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inflammatory and metabolic stress (1–3). In particular, the 
reaction between unsaturated FAs and the nitric oxide and 
nitrite (NO2

)-derived radical species nitrogen dioxide 
(·NO2) generates electrophilic FA nitro-alkene byproducts 
(NO2-FAs) (4). These molecules are endogenously de-
tected and have been observed to mediate salutary re-
sponses in models of inflammatory injury and oxidative 
stress. Current data supports that NO2-FAs predominantly 
signal via posttranslational protein modifications, specifi-
cally of functionally significant Cys residues of nuclear tran-
scription factor erythroid 2-related factor 2 (Nrf2), soluble 
epoxide hydrolase (sEH), p65 subunit of nuclear factor 
kappa B (NF-kB), transient receptor potential cation chan-
nel subfamily V member 1 (TRPV1), and heat shock fac-
tor-1 (HSF-1) (5–9).

NO2-FAs have been detected in a variety of species, in-
cluding mammals and plants, as both free acid and as com-
plex lipid-esterified species (3, 10, 11). For example, 
NO2-FAs are detected at micromolar concentrations in ro-
dent cardiac mitochondria subjected to an episode of isch-
emia-reperfusion and at nanomolar concentrations in 
healthy human plasma and urine (12–14). Additionally, 
NO2-FAs have been detected in Arabidopsis, fresh olives, 
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by nucleophilic substitution of [15N]labeled sodium nitrate and 
1-bromononane-6,6,7,7-d4) and a nine-carbon aldehyde-ester via a 
previously described nitroaldol procedure (21, 22). Nitro-stearic 
acid (NO2-SA) and its isotopically labeled analog, [15N]nitro-[D4]
octadecanoic acid (NO2-[

15N/D4]SA), were synthesized by selec-
tive reduction with sodium borohydride of the nitro-alkene double 
bond in NO2-OA and NO2-[

15N/D4]OA, respectively. Nitro-alkene 
standards of various lengths (C16, C15, C14, C13, and C12) were syn-
thesized by nitroselenation (21) of the corresponding native FAs 
and used as calibrators to normalize for MS responses. Before each 
experiment, NO2-OA, NO2-CLA, and NO2-LnA concentrations 
were measured spectrophotometrically in methanol using the fol-
lowing extinction coefficients: 312 = 11,200 M1cm1 for NO2-CLA, 
257 = 7,000 M1cm1 for NO2-OA , and 305 = 7,000 M1cm1 for 
NO2-LnA (21). DMEM, FBS, HBSS, and antibiotic-antimycotic so-
lutions were from Corning Cellgro (Herndon, VA). Strata NH2 
solid phase extraction columns (55 m, 70 A) were from Phe-
nomenex (Torrance, CA). Solvents were LC-MS grade from 
Burdick and Jackson (Muskegon, MI). Chemicals were of analyti-
cal grade and purchased from Sigma (St. Louis, MO) unless other-
wise stated.

Cell culture
The 3T3-L1 preadipocytes were maintained and differenti-

ated into adipocytes as previously (23). Fully differentiated adi-
pocytes were then treated with 100 M CLA or 5 M OA, 
NO2-SA, 10-nitro-oleic acid (10-NO2-OA), NO2-CLA, NO2-LnA 
in HBSS. Aliquots of cellular media were obtained at 1, 2, 4, 8, 
and 24 h, spiked with 20 pmol NO2-[

13C18]OA and NO2-[
15N/

D4]SA as internal standards, extracted using the Bligh and Dyer 
method (24), dried under a stream of nitrogen and reconsti-
tuted in 0.2 ml methanol for HPLC-MS/MS analysis. At the end 
of the treatment, adipocytes were rinsed with cold PBS, scraped, 
and lipids extracted.

Quantitative whole-body autoradiography analysis
The 10-NO2-[

14C]OA (labeled at carbon 10) was administered 
by a single oral gavage as a solution in sesame oil to male Sprague-
Dawley rats (8–10 weeks old, n = 8) at a dose level of 30 mg/4 
MBq/2 ml sesame oil per kilogram body weight. Rats were eutha-
nized at 1, 6, 24, 48, 72, 120, 168, and 336 h after dose administra-
tion and QWBA was then carried out on the carcass of n = 1 
animal for each time point. A frozen carcass was set in a block of 
2% (w/v) aqueous carboxymethyl cellulose at 80°C. Samples of 
whole blood reference standards containing six different con-
centrations of radioactivity were placed into holes drilled into the 
block to facilitate signal calibration. The block was mounted onto 
the stage of a microtome in a cryostat maintained at 20°C. Sag-
ittal sections (30 m) were obtained at six different levels 
through the carcass of each animal: 1) kidney; 2) intra-orbital 
lacrimal gland; 3) harderian gland; 4) adrenal gland; 5) half 
brain and thyroid; and 6) brain and spinal cord. The sections, 
mounted on sectioning tape, were freeze-dried using a Lyolab B 
freeze-drier. One section from each level was exposed to imaging 
plates and an adjacent freeze-dried section at each level was 
mounted and used for reference purposes when evaluating the 
images. After exposure in a refrigerated lead-lined exposure box 
for 3 days, imaging plates were scanned using a FLA5000 radiolu-
minography system. The electronic images were analyzed using 
an image analysis package (Seescan Densitometry software, ver-
sion 2.0). The limits of quantification for the procedure corre-
sponded to the lowest and highest calibration standards (0.12 to 
528 g equivalents of 10-NO2-OA per gram). Wherever possible, 
the maximum area for each tissue within a single autoradiogram 
was defined for measurement. These radiolabeling experiments 
were conducted at Huntingdon Life Sciences (Cambridgeshire, 

and extra virgin olive oil (15, 16). Notably, plasma and uri-
nary NO2-FA concentrations in humans are increased fol-
lowing oral supplementation with NO2

, nitrate (NO3
), 

and conjugated linoleic acid (CLA) (17, 18).
Recently, NO2-FA-containing phospholipids have been 

identified in cardiac mitochondria isolated from an animal 
model of type 1 diabetes (10), and NO2-FA-containing tria-
cylglycerides (TAGs) have been detected in nitro-oleic acid 
(NO2-OA)-supplemented adipocytes and plasma of rats af-
ter gavage with NO2-OA (3). The analytical advances per-
mitting the detection of FA nitro-alkene derivatives in 
complex lipids provide new opportunities for better under-
standing NO2-FA pharmacokinetics, metabolism, and po-
tential toxicology. To date, the identification and quantitation 
of NO2-FAs in complex lipids has been limited by: 1) the 
instability of NO2-FAs during enzymatic and basic hydroly-
sis; 2) the diversity of potential structures wherein NO2-FAs 
can be incorporated (e.g., sterols, phospholipids, glycolip-
ids, glycerolipids); 3) challenges of the analysis NO2-FA-
containing complex lipids and their relative low abundance 
in cells and tissues; and 4) the lack of synthetic standards 
(19, 20).

Herein, we show the preferential distribution of orally 
administered 10-nitro-[14C]oleic acid radiolabeled at car-
bon 10 (10-NO2-[

14C]OA) in adipose tissue of rats over a 2 
week period via quantitative whole-body autoradiography 
(QWBA). Then, after lipid class fractionation, we report 
the quantitative analysis of the differential incorporation 
of NO2-FA and metabolites into cultured adipocytes be-
fore and after acid hydrolysis, using HPLC-MS/MS. We 
observed the preferential incorporation of electrophilic 
versus nonelectrophilic NO2-FAs in adipocyte mono- and 
di-acylglycerides (MAG+DAGs), a phenomenon confirmed 
in adipose tissue obtained from NO2-OA-treated mice. 
These findings reveal tissue-specific pharmacokinetics and 
the preferential role of adipose tissue in distribution and 
metabolism of NO2-FAs in vivo.

MATERIALS AND METHODS

Materials
Oleic acid (OA), CLA (catalog number UC-60A), and -

linolenic acid were from Nu-Check Prep, Inc. (Elysian, MN). The 
[13C18]labeled OA was obtained from Spectra Stable Isotopes (Co-
lumbia, MD). The [15N]labeled sodium nitrate was purchased 
from Cambridge Isotope Laboratories (Tewksbury, MA). Deute-
rium-labeled 1-bromononane-6,6,7,7-d4 was obtained from CDN 
Isotopes (Quebec, Canada). The 10-NO2-[

14C]OA (labeled at car-
bon 10) was synthesized by ABC Laboratories, Inc. (Columbia, 
MO). Nitro-linolenic acid (NO2-LnA), nonspecific 9- and 10-nitro-
octadec-9-enoic acid (NO2-OA), and isotopically labeled analog 
nitro-[13C18]octadec-9-enoic acid (NO2-[

13C18]OA) were synthe-
sized by direct alkene nitroselenation of the corresponding native 
FAs, as previously described (21). Nitro-CLA (NO2-CLA) was syn-
thesized according to a previously described method for conju-
gated diene nitration (11). The [15N]nitro-[D4]octadecenoic acid 
(NO2-[

15N/D4]OA) was synthesized from the corresponding isoto-
pically labeled precursor, 1-[15N]nitrononane-6,6,7,7-d4 (obtained 
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samples before and after hydrolysis, respectively. Samples were 
vortexed, centrifuged at 18,000 g for 10 min at 4°C, and NO2-FAs 
analyzed by HPLC-MS/MS. The full hydrolysis of TAG and phos-
pholipid standards was assessed by TLC and iodine staining.

HPLC-MS
Analysis of NO2-FAs was performed by HPLC-MS/MS using an 

analytical C18 Luna column (2 × 100 mm, 5 m; Phenomenex) 
at a 0.6 ml/min flow rate, with a gradient solvent system consist-
ing of water containing 0.1% acetic acid (solvent A) and acetoni-
trile containing 0.1% acetic acid (solvent B). Samples were 
chromatographically resolved using the following gradient pro-
gram: 45–100% solvent B (0–8 min); 100% solvent B (8–10 min) 
followed by 2 min re-equilibration to initial conditions. NO2-FAs 
were detected using an API4000 Q-trap triple quadrupole mass 
spectrometer (AB Sciex, San Jose, CA) equipped with an ESI 
source in negative mode. The following parameters were used: 
declustering potential, –75 V; collision energy, –35 eV; and a de-
solvation temperature of 650°C. NO2-FAs and their correspond-
ing metabolites were detected using the multiple reaction 
monitoring (MRM) transitions shown in supplemental Table S1. 
Quantification of NO2-FAs in cell media over 24 h in adipocytes 
and adipose tissue was performed by stable isotopic dilution anal-
ysis using NO2-OA and NO2-SA calibration curves in the presence 
of NO2-[

13C18]OA (MRM 344.3/46) and NO2-[
15N/D4]SA (MRM 

333.3/47) internal standards. Nitro-FAs of various lengths (C16, 
C15, C14, C13, and C12 followed as MRMs 298.3/46, 284.3/46, 
270.3/46, 256.3/46, and 242.3/46) were used as external cali-
brants to normalize the effect of nitro-FA chain length on MS 
response intensity. Coefficient responses were obtained by plot-
ting ion counts versus carbon chain length at fixed concentra-
tions (supplemental Fig. S1).

RESULTS

Tissue distribution of radiolabeled NO2-OA
QWBA revealed the tissue distribution of NO2-OA over 

time. After oral administration of a single dose of 10-NO2-
[14C]OA (30 mg/kg) to rats, radioactivity was readily ab-
sorbed from the gastrointestinal tract and widely distributed 
throughout the animal body. The vast majority of tissues 
reached maximum radiolabel distribution by 6 h after dos-
ing (Table 1, supplemental Table S2), with radioactivity 
concentrations declining in most tissues by 24 h. Notably, 
brown and abdominal white adipose tissue displayed the 
highest levels of radioactivity 72 h postdosing in compari-
son with other organs, affirming that NO2-FA and potential 
metabolites preferentially accumulate in adipose tissue 
(Fig. 1).

NO2-FA distribution and metabolism in cultured 
adipocytes

To better characterize the distribution of NO2-FA and 
metabolites in cellular lipid fractions, cultured 3T3-L1  
adipocytes were supplemented with the biologically rele-
vant mono- and poly-unsaturated nitro-alkenes, 10-NO2-
OA, NO2-CLA, and NO2-LnA, and the saturated nitro-alkane, 
NO2-SA. The quantitation of NO2-FAs before and after acid 
hydrolysis of adipocyte lipids revealed specific patterns of 
incorporation, intracellular distribution, and metabolism in 
each lipid fraction. As expected, free acid nitrated species 

UK) with approval by the Huntingdon Life Sciences Ethical  
Review Process Committee.

Liquid scintillation analysis
Plasma and blood cell radioactivity was measured by liquid scin-

tillation analysis using Wallac 1409 automatic liquid scintillation 
counters. Radioactivity in amounts less than twice that of the back-
ground concentration in the samples was considered to be below 
the limit of accurate quantification (BLQ).

Administration of NO2-OA in high-fat diet mice
All murine studies were conducted with the approval of the 

University of Pittsburgh Institutional Animal Care and Use Com-
mittee (25). In brief, 6–8 week old male C57Bl/6j mice were sub-
jected to high-fat diet (HFD) purchased from Research Diets Inc. 
(D12492; New Brunswick, NJ) for 20 weeks. Age-matched controls 
were maintained on a standard rodent chow diet (Pro Lab RHM 
3000 rodent diet; PMI Feeds, Inc., St. Louis, MO). Mice were fed 
ad libitum for 20 weeks and given free access to water. At week 
13.5 of the HFD study, mice were anesthetized with isoflurane 
before Alzet osmotic pumps (Cupertino, CA) containing vehicle 
(polyethylene glycol/ethanol, 92:8) or 9- and 10-NO2-OA were 
implanted subcutaneously in the back region. The osmotic mini 
pump was set to deliver 8 mg NO2-OA /kg/day. At the end of the 
20th week, mice were euthanized and epididymal fat pads were 
quickly removed (n = 9 per treatment group), snap-frozen, and 
stored at 80°C. Sections of adipose tissues (100 mg) were ho-
mogenized in a bullet blender for 5 min in 0.8 ml phosphate buf-
fer 50 mM pH 7.4, and lipids were extracted.

Adipocyte lipid analysis
Adipocyte and adipose tissue lipids were extracted according to 

Bligh and Dyer (24), dried under a stream of nitrogen, and dis-
solved in 0.5 ml hexane/methyl tert-butyl ether/acetic acid 
(100:3:0.3 v/v/v). Lipid classes were further resolved chromato-
graphically using solid phase extraction Strata NH2 columns 
loaded with 500 mg lipid per 6 ml bed volume (26, 27). Columns 
were preconditioned by washing twice with 2 ml acetone/water 
(7:1, v/v) and twice with 2 ml hexane. The samples solubilized in 
hexane/methyl tert-butyl ether/acetic acid were loaded on the 
columns and cholesterol esters (CEs), TAGs, MAG+DAGs, 
FFAs, phosphatidylcholines (PCs), phosphatidylethanolamines, 
phosphatidylserines, and phosphatidylinositols were sequentially 
eluted with 12 ml of hexane, hexane/chloroform/ethyl acetate 
(100:5:5, v/v/v), chloroform/2-propanol (2:1, v/v), diethyl 
ether/2% acetic acid, acetonitrile/1-propanol (2:1, v/v), metha-
nol, isopropanol/methanolic HCl (4:1, v/v), and methanol/
methanolic HCl (9:1, v/v), respectively. The solvents were evapo-
rated under a stream of nitrogen and then CEs, TAGs, and 
MAG+DAGs were dissolved in 0.2 ml ethyl acetate, while FFAs and 
phospholipid fractions were solvated in 0.2 ml methanol. Direct 
injection MS analysis of each fraction confirmed lipid class abun-
dance and composition.

Acid hydrolysis of lipid fractions
Fractionated lipid classes were hydrolyzed by a modification of 

a previously reported protocol (28). Fractions (10 l) were 
spiked with 20 pmol NO2-[

13C18]OA/NO2-[
15N/D4]SA mix inter-

nal standards. To limit artifactual acid-catalyzed nitration reac-
tions, 50 l methanolic sulfanilamide (1 g/10 ml) was added to 
scavenge adventitious NO2

. Then, the mixture was dried and 
incubated with 500 l acetonitrile/HCl (9:1, v/v) at 100°C for 1 
h. To assess whether NO2-FAs were present before hydrolysis, 
samples were also incubated with 500 l acetonitrile/water (9:1, 
v/v). Then, 95 l water or ammonium hydroxide was added to 
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-oxidation products (3, 29). Esterified NO2-OA was 18 
times more abundant in MAG+DAG than in TAG (Fig. 2A), 
while the nonelectrophilic NO2-SA and its -oxidation me-
tabolites showed the opposite distribution. The NO2-SA 
metabolite and its dinor, tetranor, and hexanor -oxidation 

were only detectable in the FFA fraction before hydrolysis. 
Neither elongation products nor metabolites shorter than 
C12 were observed for all NO2-FA treatments.

NO2-OA was principally reduced to NO2-SA and metab-
olized to its corresponding dinor, tetranor and hexanor 

TABLE  1.  Time-dependent distribution of radioactivity in rat tissues after oral administration of 10-NO2-[
14C]OA

Tissue/Organ

Microgram Equivalents 10-NO2-OA per Gram

1 h 6 h 24 h 48 h 72 h 120 h 168 h 336 h

Plasmaa 11.2 19.6 1.48 0.625 0.338 0.207 0.122 BLQ
Brain 0.358 1.72 0.215 0.373 0.270 0.202 0.163 BLQ
Kidney medulla 17.3 28.8 2.08 0.931 0.682 0.441 0.324 1.12
Liver 16.7 28.5 4.48 1.97 1.19 0.741 0.509 0.299
Lungs 4.16 17.2 1.52 1.62 0.783 0.450 0.351 0.275
Heart (myocardium) 11.3 19.0 1.77 1.71 1.19 1.20 0.710 2.21
Fat (abdominal)b 1.77 11.1 4.57 3.10 5.60 7.81 3.87 5.49
Fat (brown) 8.52 43.1 41.3 84.0 11.9 10.6 3.75 3.03
Muscle (skeletal) 0.931 1.64 0.356 0.291 0.307 0.211 0.233 0.202
Stomach wall (non-glandular) 38.3 555c 19.6 7.04 1.35 0.827 0.361 0.189

Radioactivity levels in selected rat tissues were determined by QWBA following a single oral administration of  
30 mg/kg 10-NO2-[

14C]OA (labeled at carbon 10) (n = 1 for each time point). Values in bold represent maximum 
tissue concentrations (Cmax).

a Determined by direct liquid scintillation analysis.
b Tissue corrected for quenching.
c Value should be treated as an estimate as above the upper limit of quantification.

Fig.  1.  Distribution of radioactivity in rats after a single oral administration of radiolabeled 10-NO2-OA. Whole-body autoradiograms of rats 
euthanized at 1 h (A), 6 h (B), 24 h (C), 48 h (D), 72 h (E), 120 h (F), 168 h (G), and 336 h (H) after an oral administration of 30 mg/kg 
10-NO2-[

14C]OA (labeled at carbon 10). Radioactivity appears in black (n = 1 for each time point).
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products were more abundant in TAG than in MAG+DAG 
fractions (Fig. 4B–D). Consistent with this trend, adipocytes 
supplemented with the trienoic nitro-alkene, NO2-LnA, ex-
hibited even lower levels of esterification compared with 
mono- and di-unsaturated nitro-alkenes. The NO2-LnA lev-
els in TAG and MAG+DAG fractions were similar (Fig. 5A). 
NO2-dihydro-LnA, the nonelectrophilic reduced metabo-
lite of NO2-LnA, and its -oxidation product dinor, NO2-di-
hydro-LnA, had levels and lipid distributions that were 
similar to those of NO2-SA and reduced NO2-CLA metabo-
lites (Fig. 5B, C). Notably, lower extents of NO2-FA incorpo-
ration occurred in glycerophospholipid fractions as 
opposed to glycerolipid fractions (Figs. 2–5), with PC show-
ing the highest levels among phospholipids likely due to its 
greater abundance (30, 31).

products were 11-fold (Fig. 2B), 13-fold (Fig. 2C), 11-
fold (Fig. 2D), and 3.7-fold (Fig. 2E) more abundant in 
TAG than in MAG+DAG, respectively. This preferential in-
corporation of nitro-alkane metabolites was also confirmed 
in NO2-SA-supplemented adipocytes, with NO2-SA, dinor, 
tetranor, and hexanor -oxidation products showing a 
lower relative distribution ratio (2- to 3-fold) than the 
corresponding nitro-alkane metabolites stemming from 
the metabolism of NO2-OA (Fig. 3A–D).

The dienoic nitro-alkene, NO2-CLA, showed a profile of 
complex lipid partitioning that was similar to NO2-OA, with 
the proviso that net extents of neutral lipid esterification 
were 10- to 20-fold lower (Fig. 4A). As for the distribution of 
NO2-SA metabolites, the reduced metabolite of NO2-CLA 
(NO2-dihydro-CLA) and its dinor and tetranor -oxidation 

Fig.  2.  Metabolism and distribution of NO2-OA in lipid fractions of NO2-OA-supplemented adipocytes. Fractionated lipid classes from adi-
pocytes were analyzed by HPLC-MS/MS in negative ion mode after acid hydrolysis to determine the cellular content (picomoles per milli-
gram protein) of NO2-OA (A), NO2-SA (B), dinor NO2-SA (C), tetranor NO2-SA (D), and hexanor NO2-SA (E). FFA fraction was not 
hydrolyzed. Two independent experiments were performed. Range (minimum-maximum) and mean of one representative experiment  
(n = 4) are shown.
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mainly the reduced metabolite, NO2-dihydro-LnA (Fig. 
5D), and dinor and tetranor -oxidation products (Fig. 
5E, F).

NO2-OA esterification and metabolism in adipose tissue 
in vivo

The QWBA study coupled with the distribution and 
metabolism of nitro-alkenes and nitro-alkanes in cul-
tured adipocytes encouraged testing whether NO2-FAs 
could be detected in adipose tissue in vivo in a clinically-
relevant model system. A HFD-induced murine model of 
obesity demonstrates inflammatory responses akin to hu-
mans, in part characterized by the increased generation of 
reactive nitric oxide and oxygen-derived reactive species, 
which could potentially give rise to esterified NO2-FAs 
(32–34). However, analysis of lipid fractions from adi-
pose tissue of HFD-control mice did not show the presence 

Distribution of metabolites of NO2-FA in adipocyte 
culture media

NO2-SA, NO2-CLA, and NO2-LnA metabolites were 
detected in the media of cultured adipocytes. The non-
electrophilic nitro-alkane, NO2-SA, was shown to rapidly 
convert into the shorter chain length NO2-containing  
-oxidation products, dinor, tetranor, and hexanor NO2-
SA, and was transported out of the cell (Fig. 3E–H). The 
electrophilic NO2-CLA was reduced to primarily nonelec-
trophilic NO2-dihydro-CLA (Fig. 4E), which underwent 
-oxidation to yield dinor NO2-dihydro-CLA and dinor 
NO2-CLA, respectively (Fig. 4F). Further 12 and 14 car-
bon -oxidation products were not detected. All NO2-
SA and NO2-CLA nitro-alkane metabolites modestly 
increased in concentration between 8 and 24 h. NO2-LnA 
metabolites were not detected as rapidly as NO2-SA and 
NO2-CLA metabolic products in the media and yielded 

Fig.  3.  Distribution and metabolic profile of NO2-SA in NO2-SA-supplemented adipocyte lipids and media. Adipocyte content (picomoles 
per milligram protein) of NO2-SA (A), dinor NO2-SA (B), tetranor NO2-SA (C), and hexanor NO2-SA (D) at 24 h after acid hydrolysis of 
fractionated lipid classes. FFA fraction was analyzed without hydrolysis. Time-dependent concentration changes in media of NO2-SA and its 
metabolites (E), dinor NO2-SA (F), tetranor NO2-SA (G), and hexanor NO2-SA (H). Range (minimum-maximum) and mean (A–D) and 
mean ± SD (E–H) are shown. Two independent experiments were performed (n  3).
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specifically the incorporation of NO2-OA and its metabo-
lites into adipose tissue complex lipids after NO2-OA 
supplementation. Notably, as for in vitro study observa-
tions, NO2-OA was esterified to neutral glycerolipids and 
more abundant in the MAG+DAG than in the TAG frac-
tion (Fig. 6A), while its nitro-alkane metabolites, such as 
NO2-SA and dinor, tetranor, and hexanor NO2-SA, were 
preferentially distributed in TAG fractions (Fig. 6B–E). 
No NO2-FAs were detected in the phospholipid fraction, 
either before or after hydrolysis. Very low levels of NO2-
OA were present in the FFA fraction (Fig. 6A), along 
with reduced and -oxidation products. Similarly, low 
amounts of NO2-OA were detected in CE fractions.

of NO2-FAs (data not shown). Recent reports indicate 
that NO2-OA promotes beneficial metabolic and anti-in-
flammatory responses by modulating Nrf2-dependent 
antioxidant gene expression, sEH activity, and TLR4/NF-
kB signaling (6–8). The administration of pure synthetic 
NO2-OA induces beneficial signaling actions and physio-
logical responses in animal models of metabolic, vascular, 
renal, and pulmonary disease (12). The safety of NO2-
OA use as a drug candidate in humans has been tested by 
multiple phase I studies. With Food and Drug Adminis-
tration approval, NO2-OA is now undergoing phase II 
clinical trials. For these reasons, we considered it impor-
tant to better understand FA nitro-alkene pharmacokinetics, 

Fig.  4.  Distribution and metabolic profile of NO2-CLA in NO2-CLA-supplemented adipocyte lipids and media. Cellular content of NO2-
CLA (A), NO2-dihydro-CLA (B), dinor NO2-dihydro-CLA (C), and tetranor NO2-dihydro-CLA (D) at 24 h was established on fractionated 
lipid classes after acid hydrolysis. FFA fraction was not subjected to acid hydrolysis. Concentration of nitro-FA species was determined in 
media for the following species: NO2-CLA (filled square) and NO2-dihydro-CLA (open square) (E) and dinor NO2-CLA (filled square) and 
dinor NO2-dihydro-CLA (open square) (F) over a period of 24 h. Range (minimum-maximum) and mean (A–D) and mean ± SD (E, F) are 
shown. Two independent experiments were performed (n = 4).
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NO2-FAs are metabolized by various reactions, such as 
mitochondrial -oxidation, Michael addition, enzyme-cata-
lyzed reduction, and esterification into complex lipids 
(3, 14, 45, 46). Both nitro-alkenes and nitro-alkanes are 
metabolized by mitochondrial -oxidation generating 
(C2H4)n-shorter metabolites (14, 29, 47). In humans and 
rodents, metabolites as short as C8 have been observed in 
urine (48). However, no nitro-C12-alkenes and nitro-C10-al-
kanes were detected in adipocytes, indicating that adipo-
cytes lack the necessary mitochondrial or peroxisomal 
enzymatic machinery to further process nitro-alkenes 
through -oxidation cycles when the nitro group is proxi-
mal to the carboxyl moiety (3, 14, 29). The electrophilic 
nature of nitro-alkenes undergoes: 1) reversible Michael 

DISCUSSION

Nitration of unsaturated FAs and the corresponding 
generation of electrophilic NO2-FA occur during acidic 
conditions of digestion and oxidative inflammatory con-
ditions (3, 4, 17, 18, 35). The electrophilic properties of 
NO2-FA induce anti-inflammatory and cytoprotective ac-
tions via reversible posttranslational modification of tran-
scriptional regulatory proteins, such as NF-kB, Keap1/
Nrf2, and PPAR-, and enzymes such as xanthine oxido-
reductase and sEH (6–8, 36–38). Beneficial metabolic 
and anti-inflammatory effects of NO2-FAs have been 
shown in animal models of fibrosis, atherosclerosis, renal 
and cardiac ischemia reperfusion, restenosis, and diabetes 
(12, 39–44).

Fig.  5.  Distribution and metabolic profile of NO2-LnA in NO2-LnA-supplemented adipocyte lipids and media. Adipocyte cellular content 
of NO2-LnA (A), NO2-dihydro-LnA (B), and dinor NO2-dihydro-LnA (C) at 24 h, after acid hydrolysis of the different fractionated lipid 
classes. FFA fraction was analyzed without hydrolysis. Time-dependent concentration changes of NO2-LnA (filled square) and its metabolites 
NO2-dihydro-LnA (open square) (D), dinor NO2-LnA (E), and tetranor NO2-LnA (F). Range (minimum-maximum) and mean (A–C) and 
mean ± SD (D–F) are shown. Two independent experiments were performed (n  3).
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in nitro-alkane metabolites could reflect their cellular 
reuptake and esterification into complex lipids. In this re-
gard, the incorporation of NO2-FAs into CoA, phospho-
lipid, and TAG has been reported (3, 10), but little is 
known about the amount and the differential esterification 
of NO2-FA and metabolites into complex cellular lipids.

Notably, 10-NO2-OA is now entering Food and Drug Ad-
ministration-approved phase II clinical trials, motivating an 
even better understanding of pathways that might impact 
NO2-FA pharmacokinetics. Herein, the QWBA analysis of 
10-NO2-[

14C]OA (labeled at carbon 10) in rats revealed 
absorption into the systemic circulation and distribution 
throughout all tissue compartments, reaching the high-
est concentrations within 6 h after oral dosing and then 

addition with GSH and cysteine-containing proteins (4, 49, 
50); and 2) rapid metabolism by prostaglandin reductase-1 
and resultant generation of inactive nitro-alkanes (47). 
These two metabolic reactions have a significant impact on 
the extra- and intra-cellular distribution of NO2-FAs and 
downstream pharmacological effects. The time-dependent 
enrichment of nitro-alkene metabolites in the extracellular 
compartment could be a consequence of NO2-FA-GSH ad-
duct export via multidrug resistance protein-1. This, in the 
presence of low extracellular GSH concentrations, can 
more readily dissociate to regenerate free nitro-alkenes or 
be passively transported across the cellular membrane, a 
pathway also shared by nitro-alkane metabolites (49–51). 
Furthermore, the extracellular time-dependent decrease 

Fig.  6.  Bio-distribution of NO2-OA and its metabo-
lites in adipose tissue of NO2-OA-supplemented 
HFD-fed mice. NO2-OA was delivered subcutane-
ously to mice on a HFD (8 mg/kg/day) for 6.5 
weeks. Levels of NO2-FAs on adipose tissue associ-
ated to the different lipid classes were evaluated after 
acid hydrolysis. The following species were followed: 
NO2-OA (A); NO2-SA (B); dinor NO2-SA (C); tetra-
nor NO2-SA (D); and hexanor NO2-SA (E). FFA frac-
tion was not subjected to acid hydrolysis. Range 
(minimum-maximum) and mean of one experiment 
with n = 9 are shown.
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declining over the course of 2 weeks. Radiolabel distribu-
tion was prominent in brown and abdominal adipose tis-
sue, in part due to the lipophilic nature of 10-NO2-OA. 
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order to better define the pharmacology of the parent mol-
ecule, its still-electrophilic -oxidation products, and non-
electrophilic (reduced) metabolites, quantitative analysis 
of these species was performed in NO2-FA-rich adipose tis-
sue by HPLC-MS/MS.

Pharmacokinetics studies of electrophilic FAs have 
principally focused on the FFA species. Recently, qualita-
tive studies of the esterification of FA electrophiles into 
phospholipids and TAGs have been reported (3, 10, 14, 
29, 47). The quantitative analysis of NO2-FA containing 
complex lipids or free NO2-FAs after de-esterification re-
actions is methodologically challenging and lacks syn-
thetic standards. Also, the quantitation of free NO2-FAs 
after enzymatic and basic hydrolysis of cellular lipids can 
artifactually impact quantitative analysis, due by the in-
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ous solutions (19, 20). Thus, an acid hydrolysis method 
was devised that assured the stability of esterified and hy-
drolyzed NO2-FAs. The advantages of this method over 
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