 2H); 1.30 - 1.24 (br m, 55H);
0.86 (-CHs, t, J = 7.0 Hz, 9H).

13C (150 MHz, CDCls) & (ppm): 172.7, 149.0, 148.9, 133.7, 123.5,
68.9, 62.0, 34.0, 31.9, 31.6, 29.7, 29.6, 29.6, 29.6, 29.4, 29.3, 29.2,
29.0, 24.8, 22.7, 22.6, 14.1 (note only representational peaks reported
from isomeric multiplets).

2.2. Animal study

Male Sprague-Dawley rats (~250 g, 9-10 weeks old, n = 3 per group)
were fasted overnight and treated with pentagastrin (200 pg/Kg, i.p.) to
stimulate gastric acid secretion. After 1hr, rats were gavaged with
17.2mg/kg synthetic CLA-TAG standard and 4.4 mg/kg NaNO, dis-
solved in polyethylene glycol 400. To assess the CLA-TAG products
formed in the stomach, one group of rats was euthanized after 45 min
and gastric content was collected and processed as reported below. To
evaluate the plasma distribution of gastric CLA-TAG products, nine rats
were randomly divided into three groups and orally supplemented at the
same concentrations as above with: 1) CLA-TAG + NaNO,, 2) CLA-TAG,
and 3) NaNO,. After 40 min, rats were treated with orlistat 2 mg/Kg (i.
v.) and blood was collected at 1, 2, 4 hr, centrifuged, and the plasma was
stored at —80 °C until used. Animal studies were performed in accor-
dance with the Guide for the Care and Use of Laboratory Animals pub-
lished by the United States National Institutes of Health (NIH
Publication No.85-23, revised 1996).

2.3. Analysis of gastric and plasma CLA-TAG products

The gastric content was diluted with 2mL saline, and reaction
products were extracted with 2 mL hexane, dried under a stream of ni-
trogen gas, dissolved in 1 mL ethyl acetate and analyzed by HPLC-HR-
MS.

Plasma samples were spiked with 250 pmol internal standard [1°N]
0,-CLA in presence of 10 pL sulfanilamide (10% w/v acetonitrile) to
avoid any potential artifactual nitration during acidic extraction. Lipids
were extracted with 200 pL hexane/isopropanol/1 M formic acid
(30:20:2, v/v/v) followed by addition of an equal volume of hexane,
vortexing, and centrifugation at 2000 g for 5min at 4 °C. The upper
organic phase was recovered, dried under nitrogen, and reconstituted in
100 pL acetonitrile before HPLC-MS/MS analysis. This method allowed
to analyze free concentrations of NO2-CLA while its esterified levels
were measured using an acid hydrolysis method with minor modifica-
tions as previously [27]. Briefly, plasma (25 pL) spiked with 2.5 pmol
internal standard [15N]02-CLA was incubated with 1 mL acetoni-
trile/HCl (9:1, v/v), in presence of 10 pL sulfanilamide at 90 °C for 1 hr.
After incubation, 1 mL saline was added followed by 2 mL hexane, and
samples were vortexed and centrifuged at 2000 g for 5 min at 4 °C. Then,
the hexane phase was dried under a nitrogen stream and reconstituted in
acetonitrile for HPLC-MS/MS analysis. The esterified levels of NO,-CLA
were obtained by subtracting the free acid levels (hex-
ane/isopropanol/1 M formic acid extracts) from the total levels (after
hydrolysis condition).

2.4. Analysis of gastric and base-catalyzed decay CLA products

Independent reactions of free CLA or CLA-TAG standards (0.5 mg)
with 2 mM NaNO, were performed in pre-warmed artificial gastric juice
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for 1 hr at 37 °C under continuous magnetic agitation in aerobic con-
ditions or in glovebox with a 2-4% H; atmosphere of catalyst-
deoxygenated nitrogen (anaerobic conditions). Then, in vitro gastric
products were extracted with 1 mL hexane, dried in a stream of nitrogen,
dissolved into 150 pL isopropanol/acetonitrile (1/1, v/v), and analyzed
by HPLC-DAD-Uv-Vis before and after base-catalyzed degradation with
5pL ammonium hydroxide (NH4OH). Relative quantitation was re-
ported as percentage of the total areas recorded for all peaks in the
chromatogram. Further characterization of gastric products before and
after alkaline decomposition was performed collecting Uv-Vis fractions
followed by HPLC-HR-MS analysis.

UV-Vis decay kinetics were performed using 50 pL hexane extracts,
which were dried under nitrogen, resuspended into 300 pL. methanol
and analyzed at 312 nm by UV-Vis spectrophotometry before and after
addition of 3 pL phosphate buffers at pH ranging from 5.8 to 9. Then,
initial rate of each kinetic was normalized as rate % of maximum and
plotted versus pH to describe a sigmoid, which inflection point corre-
sponded to the pKa of NO,-ONO,-CLA derivatives.

2.5. Analysis of NO2-CLA and nitrogen oxide species

CLA-TAG + NaNO; reaction products in hexane (50 pL) were dried
under a stream of nitrogen gas, and resuspended in 1 mL phosphate
buffer 50 mM, pH 7.4 with 100 pM DTPA and 20 pM 2,3-diaminonaph-
thalene (DAN) in presence or absence of 0.8 mg/mL porcine pancre-
atic lipase. Then, samples were incubated at 37 °C under continuous
magnetic agitation and aliquots were taken at 15, 30, 60, 120, 240 min.
For the analysis of NO2-CLA and 2,3-naphtotriazole (NAT), 20 pL ali-
quots were resuspended in 200 pL acetonitrile with 4 pmol NO»-SA in-
ternal standard, and analyzed by HPLC-MS/MS.

For the analysis of NO3 and NO3, 100 pL aliquots at each time point
were mixed with 100 pL chloroform/methanol (1/1, v/v) vortexed at
15000 g for 5min at 4°C, and the supernatant was injected into an
Eicom NOx analyzer ENO-30 (Amuza Inc, San Diego, CA, USA). This
system used a post-column diazo coupling reaction (Greiss reaction)
combined with HPLC using a NO-PAK separation column. NO3 was
derivatized with Griess reagent generating a red diazo compound, and
absorbance was quantitatively measured by spectrophotometric detec-
tion at 540 nm. NO3 was reduced to NO; on a cadmium reduction
column and derivatized with the same diazo coupling reaction. NO5 and
NOj3 concentration were determined using calibration curves generated
with sodium nitrite and sodium nitrate standards.

For the analysis of *NO, 20-30 pL of CLA-TAG or CLA+ NaNO; re-
action products in hexane were directly injected into a Model 280 Nitric
Oxide Analyzer (NOA, Sievers Instruments, Boulder, CO, USA) with a
purge vessel containing bubbling phosphate buffer 25 mM (pH 7.4). The
system measured *NO based on a gas-phase chemiluminescent reaction
between *NO and ozone (O3). Calibration curves were performed by
injection of rapid release *NO donors.

2.6. HPLC-UV-Vis analysis

Gastric CLA-TAG and CLA derivatives were both analyzed by HPLC-
UV-Vis using an Agilent 1200 Series HPLC system with an analytical C18
Luna column (2 x 100 mm, 5 pm, Phenomenex) maintained at 40 °C and
a diode array detector (DAD). The CLA-TAG products were chromato-
graphically resolved using a solvent system of acetonitrile/water 50/50
(v/v) containing 0.1% formic acid (solvent A) and isopropanol/aceto-
nitrile 70/30 (v/v) containing 0.1% formic acid (solvent B), at 0.7 mL/
min flow rate with the following gradient program: 70-100% solvent B
(0-3 min); 100% solvent B (3-6 min) followed by 3 min re-equilibration
at initial conditions. Instead, the CLA products were eluted with a
0.65 mL/min flow rate and a solvent system consisting of water con-
taining 0.1% acetic acid (solvent A) and acetonitrile containing 0.1%
acetic acid (solvent B), with the following gradient program: 35-100%
solvent B (0-8 min); 100% solvent B (8-10 min) followed by 2 min re-
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equilibration at initial conditions.
2.7. HPLC-MS/MS analysis

To further characterize gastric products, selected UV-Vis fractions
were collected and analyzed by HPLC-HR-MS/MS using a Vanquish
UPLC system in tandem with a Q-Exactive hybrid quadrupole-Orbitrap
mass spectrometer equipped with a HESI II electrospray source
(Thermo Scientific). CLA-TAG derivatives were chromatographically
resolved with a C18 Luna column (2 x 150 mm, 3 pm, Phenomenex) at a
flow rate of 0.4 mL/min and with a post-column infusion of 50 pL/min of
10% ammonium acetate in acetonitrile (10 mM final). The mobile
phases were 10% water in acetonitrile (solvent A) and ethyl acetate
(solvent B), and the following gradient was used: 35-90% solvent B
(0-10 min); 90% solvent B (10-13 min) to then reach the initial condi-
tions in 0.5 min and re-equilibrate for an additional 1.5 min. Free CLA
reaction products were evaluated using the column, solvents and
gradient described above for the HPLC-UV-Vis analysis.

Electrospray ionization of gastric CLA-TAG derivatives was operated
in positive mode, and the following parameters were used: auxiliary gas
heater temperature 250 °C, capillary temperature 300 °C, sheath gas
flow rate 20, auxiliary gas flow rate 20, sweep gas flow rate 0, spray
voltage 4 kV, S-lens RF level 60 (%). Full mass scan analysis ranged from
300 to 1500 m/z at 17500 resolution. The main chromatographic peaks
of CLA-TAG products as NH4 adducts were selected and subjected to
MS2 fragmentation (composition confirmed at the <2ppm level).
Instead, mass spectrometry analysis of gastric CLA products was oper-
ated in negative ion mode using the following parameters: auxiliary gas
heater temperature 325 °C, capillary temperature 300 °C, sheath gas
flow 45, auxiliary gas flow 15, sweep gas flow 2, spray voltage 4 kV, S-
lens RF level 60 (%). Full mass scan analysis ranged from 150 to 600 m/z
at 17500 resolution. Parallel Reaction Monitoring (PRM) of m/z 387.21
and m/z 324.21 were used for NO,-ONO»-CLA and NO,-CLA identifi-
cation and characterization, respectively. Manufacturer’s recommended
calibration solutions were used to calibrate the instrument in positive
and negative mode.

Plasma extracts were analyzed by HPLC-MS/MS using a C18 Luna
column (2 x 100 mm, 5 pm, Phenomenex), with a 0.65 mL/min flow
rate, and mobile phases of water 0.1% acetic acid (solvent A) and
acetonitrile 0.1% acetic acid (solvent B). Extracts were injected at 35%
solvent B, followed by a linear increase in the organic phase to 100%
over 10 min with 2 min re-equilibration at initial conditions. A QTRAP
6500+ triple quadrupole mass spectrometer (Sciex, Framingham, MA)
was used in negative ion mode with the following parameters: declus-
tering potential (DP) - 60 V, collision energy (CE) - 42 eV, entrance
potential (EP) and collision cell exit potential (CXP) - 5 V, and source
temperature of 650 °C. Quantitation of plasma NO,-CLA was performed
by stable isotopic dilution analysis using calibration curves in the
presence of the [15N]02-CLA internal standard and following MRM
transitions 324.2/46 and 325.2/47 respectively.

NAT and NO,-CLA were resolved using a C18 Luna column
(2 x 20 mm, 5pm, Phenomenex) at a 0.75 mL/min flow rate, with a
gradient solvent system consisting of water containing 0.1% acetic acid
(solvent A) and acetonitrile containing 0.1% acetic acid (solvent B).
Samples were injected at 10% solvent B followed by a linear increase to
100% over 3.3 min. The organic phase was kept at 100% for another
minute and followed by 0.8 min at initial conditions. The analysis was
performed with an API 5000 triple quadrupole mass spectrometer
(Applied Biosystems, San Jose, CA), equipped with an electrospray
ionization source (ESI). NAT was analyzed in positive mode for a
duration of 2min using the MRM transition 170.1/115.1 and the
following parameters: DP 100V, EP 3, CXP 10, CE 35, curtain gas 25,
ionization spray voltage 5500, GS1 70, GS2 65, and a temperature of 650
°C. At 2min the polarity was switched to negative mode and NO,-CLA
was analyzed using the MRM transition 324.2/46 and the following
parameters: DP - 75V, EP - 10V, CXP - 8V, and CE - 35 eV. Quantitation
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of NAT and NO,-CLA was performed with an external and internal
calibration curve in the presence of the internal standard NO3-SA (MRM
328.2/46), respectively.

2.8. Statistical analysis

Values are expressed as means + standard deviation and unpaired t-
test was used for statistical significance (*p < 0.05).

3. Results
3.1. Gastric generation of fatty acid nitrate esters

Oral supplementation of NO2 and CLA in rodents and humans in-
creases plasma levels of NO2-CLA and modulates hemodynamic re-
sponses [12,21,29]. Since dietary CLA is principally esterified in
triacylglycerols (TAG), gastric NO,-CLA formation was evaluated in rats
gavaged with sodium nitrite (NaNO;) and a CLA-containing triglyceride
(CLA-TAG) at a level relevant to human dietary consumption (Fig. 1A).
Pentagastrin (i.p.) was first administered to stimulate acid secretion
since the gastric pH of rats is more basic (~4.5) than humans (~1.5-2.5)
during digestion [30]. The full MS chromatographic profile of gastric
content lipid extracts in the positive ion mode (300-1500 m/z range)

A
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reveals principal peaks from 5min to 8 min (Fig. 1B). Peak 1 corre-
sponds to native CLA-TAG and peak 2 to NO,-CLA-containing tri-
glycerides (NO2-CLA-TAG) (RT 6.14 min, m/z 893.7544). The more
abundant peak 3 (RT 5.70min) shows an m/z value of 956.7499
consistent with the ammonium adduct of a nitro-nitrate-containing
CLA-TAG (NO2-ONO3-CLA-TAG, confirmed at the 1 ppm level). Struc-
tural information was obtained upon collision-induced dissociation
(MS2) of this peak, with the formation of 7 major fragments, corre-
sponding to two triglyceride and five diglyceride ions (Fig. 1C). The first
odd mass triglyceride ion (m/z 829.7260) did not contain nitrogen
atoms and corresponded to the neutral losses of nitrous acid, nitric acid,
water, and ammonia [M-(HNO,)-(HNOs)-(H20)-NH3]" with a further
loss of water, generating m/z 811.7186. Fragmentation and acyl chain
losses generated five diacylglyceride ions. The key structural ion (m/z
683.4829, [M-(16:0)-NH3]™) contains both -NO, and -ONO, groups and
results from the initial loss of palmitate and ammonia. Further neutral
losses of HNO3 (m/z 620.4880) and HNO, (m/z 573.4864) from this
diacylglyceride establish the presence of -ONOy and -NO3 groups on the
conjugated acyl chain. This is further confirmed by the presence of m/z
551.5023, corresponding to [M-(NO,-ONO,-CLA)-NH3] " that is gener-
ated by neutral losses of nitro-nitrate-CLA (NO»-ONO,-CLA) and
ammonia.

B

CLA-TAG

o Analysis of s Peak 1 AT
Pentagastrin, i.p. Gavage gastric content 4x107 7.32 -
1 848.7700
. Cs3H10206N = 848.7702
4 -0.1963 ppm
| 1hr | 1hr |
I I | e )
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>
“ NaNO, (4.4 mg/Kg) £ gxo7, Peak 2 A=
) [
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J -0.9352 ppm
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N N N NG U SO NO,-ONO,-CLA-TAG
A 0, . Peak 3 ONO, NO?
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Ca7H 581 '495731 4983
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Fig. 1. Fatty acid nitro-nitrate esters are formed in the gastric compartment. (A) Schematic representation of treatment, supplementation, and recovery of
gastric content in rats. (B) Mass chromatograms of gastric CLA-TAG (m/z 848.7), NO,-CLA-TAG (m/z 893.7), and NO,—-ONO,-CLA-TAG (m/z 959.7) as ammonium
adducts [M+NH,4]", with elemental composition, theoretical mass, and mass accuracy. (C) MS2 spectrum of NO,—~ONO,-CLA-TAG. Representative chemical struc-
tures are shown for the 9-NO,-12-ONO,-CLA-TAG regioisomers and corresponding product ions. Data are representative results from a pharmacokinetics

study (n=3).
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3.2. In vitro generation and decomposition of NO>—ONO2 The transit of gastric contents from the stomach to the duodenum
occurs in concert with pH variations, increasing from acidic to neutral or

To further characterize NO,-ONO,-CLA generation, CLA-TAG and slightly alkaline, and exposure to pancreatic secretions containing
free CLA were incubated with NaNOy in artificial gastric fluid under abundant lipase activities. To model this pH elevation, ammonium hy-
aerobic conditions. Reaction products were analyzed by HPLC coupled droxide was added to neutralize the reaction products formed by CLA-

to both a UV-Vis detector and a high-resolution mass spectrometer (HR- TAG or CLA and NaNOs in artificial gastric fluid (Fig. 2). UV chroma-
MS). In room air-equilibrated conditions, CLA-TAG + NaNO, reaction tography profiling at 210 nm shows a main peak at 4.6 min that also
products show a principal 210 nm peak at 4.34 min (Fig 2A red and strongly absorbs at 312nm (Fig. 2A upper traces, blue and Suppl.
Suppl. Fig. 2A), a minor peak at RT 4.15 min, and unreacted CLA-TAG at Fig. 2B). The newly formed species both co-elutes and displays the same
4.96 min (in grey) that coelutes with a synthetic standard (Fig. 2A lower absorbance ratio 210nm/312nm =1 (AUC2;0pm/AUC312nm) as a syn-
trace). The late broad-eluting peak (RT 5.59 min) that follows the thetic NO,-CLA-TAG standard (Fig. 2A and Suppl. Fig. 1A). Mass anal-
elution of CLA-TAG likely corresponds to trace dimerization products. ysis at the 2 ppm level confirms the atomic composition of NO2-CLA-
Of note, product spectra have no 250-400 nm absorbance, indicating the TAG (Fig. 2B upper panel in blue). Quantitation of the reaction products
absence of isolated (Apax 257 nm) or conjugated nitroalkene groups reveals that the primary species is NO2-ONO3-CLA-TAG (60 + 13%)
(Amax 312nm) [25] (Suppl. Fig. 2C). HPLC-HR-MS analysis of the which, after addition of base, is stoichiometrically converted to NO,-
HPLC-UV fraction containing the main product peak (red) confirms the CLA-TAG (63 £ 11%), with 24 + 11% corresponding to unreacted CLA-
major formation of NO;-ONQO,-CLA-TAG and only trace NO,-CLA-TAG TAG (Fig. 2C). A set of minor products is also formed (RT 4.27 min),
(Fig. 2B lower and upper panels in red). NOo~ONO-CLA-TAG (m/z accounting for 7 + 2% and consisting of oxidized-NO2-CLA-TAG (Suppl.
956.7494) displays three chromatographic peaks at RT 5.91min, Fig. 2E central panel). Thus, in vitro nitration of free CLA under acidic
5.98 min, and 6.18 min, suggesting different regioisomers, while gastric conditions confirms the formation of NO>-ONO,-CLA, that after
NO,-CLA-TAG (m/z 893.7553) results in two peaks at RT 6.42 min and neutralization with base, decays to NO2-CLA (Suppl. Fig. 3). Quantita-
6.5 min, corresponding to 12- and 9-NO»-CLA-TAG, respectively [28]. In tive analysis shows that NOo—ONO»-CLA accounts for 35 + 11% of total
addition, minor dinitro-CLA-TAG, and oxidized-NOy-CLA-TAG products products, with 5 + 3% NO»-CLA initially detected (Fig. 2D). The addi-
were identified by atomic composition analysis with 2 ppm resolution tion of base stoichiometrically converts NO-ONO,-CLA to NO2-CLA,
(Suppl. Fig. 2E left panel). representing 43 + 23% of product. Additional structural insight comes
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Fig. 2. Fatty acid nitration products formed by CLA-TAG and NaNO, in artificial gastric fluid - effect of pH and oxygen. (A) UV-Vis chromatograms of CLA-
TAG and nitration products at 210 nm, 257 nm and 312 nm, before (in red) and after neutralization with base (blue). (B) HPLC-MS analysis of the UV-Vis fractionated
peaks at 4.34 min (upper and lower panels in red) and 4.6 min (upper and lower panels in blue) before and after gastric fluid neutralization, respectively. The lower
panel represents the mass chromatogram of NO,—~ONO,-CLA-TAG (m/z 959.7) and the upper panel is NO,-CLA-TAG (m/z 893.7), as ammonium adducts [M-+NH4] %,
with elemental composition, theoretical mass, and mass accuracy. Relative distribution of (C) CLA-TAG and (D) non-esterified CLA nitration products under aerobic
conditions before and after addition of base. (E) Percentage of NO,-CLA derivatives after base-catalyzed decay of esterified and free fatty acid (FFA) nitration
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from infrared analysis of reaction products containing NO,—ONO,-CLA-
TAG, that shows two characteristic peaks at 1633 em™ and 1555 cm™
indicative of R-ONO, and R-NO- functional groups respectively [31]
(Suppl. Fig. 4). After addition of base, the 1633 cm’! peak is lost, and a
new peak at 1515 cm™ appears that corresponds to a vinyl-NO, group,
reinforcing the formation of NO5-CLA-TAG upon NO>-ONO,-CLA-TAG
decay.

The stomach lumen is well oxygenated (~70 Torr, 7.6% O2)
compared with other compartments of the digestive tract [32]. The
formation of products containing organic nitrates motivated evaluating
the role of oxygen in the generation of NO2—ONO3-CLA species. Under
anaerobic conditions, CLA-TAG + NaNO; products followed by
HPLC-UV (A210nm) present a different profile than under aerobic con-
ditions, yielding a peak at RT 4.24 min with a shoulder at RT 4.36 min, a
main peak accounting for unreacted CLA-TAG and a minor peak at RT
5.37 min, that was not further characterized (Suppl. Fig. 5 A and C). MS
analysis of the peak 1 fraction shows equal amounts of dinitro-CLA-TAG,
oxidized-NOy-CLA-TAG, and NO-ONO5-CLA-TAG (Suppl. Fig. 5E).
After base addition, the latter decomposed, generating NO2-CLA-TAG at
4.61 min and a minor set of unidentified peaks (Suppl. Fig. 5B, D, E).
Anaerobic conditions decrease the yield of NO;-ONO,-CLA-TAG (Suppl.
Fig. 6A), and base-induced NO,-CLA-TAG formation was ~50% lower
than under aerobic conditions (Fig. 2E). Finally, the acidic nitration of
CLA by NO3 under anaerobic conditions gives a significantly lower yield
of NO2-ONO,-CLA which, in combination with unidentified species,
accounted for 14 + 3% of the reaction products and minimal NO2-CLA
(1.3 +0.4%) (Suppl. Fig. 6B and 7A, C, E). Addition of base further
evidenced the presence of unidentified species that showed an absor-
bance ratio 210nm/312nm >1 (Suppl. Fig. 7B peak 3). Overall,
NO,-CLA accounted for 8 + 1% of total products, showing an ~80%
reduction of NOy-CLA yield from CLA under anaerobic rather than
aerobic conditions (Fig. 2E).

3.3. Base-catalyzed decay of NO2~-ONO,-CLA

The alkaline-catalyzed decay of NO;—ONO,-CLA-TAG to NO2-CLA-
TAG and the mechanism of -ONO- elimination was characterized as a
function of pH by following absorbance changes at 312 nm. Under acidic
conditions, NO2—ONO»-CLA-TAG species were relatively stable with
minimal absorbance changes at pH 5.8 (Fig. 3A). Increasing alkalinity
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increased rates of NO,-CLA-TAG formation. Separately, the analysis of
non-esterified NO2—ONO2-CLA reaction products revealed similar pH-
dependent decomposition kinetics with the corresponding generation
of NO,-CLA. Under acid pH conditions (pH 5.8), NO2-ONO,-CLA was
relatively stable, with increases in pH concomitantly increasing rates of
NO,-CLA formation (Fig. 3B). A scan of the absorption spectrum of
NO2-ONO,-CLA from 250nm to 400nm confirmed an absence of
nitroalkene absorbance at 312 nm (Fig. 3C red dotted line). Alkalization
to pH 7.4 induced time-dependent formation of species absorbing at
312 nm (0-8 min) with a single isosbestic point at 375 nm. This confirms
the generation of only NO3-CLA during NOo—ONO»-CLA decay, without
detection of any reaction intermediates.

The pKa for the formation of NO2-CLA-TAG and NO,-CLA is 6.9 and
7.3 respectively, calculated by plotting the initial rate of decay as % of
maximum versus pH (Fig. 3 D and E). The base-catalyzed kinetics of
NO2-ONO3-CLA-TAG decay in an aprotic solvent (acetonitrile) revealed
a decrease of parent molecule (red) and a corresponding increase in the
NO,-CLA-TAG product (in blue) (Suppl. Fig. 8). This data supports that
the decomposition of free and esterified NOo—ONO,-CLA species under
alkaline conditions involves the deprotonation of the a-carbon (to the
-NO; group) with consequent bond reorganization upon p- or &-elimi-
nation of the -ONO, group depending on the two possible parent
molecule regioisomers, yielding an electrophilic nitroalkene moiety
(Fig. 3F).

3.4. NO2-ONO,-CLA-TAG decomposition yields reactive nitrogen oxides

Organic nitrates, such as NTG, activate soluble guanylate cyclase and
induce vasodilation via the generation of an *NO precursor [33]. The
release of nitrogen oxides (NOx) by NO,~ONO,-CLA-TAG in phosphate
buffer pH 7.4, was evaluated in the presence or absence of pancreatic
lipase. The temporal formation of NO3, NO3, NO,-CLA and 2,3-naphto-
triazole (NAT) was followed (Fig. 4), with NAT being the product of 2,
3-diaminonaphthalene (DAN) cyclization induced by nitrosating spe-
cies (e.g., N2Og). Lipase activity accelerated the generation of NO3
during NO2-ONO3-CLA-TAG hydrolysis and decay in buffered aqueous
solution (Fig. 4A), in contrast with similar decay rates in methanol
(Fig. 3 A and B). At 240 min the decay reactions with and without lipase
converged to a yield of ~0.75. The NO; generation upon aqueous decay
of NO2-ONO,-CLA-TAG gave ~10-fold lower yields than for NO3, with

Fig. 3. Base-catalyzed decay of
NO,-ONO,-CLA derivatives. The pH-
dependent decay kinetics measured at
312 nm for (A) NO,—ONO,-CLA-TAG and (B)
NO,-ONO,-CLA to corresponding NO,-CLA
products. (C) UV-Vis absorbance spectra
after incubation from 0 to 8min of
NO,-ONO,-CLA at pH 7.4 (time zero =red
dotted line). Sigmoidal fit of the initial rates
of (D) NO,-CLA-TAG and (E) NO,-CLA for-
mation from the corresponding NO;-ONO,-
CLA-TAG and NO,-ONO»-CLA precursors as
a function of pH. (F) Proposed mechanism of
base-catalyzed NO;-ONO,-CLA o-carbon
deprotonation and NO,-CLA formation. Each
circle is representative of a kinetic at a spe-
cific pH. Four independent experiments were
performed. (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the Web version of this
article.)
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Fig. 4. Release of nitrogen oxides from
NO>-ONO,-CLA-TAG decay. Time-dependent gen-
eration of (A) nitrate and (B) nitrite upon incubation
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no significant impact of lipase hydrolysis of TAG (Fig. 4B). Lipase hy-
drolysis of NO;-ONO2-CLA-TAG increased the rate of free NO,-CLA
yields with a similar kinetic profile and yield as for NO3 generation
(Fig. 4C). In absence of lipase, no free NO,-CLA is generated by the decay
reactions of NO,-ONQ,-CLA-TAG. Notably, lipase hydrolysis generated
nitrosative species in yields greater than for the parent
NO2-ONO2-CLA-TAG in neutral phosphate buffer and significantly
lower than the other decay products (<1%) (Fig. 4D).

3.5. NO2-ONO,-CLA-TAG an in vivo precursor of NO2-CLA

Having determined that gastric lipid nitration proceeds through
unstable organic nitrate intermediates stabilized in triglycerides, we
evaluated whether downstream NOy-ONO»-CLA products are stable in
the alkaline intestinal environment and can be absorbed into the sys-
temic circulation. Rats were treated with pentagastrin (i.p.) and gavaged
with dietary levels of: 1) CLA-TAG + NaNOy, 2) CLA-TAG, and 3) NaNO,
(Fig. 5A). No NO2—ONO2-CLA-TAG species were detectable in plasma.
Only plasma lipids from the group supplemented with CLA-TAG +
NaNO; showed NO,-CLA that was predominantly esterified (~13-18 to
1 ratio when compared to free acid) (Fig. 5B). At time zero, NO,-CLA
was undetectable and 1 hr after oral gavage of CLA-TAG + NaNO,, free
and esterified NO»,-CLA concentrations reached 2.44+1.1nM and
31.14 +15.05 nM, respectively. These plasma levels were maintained
for 2 hr, followed by a 50% decrease at 4 hr.

4. Discussion
The stomach is a bioreactor that impacts both the reactions of NO3

and the spectrum of pleiotropic downstream systemic vasoregulatory
and anti-inflammatory responses to this chemically-reactive species.

Time (min)

These effects are predominantly acid-catalyzed, can be inhibited by
proton pump inhibitors (e.g., esomeprazole) and mediated by secondary
nitrogen oxides including *NO and lipid electrophiles such as NO2-FA
[17,21,29,34]. Herein, we report that organic nitro-nitrate derivatives
of unsaturated fatty acids are also generated in the acidic gastric
compartment and characterize the physiological decomposition of
NO,-ONO»-CLA derivatives into electrophilic NO2-CLA and secondary
nitrogen oxides.

Conjugated diene-containing triglycerides and NOg (Fig. 1) are
provided by a diet rich in dairy and plant oils, vegetables, and tubers.
The latter two, rich sources of NO3, provide mM levels of NO3 in the
saliva upon NO3 reduction by oral bacterial nitrate reductases [4]. In the
stomach’s acidic pH (~1.2-2.5), NO3 is protonated to nitrous acid
(HNO,, pKa 3.4), a reaction that yields N2Os and its products *NO and
*NO,, proximal mediators of Cys nitrosation and unsaturated lipid
nitration. In this regard, conjugated dienes of fatty acids, including CLA,
are the preferential substrate for *NO»-dependent nitration reactions, as
opposed to bis-allylic moiety of fatty acids and protein tyrosine and
tryptophan residues [12,35]. Finally, physiological gastric oxygen ten-
sions (~70Torr) [32] favor the formation of NO;—ONO>-CLA de-
rivatives, in agreement with their greater in vitro yields under aerobic
than anaerobic conditions (Fig. 2C and Suppl. Fig. 6A). These findings
also underscore the possibility that NO,—ONO;-containing lipids can be
generated in other acidic compartments, such as phagolysosomes,
endosomes, and the intermembrane space of mitochondria.

When defining the potential ability for NO,—ONO,-CLA to gain sys-
temic access upon transiting from the acidic gastric site of generation to
the more alkaline intestine (pH ~6-8), it was discovered that at neutral
to alkaline pH, both free and esterified NO,-ONO,-CLA were metastable
non-electrophilic precursors of electrophilic NOy-FA (Figs. 2 and 3).
NO2-ONO,-CLA species are not electrophilic, lack the characteristic
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Fig. 5. Gastric NO,—~ONO,-CLA-TAG derivatives are precursors of NO,-CLA
detected in systemic circulation. (A) Schematic representation of treatment
protocol. (B) Free and esterified concentrations of NO,-CLA in plasma of CLA-
TAG + NaNO, gavaged rats.

nitroalkene absorbance peaks at ~260 nm, and are not a substrate for
prostaglandin reductase 1 (PtGR-1), the enzyme that inactivates NOy-FA
signaling (Figs. 2A and 3F) [36]. Base-catalyzed NO2—ONO»-CLA
decomposition and NO»-CLA formation increased the absorbance at
312 nm, consistent with the electron delocalization present in the con-
jugated nitrodiene. It is anticipated that the activation of
NO2-ONO,-CLA derivatives into electrophilic products could modulate
characteristic signaling responses including inhibition of NF-kB-, toll--
like receptor-4 (TLR4)- and protein stimulator of IFN genes (STING)--
regulated pro-inflammatory cytokine and adhesion molecule
expression, while activating adaptive HSF-1 and Nrf-2-regulated tis-
sue-protective gene expression, thus impacting pathologic cell prolifer-
ation and tissue remodeling [5,37-39].

Organic nitrates induce soluble guanylate cyclase (sGc) activation,
smooth muscle relaxation and vasodilation via mechanisms unrelated to
direct *NO release. For example, NTG undergoes diverse chemical re-
actions with heme proteins and oxidoreductases to yield NOz and S-
nitrosothiols [33,40]. NO2-ONO,-CLA derivatives have an acidic H (« to
the electronegative -NO group) with a pKa comparable to nitroalkanes
in aqueous and methanol-water solutions [41,42] (Fig. 3). The
alkaline-catalyzed a deprotonation induces a transient carbanion and
subsequent electron migration, elimination of NO3 and formation of
NO,-CLA (Figs. 2-4). This mechanism is in agreement with the
base-promoted loss of substituents on aliphatic compounds with «
electron-withdrawing groups [43].

Nitrite generation may derive from decomposition mechanisms of
NO2-ONO2-CLA derivatives via nucleophilic substitution of the -NOy
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group under neutral conditions [44] or alkaline deprotonation of the
hydrogen o to the -ONO2 group [45]. The detection of a
nitro-keto-CLA-TAG product upon the base-catalyzed decay of
NO2-ONO;-CLA-TAG in organic milieu supports this mechanism, that
would yield a carbonyl product (Suppl. Fig. 2E). Nevertheless, the
degradation of allyl-ONO5 compounds or NO,—ONO»-containing lipids
at different pH has not been characterized and we cannot exclude the
possibility that both mechanisms may occur under neutral conditions.
The lack of an effect of lipase on nitrite formation suggests that it is not
primarily a result of hydrolysis of nitrosating species which might be
responsible for DAN nitrosation (e.g., N2Os, N2O4) (Fig. 4). Of note,
sensitive ozone chemiluminescence analysis did not detect *NO pro-
duction by NOo—ONO»-CLA species in phosphate buffer at neutral and
alkaline pH, arguing against *°NO autooxidation as a pathway for NOz
generation. This result also argues against the formation of gaseous
nitrosative nitrogen oxides N2Os or N3Oy, since rapid stoichiometric
homolysis upon volatilization [46] would produce detectable *NO.
Further heavy isotope (*°N, 180)-based MS studies are required to unveil
the mechanisms of formation and chemical nature of the nitrosative
species detected upon lipase hydrolysis of NO>—ONO»-CLA-TAG
(Fig. 4D).

To define potential in vivo NO2,-ONO,-CLA-TAG signaling actions,
we evaluated whether these gastric nitration products remain intact or
are degraded into non-esterified NO,-CLA by the combined effect of the
more alkaline intestinal pH and pancreatic lipase hydrolysis. Fat ab-
sorption requires hydrolysis in the intestinal lumen followed by re-
esterification into TAG and chylomicron transport and distribution to
distal tissues [47]. Despite the use of the lipoprotein lipase inhibitor
orlistat to increase chylomicron half-life, our attempts to detect circu-
lating NO2—ONO2-CLA-TAG were unsuccessful [48]. The evaluation of
NO2-ONO32-CLA-TAG in circulation is challenging because of an
inherent instability in the strong conditions used for hydrolysis (Fig. 5).
In addition, enterocyte re-esterification reactions result in scrambling of
TAG fatty acids, further diluting NO,-ONO,-CLA in several different
TAG species, precluding their detection in vivo.

Nitration of CLA occurs by the preferential addition of *NO to the
diene’s external flanking carbons at positions 9 and 12 of the acyl chain,
generating a nitrated allylic radical stabilized by electron resonance
(Scheme 1). Under aerobic conditions, this intermediate can react with
oxygen to generate a nitro-peroxyl radical, putatively reduced to a nitro-
alkoxyl radical by oxidation of *°NO to *NO [12]. Further reduction or
oxidation of this nitro-alkoxyl radical can also form nitro-hydroxy-,

‘NO, . NO> . NO,
02
OOH NO (o]e}) NO2
L |
(@] NO2 OH NO2
(o) NO>
x/\/—&,r

ORI CYL R

NOx

Scheme 1. Proposed mechanism for the reaction of *NO, with CLA moiety
under aerobic conditions.
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nitro-peroxy- or nitro-keto-CLA products. The present results reveal that
NO2-ONO,-CLA derivatives are the principal gastric unsaturated fatty
acid nitration products formed under aerobic conditions and suggest the
reaction of *NO, with the nitro-alkoxyl radical in the generation of these
species. On the contrary, in an oxygen-deficient environment, the initial
reaction between the delocalized nitrated allylic radical and *NO2 may
generate a dinitro-CLA and an intermediate nitro-nitrito (NO2-ONO)
product [49]. The latter could release *NO to form the central
nitro-alkoxyl radical, which in turn could react with *NOj to yield lower
levels of NO2-ONO,-CLA derivatives in comparison with aerobic con-
ditions (Fig. 2E).

In conclusion, the reactions of dietary CLA and NO3 during digestion
yield an endogenous nitrate ester, NOo~ONO»-CLA, that accounts for a
new pathway leading to the endogenous generation of electrophilic
NO,-CLA. This intermediate can impact the plasma and tissue levels of
NO,-CLA because of increased stability of the nitro-nitrate ester in acidic
gastric conditions and the suppression of a central route of nitro-fatty
acid inactivation, the reduction of the nitroalkene by prostaglandin
reductase-1. Further studies will reveal whether other acidic tissue
compartments can generate NO2-ONO»-FA derivatives. Both
endogenously-generated and exogenously administered NO,—~ONO2-FA,
having a functional group that is a key constituent of cardiovascular
vasodilators, can potentially mediate *NO/cGMP-dependent signaling
responses that may occur in the digestive tract or more remotely. It is
shown herein that these signaling actions can occur in concert with the
pleotropic cGMP-independent anti-inflammatory adaptive signaling
actions that have been demonstrated for the fatty acid nitroalkene
product formed by NO;—ONO,-CLA decay.
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