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Abstract

Nitro-fatty acids (NO,-FAs) are a class of bioactive lipids that mediate metabolic, anti-oxidative stress, anti-inflamma-
tory, and other signaling actions. Endogenously, NO,-FAs are derived from the non-enzymatic reactions of unsatu-
rated fatty acids with reactive nitrogen species. The electrophilic properties of the nitro group results in NO,-FAs
being able to undergo rapid and reversible reactions with biological nucleophiles, such as cysteine and histidine,
thus supporting post-translational modifications of proteins. The reactions of NO,-FAs with biological nucleophiles
regulate a range of key signaling pathways involved in gene expression responses, enzyme activity, and cellular
processes. In disease animal models, NO,-FAs are produced under conditions of inflammation and oxidative stress
and play a protective role in a variety of metabolic diseases, which have been associated with anti-atherosclerosis,
blood-pressure lowering, and are involved in the regulation of glycolipid metabolism and insulin resistance. Based
on these, more clinical studies might find a correlation between NO,-FAs levels and pathophysiology in patients
with metabolic diseases. Importantly, NO,-FAs therapeutics are effective in clinical trials. In addition, dietary supple-
mentation with nitrates and unsaturated fatty acids can endogenously increase NO,-FAs levels in mice and humans.
These findings support dietary approaches that increase the endogenous levels of NO,-FAs might potentially reduce
the risk of metabolic diseases. To identify the specific mechanism of action and therapeutic potential of NO,-FAs, we
have summarized the main mechanisms of action of NO,-FAs in metabolic disease progression to provide insights
for the development of new therapeutics for metabolic diseases.
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1 Introduction

Metabolic diseases, such as cardiovascular diseases
(CVDs), non-alcoholic fatty liver disease (NAFLD), type
2 diabetes mellitus (T2DM) and obesity, pose a great
threat to human health globally (Chew et al. 2023). The
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worldwide prevalence of metabolic diseases has risen
over the past two decades (Chew et al. 2023), and it is
important to find drugs that can effectively treat meta-
bolic diseases (Zeng et al. 2023). In recent years, drugs
such as sulphonylureas, statins, and biguanides have been
commonly used to treat metabolic diseases (Grundy et al.
2019; McGowan & Roumie 2018; Palmer & Strippoli
2018). However, some adverse effects may occur with
these drugs, such as gastrointestinal disorders, hypo-
glycemia, and liver dysfunction because of the complex
nature of human drug metabolism, diet-drug interac-
tions, and disease pathology (Adhyaru & Jacobson 2018;
Khunti et al. 2018; Wang & Hoyte 2019). Therefore, there
is an urgent need to develop safe and effective drugs for
the treatment of metabolic diseases. The dietary intake
of specific polyunsaturated fatty acids (PUFAs) can have
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a protective effect on a wide range of diseases, including
heart disease and metabolic disorders (Bhatt et al. 2019;
Poudyal & Brown 2015). Moreover, a moderate intake of
PUFAs has few side effects (Weinberg et al. 2021). The
2021 European Society of Cardiology guidelines for the
prevention of CVDs also recommend an intake of dietary
PUFAs to replace saturated fatty acids (Poudyal & Brown
2015; Visseren et al. 2021). The therapeutic potential of
PUFAs is primarily derived from the metabolic deriva-
tives of PUFAs and lipid mediator bioactive compounds
(Halade et al. 2018).

Nitro-fatty acids (NO,-FAs), which are produced from
the reactions of PUFAs with reactive nitrogen species, are
a class of PUFA derivatives that are endogenously gener-
ated during digestion, inflammation, and oxidative stress
(Fraga et al. 2023; Piesche et al. 2020). NO,-FAs play
a protective role in metabolic diseases, such as CVDs
(Nettersheim et al. 2022), NAFLD (Rom et al. 2019), and
T2DM (Schopfer et al. 2010), and have attracted exten-
sive attention from the scientific community in the past
decade. A variety of NO,-FAs have been detected in
humans, animals, and plants. Higher levels of nitro-lin-
oleic acid (NO,-LA) were observed in the hyperlipidemia
group compared to the normolipidemic counterparts
(Lima et al. 2002). Free NO,-LA and nitro-oleic acid
(NO,-OA) levels were all negatively associated with base-
line disease activity measured in 28 joints in patients with
rheumatoid arthritis (Fu et al. 2016). However, the cor-
relation between NO,-FAs levels and metabolic diseases
in humans is not clear, and more clinical trial results are
needed to elucidate. In disease animal models, NO,-FAs
are involved in multiple protective mechanisms related to
anti-atherosclerosis (Rudolph et al. 20104, b), blood-pres-
sure lowering (Kansanen et al. 2017), anti-inflammatory
(Villacorta et al. 2018), and anti-insulin resistance (Khoo
et al. 2019) effects, and are involved in the regulation of
glycolipid metabolism (Arbeeny et al. 2019). The electro-
philic properties of NO,-FAs enable NO,-FAs to undergo
reversible Michael addition reactions with cysteine and
histidine residues, resulting in the post-translational
modification (PTM) of proteins (Koutoulogenis & Koko-
tos 2021). The NO,-FA-induced PTM of signaling pro-
teins can lead to modifications in the protein structure
and function, triggering a cascade of downstream sign-
aling events, including gene expression, enzyme activ-
ity, and regulation of cellular processes (Grippo et al.
2021). Specifically, the main mechanisms of cell signal
transduction involving NO,-FAs include inhibiting and
regulating inflammatory nuclear factor kappa-B (NF-«B),
signal transducer and activator of transcription (STAT),
reducing coenzyme 2 (NADPH) and soluble epoxide
hydrolase (sEH), activating peroxisome proliferation-
activated receptor gamma (PPAR-y) and the Kelch-like
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ECH-associated protein-1 (Keapl)-nuclear factor-eryth-
roid 2-related factor 2 (Nrf2) antioxidant pathway (Del-
mastro-Greenwood et al. 2014). NO,-FAs have been
shown to mediate signaling actions in preclinical models
of inflammatory, oxidative stress-related, and metabolic
diseases, and have shown potential as therapeutic agents.
10-nitro-9(E)-octadec-9-enoic acid (CXA-10), a specific
regioisomer of NO,-OA has been developed clinically as
a drug for the treatment of inflammation (Garner et al.
2019). In healthy and obese subjects, CXA-10 was found
to be safe and well tolerated, and reduced the levels of
inflammation-related biomarkers in obese subjects (Gar-
ner et al. 2019). Recently, the use of emerging technolo-
gies has enabled the delivery of NO,-FAs nanoparticles
for improving vascular function after ischemia-reperfu-
sion injury (Yu et al. 2022). In addition to NO,-FAs drug-
based treatments, dietary approaches that increase the
endogenous levels of NO,-FAs are also promising. As
dietary supplementation of conjugated linoleic acid (cLA)
and °N-labeled nitrite (NO,") increased plasma nitro-
conjugated linoleic acid (NO,-cLA) in healthy volunteers
to levels that parallel concentrations attained in Phase 1
clinical studies of NO,-OA (Delmastro-Greenwood et al.
2015). These results support eating unsaturated fatty
acids instead of saturated fatty acids and eating more
green leafy vegetables or cereals, such as the Mediterra-
nean diet, can help increase the level of NO,-FAs in the
body and may reduce the risk of metabolic diseases.

NO,-FAs affect a variety of signaling pathways that are
closely related to metabolic disease progression and are
promising potential therapeutics for disease prevention.
This review summarizes the production and metabo-
lism of NO,-FAs, focusing on the mechanisms by which
NO,-FAs exert protective effects toward diseases, such
as CVDs, NAFLD, T2DM and obesity, and explores the
therapeutic potential of NO,-FAs in these metabolic
diseases.

2 Formation and metabolism of NO,-FAs

2.1 Formation of NO,-FAs

The most common NO,-FAs in the human body are
NO,-OA, NO,-cLA, NO,-LA, and nitro linolenic acid
(NO,-LNA) (Melo et al. 2019), likely because dietary
nuts, meat, and dairy products are rich in PUFAs, such
as oleic acid (OA), linoleic acid (LA), and cLA (Ros 2017).
Several nitro-derivatives of other fatty acids have also
been detected in animals, including nitro-arachidonic
acid (NO,-AA), nitro-eicosapentaenoic acid (NO,-EPA),
and nitro-docosahexaenoic acid (NO,-DHA) (Milic et al.
2015). In plants, NO,-FAs have been detected in Bras-
sica napus, Pisum sativum, Oryza sativa, and fresh olives
(Begara-Morales et al. 2021). These plants are consid-
ered an external source of NO,-FAs, and supplementing
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a diet with these foods may help to increase the endog-
enous levels of NO,-FAs (Begara-Morales et al. 2021;
Fazzari et al. 2014). Upon eating nitrate-rich foods (green
leafy vegetables, such as spinach and lettuce, and cauli-
flower and beetroot), the nitrates are reduced to nitrite
in the oral cavity (Qin & Wang 2022), protonated in the
gastric compartment, and combined with PUFAs from
nuts, meat, and dairy products to generate NO,-FAs in
humans and animals (Rocha et al. 2012). Clinical stud-
ies have indicated that when healthy volunteers received
a diet supplemented with dietary nitrates and cLA, the
levels of circulating NO,-FAs were increased (Delmas-
tro-Greenwood et al. 2015). In addition to the digestive
process, NO,-FAs are produced locally under conditions
of inflammation and oxidative stress by the promotion of
the nitration reaction between nitric oxide (NO)-derived
oxidants and PUFAs (Radi 2018; Villacorta et al. 2018).

There are two mechanisms for the formation of
NO,-FAs, depending on whether the compound contains
a bis-allylic or conjugated configuration of double bonds.
The main nitration agents are nitrogen oxide [NO, nitro-
gen dioxide (NO,)] radicals. The first mechanism involves
the direct addition of NO, to the double bond to form an
alkyl radical, in which the intermediate undergoes cis/
trans isomerization to form the final product. This pro-
cess only occurs in the presence of relatively high NO,
concentrations. The second mechanism is typical for fatty
acids (FAs) or lipids containing conjugated double bonds.
The initial FA-radical is stabilized by resonance, which
decreases the rate of the elimination reaction and favors
reactions with NO, or NO. The produced intermediates
decompose to form the final nitroalkenes (Grippo et al.
2021). Nitration of PUFAs depends on the surrounding
oxygen levels. At low oxygen concentrations (ischemic
hypoxic conditions), nitration predominates, and at high
oxygen concentrations, lipid peroxidation is the major
pathway (Delmastro-Greenwood et al. 2014).

2.2 Metabolism and distribution of NO,-FAs

Most of the NO,-FAs produced in the stomach are
absorbed by intestinal epithelial cells to form esterified
NO,-FAs, which are subsequently assembled into chy-
lomicrons in the mucosa of the small intestine, together
with cholesterol esters, phospholipids, and apolipopro-
teins that are secreted extracellularly by the Golgi com-
plex and then transported into the systemic circulation
through the subclavian vein via lymphatic transport (Wit
et al. 2022). Non-esterified NO,-FAs may be present as
a consequence of absorption through the portal system
and albumin-dependent transport (Brakenhielm & Ali-
talo 2019; Fazzari et al. 2019). Importantly, absorption
through the lymphatic system avoids first-pass metabo-
lism in the liver, greatly reducing the initial metabolism

Page 3 of 23

by phase I and II enzymes, and thus enhancing the oral
bioavailability of NO,-FAs (Fazzari et al. 2019). Once
the chylomicrons reach the capillaries, NO,-FAs will be
stripped from the chylomicrons by lipoprotein lipase
(LPL), and this process requires a docking protein glyco-
sylphosphatidylinositol-anchored high-density lipopro-
tein-binding protein 1 (GPIHBP1) to anchor LPL to the
endothelial lumen (Lundberg et al. 2018). In the vascular
lumen, in addition to the NO,-FAs involved in the assem-
bly of chylomicrons, approximately half NO,-FAs is
added to albumin. The non-covalent binding of NO,-FAs
with human serum albumin has been shown to occur at
a molar ratio of 7:1 (Zatloukalova et al. 2019). In addi-
tion, NO,-FAs also easily undergo addition reactions
with nucleophilic substances (such as thiol-containing
proteins and glutathione). These addition reactions are
reversible, and protein addition to NO,-FAs provides
a reservoir of circulating NO,-FAs that has temporarily
decreased electrophilic reactivity. The NO,-FAs can be
subsequently released from the proteins (Hernychova
et al. 2022; Rudolph et al. 2009). Therefore, the concen-
trations of free NO,-FAs in human plasma are very low.
The free NO,-cLA concentrations in the plasma of 13
healthy human volunteers were determined to be 1-3 nM
(Delmastro-Greenwood et al. 2015). Recently, research-
ers have examined the levels of NO,-OA and NO,-LA
in healthy individuals and patients with ischemic heart
disease. The NO,-OA and NO, -LA levels in the plasma
of 18 healthy volunteers were 12.6+6 and 3.2+ 1.7 nM,
respectively, while the NO,-OA and NO,-LA levels in the
plasma of 28 patients with ischemic heart disease were
21.7+9.8 and 3+ 1 nM, respectively (Herz et al. 2023).
Released NO,-FAs can bind to the fatty acid trans-
porter CD36 to enter endothelial cells, or diffuse to
target tissues, such as the heart, kidneys, liver, and adi-
pose tissue. Once NO,-FAs reach the target cells, they
are metabolized by various pathways through protein
PTM involved in signaling pathways. The metabolites
include (C,H,),-shorter chain metabolites generated
by mitochondrial p-oxidation, which are reduced by
prostaglandin reductase 1 to non-electrophilic reactive
nitroalkanes or esterified to form complex lipids (Faz-
zari et al. 2017). The accumulation of [14C]-NO2-OA in
adipose tissue has indicated that adipocytes act as res-
ervoirs as well as a buffering system for NO,-FAs (Faz-
zari et al. 2015). Preferential esterification of 10-NO,-OA
has been shown to occur at the sn-2 position of tria-
cylglycerides (Fazzari et al. 2019). These studies have
indicated that the main mechanism for the tissue distri-
bution of NO,-FAs involves complex lipid esterification,
which helps to preserve the electrophilic properties of
this PUFA derivatives, enabling efficient distribution to
target organs. NO,-FAs are mobilized from adipocytes
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through adipotriglyceride lipase activity and transported
back to the liver combined with albumin (Morigny et al.
2021). NO,-FAs reaching the liver can combine with
triglycerides (TGs) and assemble into very low-density
lipoprotein (VLDL) particles in the endoplasmic reticu-
lum and Golgi compartment, which are released into the
circulation and distributed systemically to target tissues
together with mature VLDL particles containing apolipo-
proteins B, E, and CIII. This mobilization starts a cycle
in which NO,-FAs participate in signal transduction,
followed by metabolism and inactivation (Vitturi et al.
2013). Hydrophilic metabolites of NO,-FAs, including
dicarboxylic acid derivatives, p-oxidation products, mer-
capturic acids, and cysteine adducts, are filtered in the
kidneys and eliminated in the urine (Salvatore et al. 2021,
2013) (Fig. 1).

3 Mechanism of action of NO,-FAs in metabolic
diseases

Over the past decade, NO,-FAs have been shown to have
a protective role in a variety of metabolic diseases in cell
and animal models. This effect may be attributed to the
involvement of NO,-FAs in signaling pathways that are
anti-inflammatory or related to oxidative stress or that
regulate metabolic pathways. The multiple mechanisms
of action exerted by NO,-FAs in metabolic diseases and
their therapeutic potential are summarized in Fig. 2 and
Table 1.

3.1 CVDs

NO,-FAs, as endogenous products of cardiovascular
system stress, were first identified in the mitochondria
of cardiac ischemia-conditioned mice, and the potential
reason may be that NO, contributes to fatty acid nitri-
fication under acidic conditions of ischemia/reperfu-
sion (Nadtochiy et al. 2009). In C57BL/6] mice subjected
to 30 min of coronary artery ligation, the formation
of endogenous NO,-OA and NO,-LA was observed
after 30 min of reperfusion, whereas no NO,-FAs were
detected in sham-operated mice or in mice with myocar-
dial infarction without reperfusion (Rudolph et al. 2010a,
b). Subsequently, in more cardiovascular disease studies,
it was found that NO,-FAs participate in the regulation
of a wide range of signaling pathways related to inflam-
mation, oxidative stress, and glucose and lipid metabo-
lism through PTM modification to exert cardiovascular
protective effects (Mollenhauer et al. 2018). Here, we
summarize the studies related to NO,-FAs and CVDs
(Table 1).

3.1.1 Atherosclerosis
Atherosclerosis, a major cause of CVDs, is characterized
by chronic inflammation and excessive lipid deposition
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in the innermost layer of the arteries (Bjorkegren & Lusis
2022; McAlpine & Swirski 2016). Multiple molecular
mechanisms may be involved in the anti-inflammatory
effects of NO,-FAs. For example, NO,-OA and NO,-LA
can covalently bind to the p65 subunit of NF-kB, inhib-
iting DNA binding activity, thus, repressing NF-«B-
dependent gene expression; inhibiting the secretion of
the pro-inflammatory factor interleukin (IL)-6, tumor
necrosis factor a (TNFa), monocyte chemoattraction
protein-1 (MCP-1) and vascular cell adhesion molecule-1
(VCAM-1) in downstream macrophages; and inhibiting
the adherence of monocytes to endothelial cells (Cui et al.
2006). Intravenous injection of NO,-OA in a lipopoly-
saccharide (LPS)-induced NEF-kB-luciferase transgenic
mouse model of inflammation, indicated that nanomo-
lar levels of NO,-OA in the plasma can reduce vascular
inflammatory responses in vivo. In vitro experiments
have shown that NO,-OA can suppress LPS-induced
TLR4 signaling in lipid rafts and inhibit the pro-inflam-
matory activation of the NF-kB upstream signal IkB/
IKK (Villacorta et al. 2013). In addition, NO,-OA and
NO,-LA inhibited proinflammatory signal transducer
and STAT signaling through inducing mitogen-acti-
vated protein kinase phosphatase 1 (MKP-1) in mac-
rophages (Ichikawa et al. 2008). Similarly, both NO,-OA
and NO,-LA prevented the TNFa-stimulated release of
inflammatory factors, such as IL-6, IL-8, and IL-12, from
endothelial cells, and blocked TNFa-induced expres-
sion of intercellular cell adhesion molecule-1 (ICAM-
1) (Hwang et al. 2009). Subcutaneous administration of
9-NO,-OA and 10-NO,-OA for 3 weeks (8 mg/kg/day)
effectively reduced atherosclerotic lesion formation in
apolipoprotein E deficient (apoE~'~) mice. In addition
to reducing the number of inflammatory cells and the
expression of inflammatory factors, NO,-OA reduced
the phosphorylation of the activator of STAT-1 induced
by oxidized low-density lipoprotein (LDL) to reduce the
formation of foam cells (the characteristic cells of athero-
sclerosis) (Rudolph et al. 20104, b).

Endothelial injury is a key step in the initiation of ath-
erosclerosis (Bjorkegren & Lusis 2022). Recently, tran-
scriptome analysis of human coronary endothelial cells
has indicated that NO,-FAs exert a protective effect by
regulating hypoxia and antioxidant-related pathways.
NO,-cLA modulated hypoxia responses by increas-
ing the expression of angiopoietin-like 4 (ANGPTL4)
in endothelial cells (Lu et al. 2019), and ANGPTL4 can
promote angiogenesis and prevent myocardial infarc-
tion (Galaup et al. 2012; Stitziel et al. 2016). In addition,
NO,-cLA is not only a potent inducer of the antioxi-
dant genes HMOXI and NQOI, but also a repressor of
the pro-oxidative gene NADPH oxidase 4, highlight-
ing the critical role of NO,-cLA in maintaining redox
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Fig. 1 Biosynthesis and metabolism of NO,-FAs. a Dietary PUFAs and nitrates are ingested followed by nitrification in the stomach ventricles
to generate NO,-FAs, which are absorbed by intestinal epithelial cells and assembled into chylomicrons, which enter the circulation

through the lymphatic system. Esterified NO,-FAs or NO,-FAs combined with albumin are transported to various target organs for metabolism.
Most NO,-FAs are excreted in the kidney. b After hydrolysis, esterified NO,-FAs are involved in cardiomyocyte, liver, fat, and renal regulatory
signaling pathways, after cell entry via CD36. NO,-FAs, Nitro-fatty acids; PUFAs, polyunsaturated fatty acids; FA, fatty acids; GSNO,-18:1,
glutathione (GSH)-adducted 18:1- NO,; TG, triglyceride; LPL, lipoprotein lipase; GPIHBP1, glycosylphosphatidylinositol-anchored high-density
lipoprotein-binding protein 1; MRP, multidrug-resistant protein

homeostasis in endothelial cells (Lu et al. 2019). Nota-  tissue anti-inflammatory responses to vascular injury
bly, NO,-LA is a potent inducer of heme oxygenase 1  (Zhang et al. 2021), which contributes to the inhibition
(HO-1) gene expression, a central defensive enzyme in  of atherosclerosis. The induction of HO-1 by NO,-LA far
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exceeded that induced by equimolar concentrations of
LA or oxidized LA (Wright et al. 2006).

Lipid metabolism is key to atherosclerosis (Mehta
& Shapiro 2022), and NO,-FAs have been found to
regulate lipid metabolism in cells. The uptake of oxi-
datively modified low-density lipoprotein (mLDL) by
macrophages leading to its excessive accumulation in
the cytoplasm plays a key role in the early stages of ath-
erosclerosis development (Moore & Tabas 2011). CD36
promotes the binding and uptake of long-chain FAs and
mLDL into cells (Shu et al. 2022). NO,-FAs were found
to be powerful activators of PPAR-y in 2005. The activa-
tion of PPAR-y by NO,-FAs induced PPAR-y-dependent
macrophage CD36 expression and adipocyte differentia-
tion and glucose uptake, and the activation potency was
comparable to that of the classic PPAR-y activators, thia-
zolidinediones (TZDs) (Baker et al. 2005; Schopfer et al.
2005). Later studies found that NO,-OA exerted an anti-
atherosclerotic effect by reducing the TG content of mac-
rophages (Rosenblat et al. 2016). Ligand binding analysis
showed that a specific interaction between NO,-OA and
Lys164 in CD36 restricted the binding and uptake of
mLDL by CD36. In addition, NO,-OA restored the
autophagic flux of mLDL-loaded macrophages, thereby
reversing the deposition of mLDL cholesterol in cells
(Vazquez et al. 2020). Recent experiments determined
that the average level of apolipoproteinB-100 contain-
ing NO,-cLA was 5 pmol/mg in human LDL samples,
which was approximately 10% of the content of total
cLA (free and esterified) on LDL (Mastrogiovanni et al.
2020). This suggests that under specific circumstances,
NO,-FAs-loaded LDL may be formed endogenously
and exert a protective effect by releasing NO,-FAs. In
the course of the development of atherosclerosis lesions,
vascular smooth muscle cells (VSCMs) transition from
a contractile state to a proliferative state and migrate

(See figure on next page.)
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to the inner membrane. Proliferative differentiated
macrophage-like VSMCs absorb lipid-producing foam
cells (Basatemur et al. 2019; Pan et al. 2020). NO,-LA
arrested the growth of VSMCs in the G1/S phase of the
cell cycle by up-regulating the cyclin-dependent kinase
inhibitor p27kipl via the Keapl/Nrf2 pathway (Villa-
corta et al. 2007). Transcriptome analysis showed that
NO,-FAs inhibited the proliferation of human coronary
artery smooth muscle cells (hRCASMC), and antioxi-
dant defense was also the main regulation of NO,-cLA
to hCASMC. External stimuli, such as DNA damaging
agents or oxidative stress, can cause stress-induced cell
growth arrest (Grootaert & Bennett 2021). Compared
with cLA-treated or control groups, NO,-cLA-treated
groups showed upregulated key factors induced by oxida-
tive stress, including HMOX1, GCLM, GCLC, TXNRDI,
and SLC7A11. This study also revealed novel gene tar-
gets in key pathways by which NO,-cLA regulated lipid
metabolism and inflammation in hCASMC, including
perilipin-2 (PLIN2) related to lipid storage and highly
expressed macrophage migration inhibitory factor (MIF)
(Li et al. 2018). These results indicated that the influence
of NO,-FAs on VSCMs was multifaceted and is wor-
thy of further exploration. Taken together, these results
indicated that NO,-FAs participate in multiple signal-
ing events to promote overall atherosclerosis protection
(Fig. 3).

3.1.2 Hypertension

Hypertension is one of the most important modifiable
metabolic risk factors for CVDs and one of the leading
causes of morbidity and mortality worldwide (Brouwers
et al. 2021). In a mouse model of angiotensin II (AngII)-
induced hypertension, infusion of NO,-OA instead of OA
lowered blood pressure and inhibited vasoconstriction.
Even with pre-existing hypertension, NO,-OA-treated

Fig. 2 Potential mechanisms of action of NO,-FAs in disease. a In atherosclerotic cardiovascular diseases, NO,-FAs might reduce foam cell
formation by inhibiting NF-kB, TLR4, ICAM-1, and VCAM-1, and inhibiting STAT-1 phosphorylation; activation of the Keap1/Nrf2 signaling pathway
inhibits VSCMs proliferation to inhibit atherosclerosis. b In NAFLD, NO,-FAs might reverse lipid metabolism impairment, inflammation, and fibrosis
enhancement by inhibiting the expression of the adipoietic genes SREBF1, MOGAT2, and SCD2, while downregulating genes involved in fatty

acid {3 oxidation, including CPT2, HSD17B810, ACSLT, and PPARGCIA. ¢ In T2DM, NO,-FAs might improve insulin resistance and glucose tolerance,
and decrease blood glucose. d In cancer, NO,-FAs might induce caspase-depended apoptosis, mitochondrial dysfunction, and cancer cell arrest.
e In nephropathy, NO,-FAs may reduce MMP levels by activating PPAR and Nrf2/Keap1, reducing blood glucose-preserving podocytes. The
anti-inflammatory effects of combination therapy with losartan may be attributed to the ability of NO,-FAs to inhibit TNF-a and COX-2-mediated
inflammatory pathways. f In obesity, NO,-FAs might decrease TG, free fatty acid, ROS and increase HDL in plasma by activating PPAR-y and STING
signal pathway. In addition, NO,-FAs might alter expression of the main triglyceride metabolizing enzymes DGAT1, HSL and ATGL. TLR4,
Toll-likereceptor4; ICAM-1, intercellular cell adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1; STAT-1, signal transducer and activator
of transcription-1, Keap1, Kelch-like ECH-associated protein-1; Nrf2, nuclear factor-erythroid 2-related factor 2; VSCMs, vascular smooth muscle
cells; NF-kB, nuclear factor kappa-B; NAFLD, non-alcoholic fatty liver disease; PPAR-y, peroxisome proliferation-activated receptor gamma;

TGF-B, transforming growth factor-@3; ECM, extracellular matrix; MMP, matrix metalloproteinase; TNF-q, transforming growth factor-a; COX-2,
cyclooxygenase-2; STING, stimulator of interferon genes; DGAT1, Diacylglycerol acyltransferase1; HSL, Hormone-sensitive lipase; ATGL, Adipose

triglyceride lipase
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mice showed a significant reduction compared to con-
trols in blood pressure (Zhang et al. 2010). Another study
demonstrated that NO,-OA reduced Angll-induced
hypertension and inhibited cardiac hypertrophy by inhib-
iting sEH, which prevented epoxyeicosatrienoic acid
(EET) hydrolysis of sEH substrates, inducing vasodilation
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to lower the blood pressure after EET accumulation
(Charles et al. 2014). Mechanistically, NO,-OA inhib-
ited Angll-mediated vasoconstriction by binding to the
AnglI receptor, AT1R, but NO,-OA did not affect the
binding of Angll with the AT1R. NO,-OA interfered
with the coupling of G-protein signaling and calcium
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Fig. 3 The main biological effects of NO,-FAs on the cardiovascular system and the main corresponding cellular signaling pathways. NO,-FAs act
as lipid mediators eliciting numerous biological responses that can impact both vascular and cardiac function, including lipid metabolism, mild
decoupling, anti-inflammatory, vasodilation, elastin fragmentation, antifibrosis, and apoptosis effects

mobilization downstream of the AT1R, thereby inhibit-
ing VSCMs contraction (Zhang et al. 2010). NO,-OA
binds to Cys521 near the center of sEH, leading to the
decrease of the hydrolase activity and inhibiting the
metabolism of EET to the corresponding diol or dihy-
droxyeicosatrienoic acid. Therefore, NO,-OA could not
abrogate Angll-induced hypertension and cardiac hyper-
trophy in Cys521Ser sEH redox knock-in mice (Charles
et al. 2014). Human sEH (hsEH) is a therapeutic target,
but no approved drugs are available. Recent biochemi-
cal and biophysical studies have shown that 9-NO,-OA,
10-NO,-OA, and 10-NO,-LA can not only bind to the
Cys423 and Cys522 (equivalent to mouse Cys521) of
hsEH, but can also bind covalently to other nucleophilic
residues in the sEH C-terminal domain (Qiu et al. 2022).
Utilizing this binding may provide an alternative pharma-
cological approach for sEH drugs, which have shown dis-
appointing results in clinical trials to date. In addition, it
is worth investigating whether the direct consumption of
NO,-FAs can reduce blood pressure.

3.1.3 Arrhythmia
The occurrence of ventricular arrhythmias, such as sus-
tained ventricular tachycardia (VT), most often leads

to AMlI-related sudden cardiac death (Kosmidou et al.
2017). Cardiac metabolic disorders and redox state
abnormalities during heart disease stimulate arrhythmo-
genic substrates by directly or indirectly modulating car-
diac ion channel/transporter function (Yang et al. 2015).
Ca”" plays an important role in maintaining the excita-
tion—contraction coupling and electrical rhythm of the
normal heart, and abnormalities in Ca®>* homeostasis
play a key role in the pathogenesis of common CVDs,
including arrhythmia (Landstrom et al. 2017). The pre-
treatment of mice with NO,-OA significantly reduced
the susceptibility to acute VT. NO,-OA attenuated RyR2-
dependent Ca** leakage of calmodulin-dependent kinase
II (CaMKII) activity and prevented VT after AMI (Mol-
lenhauer et al. 2020). By inhibiting CaMKII, NO,-OA
regulated key pathways of electrical remodeling after
AMI. Atrial fibrillation (AF) is the most common car-
diac arrhythmia and is associated with an increased risk
of death worldwide, and AF does not respond well to
current treatments (Brundel et al. 2022). Fibrosis is one
of the most prominent features of AF pathology, and
inflammation promotes cardiomyocyte fibrosis (Burstein
& Nattel 2008; Rockey et al. 2015). In vivo, NO,-FAs
administration effectively reduced atrial fiber remodeling
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in Angll-pretreated mice, as well as reducing AF sus-
ceptibility and atrial conduction inhomogeneity. These
effects of NO,-FAs were mediated by the inhibition of
Smad2-dependent myofibroblast transdifferentiation, as
well as the inhibition of oxidative inflammatory media-
tors of atrial production (Rudolph et al. 2016). In another
study, NO,-OA treatment attenuated interstitial myocar-
dial fibrosis and greatly improved left ventricular systolic
function in mice with dilated cardiomyopathy. In vitro
studies further indicated that the anti-fibrotic effect of
NO,-OA depended on inhibiting the phosphorylation
of downstream targets of transforming growth factor-f
(TGF-B) to weaken the ability of fibroblasts to trans-
form into myofibroblasts (Braumann et al. 2021) (Fig. 3).
NO,-FAs thus emerge as potential therapeutic agents for
ventricular arrhythmias either by increasing endogenous
levels through dietary interventions or as synthetic drugs.

3.1.4 Aortic aneurysm

Thoracic aortic aneurysms occur primarily in the patient’s
aortic root and ascending aorta, with a potential risk of
rupture that could be life-threatening to the patient (Pir-
ruccello et al. 2022). Marfan syndrome (MFS) is a rela-
tively common genetic disorder of connective tissue that
can progress to thoracic aortic aneurysm (Milewicz et al.
2021). Standard medical treatment for MFS includes
[-receptor blocker therapy (Hiratzka et al. 2010), which
slows the rate of aortic dilation in patients with MFS
(Shores et al. 1994). Although several potential drug tar-
gets have been identified in animal studies, no therapeu-
tic agents have been identified that can prevent aneurysm
formation in MFS (Milewicz & Ramirez 2019). With the
increasing prevalence of hypertension and atherosclero-
sis, morbidity and mortality caused by abdominal aortic
aneurysm (AAA) have gradually increased, resulting in
a serious medical burden for individuals and society (Yu
et al. 2022). There is currently no strong scientific evi-
dence that drug therapy can reduce the growth of AAAs,
which is because of the complex etiology of AAAs (Saka-
lihasan et al. 2018). The induction of elastin fragmenta-
tion and the apoptosis of smooth muscle cells is the main
mechanism driving the aortic lesions of MFS (Milewicz
et al. 2021). AAAs arise from structural changes in the
aortic wall, including media and adventitia thinning
because of the loss of VSCMs and degradation of the
extracellular matrix (Sakalihasan et al. 2018). MFS mice
were used in a thoracic aortic aneurysm model (Net-
tersheim et al. 2022) and AAV. PCSK9-D377Y-induced
hypercholesterolemia combined with chronic infusion of
Ang II was used to induce the formation of an AAA in
another mouse model (Zhao et al. 2021). NO,-OA signif-
icantly attenuated aortic aneurysm progression in both
models by modulating known pathological pathways,
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and thus further investigation of the use of NO,-OA as
a therapeutic agent for the treatment of AAA is war-
ranted. Subcutaneous administration of NO,-OA signifi-
cantly reduced the incidence of AAA and the diameter
of the suprarenal aorta, which not only prevented the
formation of the AAA but also inhibited the activation
of macrophages induced by multiple factors. NO,-OA
treatment significantly attenuated ascending aortic dila-
tion and vascular wall sclerosis, and this protective effect
was mediated by inhibition of aortic ERK1/2, Smad2 as
well as NF-«B overactivation and consequent attenuation
of elastin fragmentation by matrix metalloproteinase-2
(MMP-2), collagen deposition, and apoptosis (Netter-
sheim et al. 2022). In addition, NO,-OA reduced inflam-
mation, cytokine secretion, and cell migration induced by
various biological stimuli in primary and macrophage cell
lines through partial activation of PPAR-y. The protective
effect of NO,-OA also involved the inhibition of prosta-
glandin E2 (PGE2)-induced PGE2 receptor 4 cAMP sign-
aling in macrophages, which is known to be involved in
AAA progression (Zhao et al. 2021) (Fig. 3). These results
provided a rationale for the use of NO,-FAs to treat this
pathologically diverse and complex disease. Further
studies are needed to determine whether NO,-FAs can
improve AAA by attenuating or even reversing the pro-
gression of this disease.

3.2 NAFLD

Increases in excessive caloric intakes and sedentary life-
styles has led to an increased prevalence of obesity. The
prevalence of NAFLD is also increasing globally, affect-
ing an estimated 24% of the world’s population (You-
nossi et al. 2018). NAFLD is associated with increased
long-term morbidity and mortality, and there is now
substantial clinical evidence that NAFLD may contrib-
ute to the development of type 2 diabetes, hypertension,
atherosclerosis, and CVDs (Lonardo et al. 2018). Apart
from lifestyle modifications, such as weight loss and glu-
cose tolerance management, there are no Food and Drug
Administration approved treatments for NAFLD (Cha-
lasani et al. 2012). NAFLD comprises a spectrum of liver
diseases characterized by abnormal hepatic fat accumula-
tion, inflammation, and hepatocellular dysfunction (Haas
et al. 2016). Hepatic mitochondrial dysfunction plays a
key role in the development and pathogenesis of NAFLD,
but the mechanism is still unclear (Begriche et al. 2013).
Recent studies have investigated the therapeutic potential
of NO,-FAs for NAFLD using a long-term mouse model
of nonalcoholic steatohepatitis (NASH) induced by a
high-fructose, high-fat, and high-cholesterol diet. It was
found that NO,-OA significantly reduced circulating liver
injury markers, hepatic steatosis, lobular inflammation,
and fibrosis (Rom et al. 2019). The results of an unbiased
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analysis of liver gene expression indicated that treatment
with NO,-OA reversed the impaired lipid metabolism,
enhanced inflammation, and fibrosis in NASH. The pro-
tective effect of NO,-OA on diet-induced hepatic stea-
tosis in NASH was attributed to its role in normalizing
the expression of genes that regulate adipogenesis, the
inhibition of sterol regulatory element-binding protein-1
(SREBP-1) maturation, and the corresponding preven-
tion of TG biosynthesis and accumulation in the liver.
In addition, NO,-OA also inhibited TGF-B-dependent
pre-fibrotic activation of human stellate cells (Rom et al.
2019). Another study investigated the effect of NO,-OA
on apoE '~ mice fed a western diet and reported a reduc-
tion in hepatic steatosis (Rom et al. 2020). The levels of
NO,-FAs in mice fed a high-fat (HF) diet were reduced
compared with those in normal chow-fed mice, how-
ever, the plasma NO,-FAs concentrations in the mice
returned to normal after supplementation with 10% extra
virgin olive oil (EVOO)+ Nitrous acid (HNO,) in the
HF diet. Moreover, in the EVOO-supplemented mice,
greater liver mitochondrial complex II and V activity
was observed, which was further improved after HNO,
supplementation (Sdnchez-Calvo et al. 2021). Similarly,
Khoo et al. found that treatment with NO,-OA prevented
high-fat diet (HFD)-induced TG accumulation and liver
mitochondrial dysfunction in mice fed a HED. Interest-
ingly, both rosiglitazone (Rosi) and NO,-OA decreased
the plasma levels of alanine aminotransferase and TGs,
but only NO,-OA decreased hepatic TG accumulation
and improved mitochondrial function (Khoo et al. 2019).
It is very encouraging that pleiotropic signaling by elec-
trophilic NO,-FAs reduced the complex hepatic and sys-
temic pathogenic effects of obesity without the adverse
effects of TZDs, such as Rosi. In the context of the global
prevalence of NAFLD but lack of approved drugs, these
findings from preclinical studies indicate that the treat-
ment of NAFLD with NO,-FAs deserves further clinical
evaluation.

3.3 T2DM

The rapidly expanding global burden of T2DM has
led to an increased risk of CVDs (Pandey et al. 2023),
leading to a better understanding of the relevant cell
signaling pathways and potential therapeutic strate-
gies. T2DM is characterized by tissue-specific insulin
resistance and pancreatic  cell dysfunction, and the
main local mechanisms include metabolic signaling,
altered mitochondrial metabolism due to oxidative
stress, and local inflammation (Xourafa et al. 2024).
Following the initial clinical use of TZDs as anti-hyper-
glycemic agents for the treatment of T2DM in the late
1990s, the nuclear receptor PPAR-y was discovered as
their molecular target. The efficacy of PPAR-y agonists
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in the management of T2DM has been confirmed by
a number of experimental assays with TZDs (Bansal
et al. 2020). Synthetic TZDs ligands, such as Rosi, bind
PPAR-y, increase insulin sensitivity, and alleviate diabe-
tes-related symptoms (DeMarsilis et al. 2022). Unfor-
tunately, the complete receptor activation of PPAR-y
by TZDs also results in undesirable side effects such as
weight gain, edema, and an increase in adverse cardio-
vascular events (Kraakman et al. 2018). As a result, the
use of these drugs for the treatment of diabetes mellitus
has decreased significantly. There is significant moti-
vation to identify PPAR agonists with gene expression
activation profiles that differ from TZDs. NO,-FAs
act as partial agonists of PPAR-y and covalently bind
to the PPAR-y at Cys-285 through Michael addition,
including NO,-OA and NO,-LA. Treated with 8 mg/
kg NO,-OA administered by osmotic mini-pump, ob/
ob obese mice obtained an average plasma level of
32.2+£4.5 nM NO,-OA over 4 weeks. NO,-OA signifi-
cantly normalized blood glucose levels within 4 days
of pump implantation, comparable with those induced
by Rosi. Compared to vehicle and OA-treated mice,
NO,-OA simultaneously increases insulin sensitiv-
ity in oral glucose-treated mice (Schopfer et al. 2010).
Similarly, administration of NO,-OA for the 6.5 weeks
of HFD improved glucose tolerance and significantly
attenuated HFD-induced oxidative stress, and pro-
inflammatory pulmonary cytokine levels (Kelley et al.
2014). Activation of the PPAR-y by full agonists, such
as Rosi-inducible proteins, regulates cell differentiation,
lipid transport, glucose metabolism, and inflammation,
thereby increasing insulin responsiveness and lower-
ing blood glucose. However, full PPAR-y agonists also
stimulate adipocyte differentiation in vitro and induce
body weight gain in vivo, while partial activators only
activate a subset of PPAR-y-regulated genes and have
reduced side effects. Therefore, in NO,-OA-treated
animals, the adverse effects of Rosi, that is, weight gain,
edema, and adipogenesis, were not observed (Schopfer
et al. 2010; Wang et al. 2010).

In conclusion, treatment with NO,-OA improves glu-
cose intolerance and insulin resistance in mice without
increasing weight gain. Simultaneous reductions in
inflammatory factors (leptin, adiponectin) and oxida-
tive stress markers (protein carbonyl derivatives) were
observed, suggesting that the anti-T2DM effects of
NO,-OA may be attributed to the anti-inflammatory
and antioxidant stress effects of NO,-OA. Notably,
there were no changes in blood glucose or insulin lev-
els in all treatment groups of non-diabetic wild-type
C57BL/6] mice (Kelley et al. 2014), the specific anti-
diabetic mechanism of NO,-OA needs to be further
explored.



Ni et al. Current Medicine (2024) 3:3

3.4 Obesity

Obesity is a global health problem (Elmaleh-Sachs et al.
2023). Adipose tissue dysfunction in obese people is
associated with an increased risk of a variety of other
metabolic diseases. The adipose tissue expansion effect in
obese individuals is essential for metabolic homeostasis.
When excess energy expenditure exceeds the potential
of lipid storage in adipocytes, it causes abnormal expan-
sion of adipose tissue, which can trigger inflammation,
hypoxia, and fibrosis, disrupting the key endocrine and
lipolytic functions of adipose tissue (Green et al. 2021).
Although dietary and lifestyle interventions can be effec-
tive at reducing obesity, they have low rates of long-term
success (Wang et al. 2021). To date, pharmacotherapies
have been developed for treating obesity, but these agents
typically result in about 5-8% weight loss, which might
not be sufficient to correct obesity-related comorbidities
in some individuals (Gadde et al. 2018). Thus, an urgent
need exists for novel obesity therapeutics to treat meta-
bolic diseases.

A low dose (7.5 pg/kg/d) of NO,-OA in obese Zucker
rats for two weeks produced beneficial effects on vari-
ous components of metabolic syndrome, including obe-
sity, hyperlipidemia, and proteinuria, accompanied by
an immediate reduction of food intake. NO,-OA treat-
ment significantly reduced plasma TG and free FAs, and
significantly increased plasma HDL. In contrast, none of
these measures were affected by OA treatment (Wang
et al. 2010). Compared with OA, NO,-OA induced the
increase of endogenous antioxidants glutathione and par-
aoxonase2 (PON2), and the expression of the main meta-
bolic enzymes DGAT1, HSL and ATGL, and significantly
reduced the oxidative status and TG content of mac-
rophages. At physiological levels of 0.5 or 1 pM, NO,-OA
inhibits ROS production more effectively than OA. In
addition, NO,-OA treatment resulted in modest but
significant beneficial effects on macrophage cholesterol
metabolism, reducing cholesterol biosynthesis rate and
LDL influx into the cells, while increasing HDL-medi-
ated cholesterol efflux from the macrophages (Rosenblat
et al. 2016). These findings are consistent with previous
studies that not only demonstrate the antioxidant and
lipid metabolism effects of NO,-FAs, but also suggest
that the beneficial effects come from the nitrification of
OA rather than natural fatty acids. Recent studies have
shown that NO,-FAs block stimulator of interferon genes
(STING) palmitoylation via S-nitroalkylation reaction.
The aberrant and deranged signaling of the cyclic GMP-
AMP synthase (cGAS)-STING axis is closely impli-
cated in multiple sterile inflammatory diseases, STING
activation induces a constellation of obesity-associated
maladies, including insulin resistance, fibrosis, oxidative
stress, and energy deregulation, fueling the development
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of obesity-dependent metabolic diseases and CVDs
(Oduro et al. 2022). Specifically, they nitro-alkylate the
thiol groups of Cys88 and Cys99 located at the N-ter-
minal region of STING and exerted the above activity in
both human and murine cells (Hansen et al. 2018). These
results suggest that NO,-FAs can improve the metabolic
homeostasis of obesity through multiple pathways.

In contrast to the appetite suppressant and weight loss
effects of NO,-OA, synthetic PPAR-y agonists TZDs are
associated with increased food intake, weight gain, and
increased plasma volume (Wang et al. 2010). NO,-OA,
as a natural product, can provide effective and safe thera-
peutic interventions for obesity and obesity-related dis-
eases. However, the effect of NO,-FAs on obesity appears
to be controversial. Data from Tsikas et al. showed
similar plasma concentrations of NO,-OA between
lean, obese individuals, and obese patients with T2DM.
Therefore, it is unlikely that NO,-OA deficiency is a cru-
cial mechanism driving obesity and T2DM (Tsikas et al.
2014). In response, Francisco J. Schopfer et al. argue that
Reaction kinetics studies refute this unsubstantiated view
and support that NO,-OA rapidly reacts with biological
thiols (Schopfer et al. 2014). The results of clinical trials
provide new evidence for these controversies. In CXA-
10-202, treatment with a 150 mg dose of CXA-10 was
observed to result in a consistent decrease in biomark-
ers of inflammation and metabolic dysfunction, includ-
ing leptin, TG, cholesterol, MCP-1, and IL-6, compared
to baseline. CXA-10 was safe and well-tolerated with no
clinically significant abnormalities reported on physical
examination, vital signs, clinical laboratory evaluations,
or electrocardiographic evaluation (Garner et al. 2019).
This indicates that the ability of NO,-FAs to treat obesity
deserves further clinical verification, and the endogenous
levels of NO,-FAs in different populations need to be fur-
ther clarified.

3.5 Kidney disease

The prevalence of metabolic disorders with renal insuf-
ficiency is increasing worldwide (Carlstrom, 2021).
Among the long-term complications of diabetes, the
occurrence of chronic kidney disease (CKD) and its
severity can identify individuals at increased risk for
adverse outcomes. CKD is the leading cause of death
in both type 1 diabetes and type 2 diabetes (Thomas
et al. 2015). Although substantial progress has been
made in understanding the pathogenesis of diabetic
nephropathy (DN), such as renal inflammation, oxi-
dative response, and fibrosis, there is currently no
single drug that can provide the optimal solution for
patients (Wang et al. 2016). After 4 weeks of treat-
ment, CXA-10 (2.5 mg/kg) significantly attenuated
the increases in plasma cholesterol, heart weight,
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and kidney weight observed in diabetic nephropathic
mice without impacting systemic arterial blood pres-
sure. CXA-10 also reduced albuminuria, nephrinu-
ria, glomerular hypertrophy, and glomerulosclerosis
in this model. Inflammatory MCP-1 and fibrosis (i.e.,
collagen, fibronectin, plasminogen activator inhibi-
tor-1, and osteopontin) renal biomarkers were sig-
nificantly reduced in the CXA-10 (2.5 mg/kg) group.
The anti-inflammatory and antifibrotic effects, as well
as glomerular protection, were not observed in an
enalapril-treated group. Also, CXA-10 appeared to
exhibit hormesis as all protective effects observed in
the low-dose group were absent in the high-dose group
(12.5 mg/kg) (Arbeeny et al. 2019). Previous research
has found that the proteinuria level of MMP-9 in the
urine of diabetic patients was positively correlated with
the degree of proteinuria (Tashiro et al. 2004). Elevated
serum MMP-7 levels in patients with proteinuric dia-
betes were negatively correlated with renal function
(Ban et al. 2010). Interestingly, during inflammation,
NO,-OA first activated the pro-proteolytic activity of
MMPs, promoting cell remodeling and migration to
the injury site, and then transcriptionally repressed
the expression of MMPs by activating PPARs, thereby
limiting the further progression of the inflammatory
process (Bonacci et al. 2011). Renin-angiotensin sys-
tem blockade with angiotension converting enzyme
inhibitors and an angiotonin receptor blocker (ARB)
has been shown to attenuate glomerulosclerosis, tub-
ulointerstitial fibrosis, and proteinuria. Recent stud-
ies have demonstrated that NO,-OA combined with
an ARB could prevent the progression of DN in db/db
mice (Liu et al. 2013a, b). Dual therapy with NO,-OA
and an ARB more significantly reversed proteinuria,
considered a major indicator of DN progression, than
monotherapy. This therapy simultaneously reduced the
glomerulosclerosis score, preserved podocyte numbers,
and inhibited the production of pre-fibrotic extracel-
lular matrix markers. The effects of the combination
treatment may be attributed to the stronger inhibition
of oxidative stress and inflammation by NO,-OA and
the ARB because it was found that combined treat-
ment with losartan and NO,-OA significantly reduced
NADPH oxidase sub mRNA and protein expression of
base NOX 4 and p47phox. The NADPH oxidase sys-
tem is the major superoxide-generating system (Bedard
& Krause 2007). NOX 4 and p47phox are particularly
important because the former contains a catalytic
domain, while the latter is required for the initiation
of cytoplasmic subunit translocation and NADPH oxi-
dase assembly in the kidney (Sedeek et al. 2010). These
results suggested that the synergistic effect of NO,-OA
and an ARB may be because the two compounds have
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different targets in the DN signaling pathway, which
provides a reasonable basis for future clinical research
on treatment strategies using NO,-OA and an ARB for
patients with diabetes.

3.6 Cancer

Globally, cancer is the second leading cause of death
(Guo et al. 2021; Lin et al. 2022). Inflammatory processes
are crucial in all stages of tumor development: tumo-
rigenesis; promotion; malignant transformation; tumor
invasion; and tumor metastasis (Greten & Grivennikov
2019). Some of the known targets of NO,-FAs are rec-
ognized factors in tumorigenesis, and oxidative stress
regulates different stages of inflammation-induced car-
cinogenesis. Therefore, the role of NO,-FAs in tumo-
rigenesis has been investigated (Piesche et al. 2020).
Neumann et al. have reported that 10-NO,-OA signifi-
cantly increased the antiproliferative effect of antitumor
DNA damaging agents, including olaparib, cisplatin,
and doxorubicin, against triple negative breast cancer
(TNBC), and thus 10-NO,-OA may be a potential ther-
apeutic adjuvant in the treatment of this cancer (Asan
et al. 2019). TNBC accounts for 20% of all breast can-
cers and is the most aggressive subtype of breast cancer
(Waks & Winer 2019). Because of the lack of estrogen
and progesterone receptors, as well as the tyrosine kinase
ERB2 receptor (HER2), most breast cancer patients can-
not receive targeted therapies for TNBC (Foulkes et al.
2010). Moreover, TNBC has a high metastasis rate and a
lower 5-year survival rate than other breast cancer phe-
notypes, so new clinical treatment strategies are greatly
needed. 9-NO,-OA inhibited tumor growth in a mouse
xenograft model of human colorectal cancer by causing
mitochondrial dysfunction and activating the intrinsic
pathway of colorectal cancer cell apoptosis (Kithn et al.
2018). 10-NO, -OA inhibited breast cancer growth by
reducing cancer cell viability as well as tumor cell migra-
tion and invasion (Woodcock et al. 2018). 10-NO,-OA
significantly decreased the growth of TNBC epithelial
cells by inhibiting the NF-«xB signaling pathway. This
signaling inhibition by 10-NO,-OA was caused by the
PTM of Cys residues in NF-kB subunit kinase p (IKKp)
and NF-kB Re-1a proteins, which prevented DNA bind-
ing and Re-1 protein-induced protein degradation. Fur-
thermore, 10-NO,-OA suppressed TNFa-induced NF-«B
activity, thereby suppressing the expression of deleterious
target genes responsible for the expression of metastasis-
associated proteins, such as ICAM-1 and urokinase-type
plasminogen activator. In 2018, Kithn et al. reported the
cytotoxicity of 9-NO,-OA toward the colorectal can-
cer cell lines HCT-116 and HT-29. 9-NO,-OA signifi-
cantly inhibited the cell viability of these cancer cell lines
through caspase-dependent apoptosis via the intrinsic
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apoptotic pathway (Kithn et al. 2018). This effect on
cancer cell lines was caused by the antioxidant effect of
NO,-FAs and the ability of 9-NO,-OA to target mito-
chondria and deactivate mitochondrial membranes and
respiration, leading to eventual apoptosis of the cells. The
overall cytotoxic effect was via the inhibition of Complex
II by 9-NO,-OA, which was reversible and pH-depend-
ent (Hellmuth et al. 2021). These results demonstrated
the therapeutic potential of NO,-FAs in cancer, and
future studies should further investigate whether elec-
trophilic NO,-FAs or exogenously synthesized NO,-FAs
homologs might play a role in regulating DNA repair and
other signaling responses that play a role in cancer to
develop improved therapies for the treatment of cancers
that lack targeted drugs.

3.7 Other inflammation diseases
The pathophysiology of metabolic diseases is complex
but has been shown to be closely associated with sterile
inflammation, which is initiated by various danger mol-
ecules derived from metabolic overload, such as oxi-
dized low-density lipoproteins, free fatty acids, glucose,
advanced glycation end products, and cholesterol (Wang
et al. 2020). Therefore, we summarize some studies on
the role of NO,-FAs acids in inflammatory disease.

NO,-FAs can alleviate the activation of alveolar mac-
rophages induced by cigarette smoke and reduce the
release of inflammatory factors (Reddy et al. 2016). To
study the role of NO,-FAs in the pulmonary inflam-
matory response, the effect of NO,-FAs on the activa-
tion of lipoxygenase (LOX) to mediate an inflammatory
response has been investigated (Awwad et al. 2014).
Systemic administration of NO,-FAs reduced the occur-
rence of lung injury and reduced the levels of circulat-
ing and pulmonary inflammatory mediators, including
the 5-lipoxygenase (5-LOX) product LTB4, 5-hydrox-
yeicosatetraenoic acid (5-HETE), and 12-hydroxyeico-
satetraenoic acid (12-HETE). These results were further
confirmed using 5-LOX knockout mice, where admin-
istration of NO,-OA had no effect on LPS-induced
neutrophil or monocyte mobilization and lung injury.
NO,-OA inhibited the inflammatory response to bleo-
mycin-induced lung injury by regulating pro-inflamma-
tory macrophage activation and recruitment (Wilkinson
et al. 2020). In a mouse model of highly toxic acute lung
injury, endotracheal and intraperitoneal administration
of 10-NO,-OA significantly reduced hyperoxia-induced
inflammatory cell infiltration, alveolar capillary leakage,
the upregulation of pro-inflammatory cytokines (IL-6
and TNFa) in bronchoalveolar lavage fluid, and lung
inflammation (Narala et al. 2022).

NO,-OA also downregulated the production of pso-
riasis-dependent inflammatory cytokines in the skin,
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including IL-1pB, IL-23, IL-6, and IL-17 (Wronski et al.
2023). In a previous study, NO,-FAs suppressed aller-
gic contact dermatitis (ACD) in mice, and subcutane-
ous injection of NO,-OA also decreased IL-1f and IL-6,
which are essential promoters of Th17 cell differentia-
tion involved in ACD. Further research indicated that
NO,-OA inhibited skin inflammation by blocking the
IL-17A/IL-6 positive feedback loop through the NF-«xB
and STAT-3 signaling pathways. In addition, NO,-OA
could directly inhibit Th17 differentiation to inhibit
psoriasis-like inflammation. Notably, this study found
that NO,-OA reduced STAT-3 phosphorylation and
nuclear translocation, thereby inhibiting keratinocyte
proliferation, and demonstrated that NO,-OA regulated
the PTM of STAT-3 through nitroalkylation of STAT-3
(Mathers et al. 2017).Because STAT-3 is the central sign-
aling factor of Th17 differentiation, the blocking of IL-
17A by NO,-OA may partly depend on the inhibition
of STAT-3 activation (Di Cesare et al. 2009). However,
in contrast to the effect of subcutaneous NO,-OA, topi-
cal NO,-OA administration during the development of
contact hypersensitivity (CHS) induced an inflammatory
response in ACD (Rom et al. 2019). The dermal infiltra-
tion induced by topical NO,-OA was characterized by an
early increase in neutrophils, followed by the accumula-
tion of inflammatory monocytes, macrophages, and off
and y8 T cells. After topical application of NO,-OA, the
expression of several psoriatic inflammatory markers
was significantly increased, including IL-1p, IL-6, IL-23,
and IL-17. Topical NO,-OA upregulated HMOX-1 and
VEGEF-A, and overexpression of VEGF-A has been asso-
ciated with the development of psoriasiform lesions in
multiple mouse models. Consistent with these results,
HPLC-MS/MS analysis of skin from psoriasis patients
revealed a 56% increase in NO,-cLA levels in lesional
skin compared with levels in non-lesional skin. LC-MS/
MS studies of 10-NO,-OA indicated that>95% of the
systemically absorbed 10-NO,-OA was esterified (Faz-
zari et al. 2019). The esterified NO,-FAs are transported
to tissues by free NO,-FAs after hydrolysis by capillary
lipoprotein lipase. The skin actively utilizes this fatty acid
acquisition mechanism to maintain ceramide, sphin-
golipid, and TG synthesis, and thus, the skin is the tissue
most affected by FAs deficiency. Using 2,4 dinitrofluor-
obenzene as a hapten, a C57BL/6] mouse CHS model was
established to evaluate the effect of NO,-OA on ACD
(Martin et al. 2011). Subcutaneous NO,-OA not only
significantly inhibited the pathways of inflammatory cell
infiltration in the skin and inflammatory cytokine pro-
duction, but also induced immunosuppressive responses
that inhibited ACD by increasing the recruitment of reg-
ulatory T cells to the inflamed dermis and enhancing the
response of IL-10 (Mathers et al. 2017).
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Overall, systemic (subcutaneous and oral) NO,-OA
administration showed appreciable anti-inflammatory
and anti-immune effects in skin inflammation, whereas
topical application of NO,-FAs promoted and enhanced
skin inflammation. The mechanistic differences between
endogenously produced anti-inflammatory electrophilic
FAs during skin inflammation and the pro-inflammatory
effects of a single dose of topical NO,-OA highlights the
complexity of the skin microenvironment and the regula-
tory mechanisms that occur during active inflammation.

4 Research and prospective applications

of NO,-FAs as drugs
4.1 NO,-FAs as potential therapeutic targets
The actions of NO,-FAs are protective in an array of pre-
clinical animal models. The activation of Nrf2 and HSR
pathways as well as the inhibition of NF-kB are com-
monly observed actions in the different metabolic disease
animal models treated with NO,-FAs, similarly occurs
in animal models of other diseases such as neurodegen-
erative diseases. NO,-AA and NO,-OA activated Nrf2 to
induce NADPH oxidase subtype 2 expression in astro-
cytes, increased glutathione levels in astrocytes which
protected neurons from oxidative damage, and could
prevent motor neuron death (Diaz-Amarilla et al. 2016).
The inhibition of microglia activation by 10-NO,-OA in
the substantia nigra pars compacta may be through the
synergistic activation of Nrf2-regulated adaptive gene
expression and inhibition of NF-kB-regulated pro-inflam-
matory signals (Di Maio et al. 2023). Subcellular targets
that have been described as NO,-FAs also include inhi-
bition of STAT, NADPH, sEH, Ang II receptor, STING,
and activation of PPAR-y, Keapl, HSR, among others.
There is a relationship between the chemical structure
of NO,-FAs and their biological activity on distinct sign-
aling pathways or selected target proteins. Alterations
in the fatty acid acyl chain length and Michael acceptor
position correlated with Nrf2 induction and NF-kB inhi-
bition (Khoo et al. 2018). As NO,-FAs with <18 carbon
atoms showed clearly reduced suppressive effects com-
pared to 9-NO,-OA. And short-chain NO,-FAs with< 16
carbon atoms displayed weaker induction of the Nrf2
pathway, while 9-NO,-OA might represent the optimal
structure for inducing Nrf2. By contrast, chain length
seems to be of minor importance for cellular sEH inhi-
bition, changing the position of the Michael acceptor
moiety can further increase the sEH-inhibitory potency
suggesting that the nitroalkylation of sEH plays a role in
the inhibition of cellular sEH by the sEH inhibitory com-
pounds (Hellmuth et al. 2021). Future studies should fur-
ther develop the active NO,-FAs derivatives to further
increase potency, efficacy, and target selectivity.
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However, the targets of NO,-FAs have not been fully
elucidated. A clickable NO,-FAs probe has been syn-
thesized for the detection and first global identification
of mammalian proteins that are susceptible to nitro-
alkylation. 184 high confidence nitro-alkylated proteins
were identified in THP1 macrophages, except STATS3,
majority of which are novel targets of NO,-FAs, includ-
ing extended synaptotagmin 2, toll-like receptor 2, reti-
noid X receptor alpha and glucocorticoid receptor (Fang
et al. 2021). With added Peroxynitrous acid/peroxynitrite
(ONOOH/ONOO™) to primary hCASMC,84 proteins
were nitrated (with 129 nitrated tyrosine and 23 nitrated
tryptophan, with multiple modifications on some pro-
teins), with this occurring at the same and additional
sites to endogenous modification. In the pool of modi-
fied proteins, fibronectin and thrombospondin-1 being
particularly heavily modified (Xu et al. 2023). Combined
with bioinformatic analyses revealed that nitro-alkylated
proteins are highly enriched in endoplasmic reticulum
and transmembrane proteins, and are overrepresented
in lipid metabolism and transport pathways (Fang et al.
2021), and these endogenous and exogenous digestion
sites were found and may be new targets for metabolic
diseases such as atherosclerosis.

4.2 10-NO,-OA as a drug candidate

NO,-OA is preferred over NO,-LA as a drug candidate
because NO,-OA is less complicated to synthesize and
has greater stability but has similar signaling actions and
reactivity toward nucleophiles. NO,-OA is the prototype
NO,-FAs and has been used in most preclinical stud-
ies to date. From studies of animal models and specific
signaling activity, the regiospecific isoform 10-NO,-OA
(CXA-10) was selected as a drug candidate for the treat-
ment of inflammatory and metabolic diseases. Phase I
clinical studies have been conducted in healthy and obese
subjects and the levels of inflammation-related biomark-
ers were found to be reduced. Treatment with NO,-FAs
was negatively correlated with known inflammatory fac-
tors, including leptin, TGs, cholesterol, MCP-1, and IL-6.
CXA-10 administration showed a dose-proportional
increase in plasma exposure, and there were reduced lev-
els of biomarkers known to be associated with changes
in inflammation and metabolic stress following 150 mg
doses of CXA-10. Ongoing phase II studies in patients
with glomerulosclerosis and pulmonary hypertension
will determine the therapeutic potential of CXA-10 in the
treatment of lung and kidney disease (Garner et al. 2019).
In addition, based on the data from preclinical studies
involving many animal models of metabolic diseases, the
clinical application of NO,-FAs drugs for patients with
metabolic diseases is expected in the future.
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4.3 NO,-FAs nanoparticles for the local treatment
NO,-FAs-containing lipid nanoparticles (LNPs) have
recently been developed that retain the mechanical effi-
cacy of standard LNPs and can rapidly target the deliv-
ery of protective payloads to tissues, thereby reducing
inflammation and improving post-ischemia—reperfusion
vascular function. Notably, targeted delivery of NO,-FAs
immediately increases the concentration of the active
drug at specific tissue sites, a new strategy for improv-
ing the pharmacokinetic parameters of covalent-modifier
drugs (Schopfer et al. 2018). LNPs containing electro-
philic NO,-FAs (NO,-FA-LNPs) enhanced the therapeu-
tic effect of ultrasound-targeted LNP cavitation therapy
for inner microvascular occlusion (MVO), improved
the NO,-FAs pharmacokinetics to promote the targeted
delivery of NO,-FAs, promoted microvascular perfusion,
induced anti-inflammatory responses, and improved
vascular protection. In a rat hindlimb ischemia-reperfu-
sion injury model, vascular targeting of NO,-FA-LNPs
in combination with ultrasound-targeted LNP avitation
(UTC) provided a rapid focal anti-inflammatory therapy
at the site of ischemia-reperfusion injury. This therapeu-
tic strategy is particularly applicable to the treatment of
the local sequelae of AMI, including MVO and ischemia-
reperfusion injury, with a focus on concentrating drug
payloads at specific sites in the MVO (Yu et al. 2022).
This strategy has potential in precision medicine for the
treatment of CVDs.

4.4 NO,-FAs analogs

The lipid-associated antioxidant a-tocopherol is trans-
ported systemically by LDL particles, including to
atherosclerotic lesions. To take advantage of the anti-
inflammatory and anti-atherogenic properties of endog-
enous NO,-FAs and the overlapping and complementary

Table 2 NO,-FAs in preclinical and clinical trials
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beneficial properties of «-tocopherol, a nitroalkene-
a-tocopherol-like drug (NATOH) has been developed
to address chronic inflammation and atherosclerosis,
especially at lesion sites. NATOH was found to exhibit
similar antioxidant capacity as a-tocopherol, and also
exerted electrophilic reactivity because of the presence
of a NO,-FAs. NATOH was incorporated into VLDL/
LDL particles in vivo fro transport to atherosclerotic
lesions. Oral administration of NATOH downregulated
the NF-kB-dependent expression of proinflammatory
markers, including IL-1B and adhesion molecules, and
improved atherosclerosis in apoE”" mice (Rodriguez-
Duarte et al. 2019).

Another study investigated a nitroalkene-Trolox
derivative named NATx0 as an unconventional anti-
inflammatory strategy to treat chronic inflammatory
diseases, such as obesity-induced glucose intolerance.
NATx0 inhibited NF-kB nuclear translocation and pro-
inflammatory gene expression in macrophages in vitro.
Furthermore, NATx0 treatment prevented NLRP3
inflammasome activation following macrophage LPS/
ATP stimulation in vitro. When tested acutely in vivo,
NATxO0 inhibited neutrophil recruitment in zebrafish lar-
vae and reduced IL-1p production after LPS challenge
in mice. Long-term administration of NATx0 in diet-
induced obese mice reduced muscle tissue inflamma-
tion and glucose intolerance, thereby improving glucose
homeostasis. The nitroalkene-Trolox = derivative was
found to be a suitable tool to address acute and chronic
inflammation in vitro and in vivo, mainly through the
inhibition of NF-kB/NLRP3 activation (Dapueto et al.
2021). These studies demonstrated that this pharmaco-
logical strategy, using unconventional anti-inflammatory
compounds and a safe drug delivery system, has great
potential for clinical application (Table 2).

Treatment Subject NO,-FAs  Main findings

UTC is followed by intra- A model of ischemia-reperfusion injury ~ 10-NO,-OA  NO,-FA-LNP reduces vascular mediator expression and lipid

venous administration in rat hindlimbs peroxidation after ischemia-reperfusion (Yu et al. 2022)

of NO,-FA-LNP

Injection NATXO Zebrafish/mouse model of inflammation  NATXO0 NATXO0 addresses acute and chronic inflammation in vitro

Tube feeding NATXO Mouse model of glucose intolerance and in vivo by inhibiting NF-kB/NLRP3 activation (Dapueto
etal. 2021)

Tube feeding NATOH A mouse model of atherosclerosis NATOH Oral administration of NATOH downregulated NF-kB-

Oral CXA-10 Obese patients

dependent expression of pro-inflammatory markers, includ-
ing IL-13 and adhesion molecules, and improved atherosclero-
sis in apo E knockout mice (Rodriguez-Duarte et al. 2019)

10-NO,-OA  Two weeks after oral administration of CXA-10 preparation,

serum inflammatory markers (MCP-1 and IL-6) were reduced
in obese patients, and other markers of metabolic dysfunction
were improved by reducing serum leptin, TG, and cholesterol
levels (Garner et al. 2019)
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4.5 Supplement with unsaturated fatty acids and nitrates
Diet may contribute to disease risk through modula-
tion of metabolic pathways and homeostasis (Shoaie
et al. 2015). Differences in metabolic responses to diet
may explain some individual variations in diet disease
associations (Li et al. 2020). The 2015-2020 Dietary
Guidelines state that the Mediterranean diet is recom-
mended as an important and cost-effective strategy for
the prevention of CVDs (Li et al. 2020). The Mediter-
ranean diet is characterized by a high consumption
of fruits, vegetables, seafood, nuts, legumes, whole
grains, and olive oil, a moderate intake of wine pri-
marily in the diet, a reduced intake of red/processed
meats, saturated fats, and sugary desserts and bev-
erages (Benjamin et al. 2017). It can be seen that the
Mediterranean diet includes more unsaturated fatty
acids and proteins, and a moderate amount of carbo-
hydrates (Delgado-Lista et al. 2022). Dietary vegeta-
bles will produce nitrite through bacterial action in the
mouth. Therefore, Mediterranean diet favors the for-
mation of endogenous NO,-FAs in the body.

In healthy volunteers, the plasma concentration of
>NO,-cLA (Cmax 8 nM) achieved by cLA and *NO,~
supplementation was consistent with the NO,-OA
concentration at the defined target dose when a Phase
I clinical trial (pulmonary hypertension, chronic kid-
ney disease, and asthma, 150 mg dose, Cmax 7.6 nM)
was conducted (NCT02248051, NCT03449524,
NCTO03422510). In a mouse model of myocardial
infarction, oral treatment with HNO, and cLA pro-
tects cardiac function and prevents myocardial hyper-
trophy by increasing cardioprotective microRNA-499
levels and subsequently decreasing p53 and dynamin-
related protein 1 (DRP-1) expression. The underly-
ing mechanism may be that cLA and HNO, produce
NO,-cLA in vivo and are involved in mitochondrial
function and apoptosis pathways (Qipshidze-Kelm
et al. 2013). Supplementing with the omega-3 fatty
acids eicosapentaenoic acid (EPA) and docosahexae-
noic acid (DHA) may reduce the risk of cardiovascular
disease (Rodriguez et al. 2022). However, the results of
randomized controlled trials investigating the effects
of omega-3 supplementation on CVDs risk have
been inconsistent (Sherratt et al. 2023), not everyone
reduces TG levels through omega-3 supplementation.
Different participant characteristics may contribute to
this inter-individual variation in TG response (Rund-
blad et al. 2023). It is very interesting to see whether
the level of NO,-FAs as derivatives of unsaturated
fatty acids in the human body can further explain the
results of clinical trials of these unsaturated fatty acids.
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5 Conclusions and future directions

In recent years, with advances in detection technology
and animal disease models, a deeper understanding of
the protective mechanism of NO,-FAs has been estab-
lished. Here, we summarized the mechanism of action
and therapeutic potential of NO,-FAs in various diseases.
At present, research into the potential mechanisms for
the extensive pharmacological effects of NO,-FAs has
mainly focused on the regulation of signaling pathways,
such as NF-«kB, STAT, NADPH, PPAR-y, and Keap1/Nrf2.
However, use of emerging omics analysis techniques con-
tinues to reveal new cellular targets for NO,-FAs (Fang
et al. 2021; Xu et al. 2023). Transcriptome data, coupled
with lipidomic, proteomic- and MS-based approaches,
will help prioritize and guide which pathways to pur-
sue. In addition, the “one drug-multiple targets” feature
of NO,-FAs may provide new therapeutic strategies for
diseases, especially for diseases showing multifactorial
pathogenesis. NO,-FAs exist in a variety of natural plants
and edible oils; therefore, increasing the dietary intake of
these foods may help to increase the levels of NO,-FAs
in the human body. The Mediterranean diet is character-
ized by a high intake of unsaturated fatty acids, especially
olive oil and fish rich in OA and LA, and vegetables con-
taining NO,~ and NO,>". The acidic and hypoxic con-
ditions in the stomach provide an environment for the
efficient nitration of unsaturated fatty acids by nitrite.
Several plausible mechanisms have been proposed to
explain the epidemiological evidence for the benefits of
a Mediterranean-style diet; however, some of the find-
ings mentioned earlier indicate that the consumption
of unsaturated fats and vegetables rich in nitrites and
nitrates can provide protection against some diseases.
In addition, absorption, distribution, metabolism, and
excretion studies of radiolabeled CXA-10 in rodents has
demonstrated an oral bioavailability of up to 35%. Nano-
targeted delivery technology may be used to develop an
effective way to improve the bioavailability of NO,-FAs,
which may provide avenues for further development and
utilization. Great attention should be paid to the com-
bined therapeutic effects and underlying mechanisms of
NO,-FAs in combination with proven drugs in the treat-
ment of certain diseases.

However, there is still much to be elucidated to better
use NO,-FAs to enhance the health benefits in humans.
In recent years, several NO,-FAs have been identified
in in biological samples, and the concentrations deter-
mined by liquid chromatography-mass spectrometry
and gas chromatography-chromatography-mass spec-
trometry techniques. Several NO,-FAs have been iden-
tified and quantified, including NO,-OA and NO,-LA,
in the plasma of healthy and ill subjects with concentra-
tions over three orders of magnitude, i.e., concentrations
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from several hundred pM to several hundred nM. These
extremely broad concentration ranges indicate serious
chromatographic and mass spectrometric deficiencies,
including preanalytical issues such as artifacts and con-
tamination (Schopfer et al. 2014; Tsikas 2023). Chal-
lenges in detection technologies have limited the analysis
of correlations between NO,-FAs and clinical metabolic
diseases. However, in the Phase I clinical trial of sodium
nitrite for out of hospital cardiac arrest (NCT02987088),
survivors of cardiac arrest that had higher levels of
NO,-FAs had less neurological damage (Vitturi et al.
2020). This result appears to indicate a better prognosis
for patients with high levels of NO,-FAs. In addition, a
statistically significant difference in the concentrations
of NO,-OA in the plasma of patients with myocardial
infarction compared with those in the plasma of healthy
volunteers was preliminary observed (Herz et al. 2023).
This result indicated that NO,-FAs levels in the body may
be a marker of the patient’s ability to respond to anti-
inflammatory and oxidative stress, however, this needs to
be validated in a larger cohort. Further clinical research
into the treatment of metabolic diseases using NO,-FAs
is required. In addition, NO,-FAs have a wide range of
pharmacological effects, not limited to a specific dis-
ease, and it may be possible to develop NO,-FAs as drug
adjuvants.

This article reviews the mechanisms by which NO,-FAs
exert protective effects in various metabolic diseases and
the therapeutic potential of NO,-FAs. Studies conducted
over the past 20 years have revealed that NO,-FAs can
alleviate inflammatory and oxidative stress damage in
metabolic diseases by targeting the related signaling
pathways (such as NF-kB, STAT, NADPH, PPAR-y, and
Keapl/Nrf2) and, thus, exert cardiopulmonary vascu-
lar protective, neuroprotective, hepatoprotective, renal
protective, skin protective, anti-diabetic, lipid lowing,
and anti-cancer effects. Overall, NO,-FAs are active lipid
molecules with great therapeutic potential that may be
also developed into nutritional supplements.
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