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Lipids exert key biologically relevant activities in cells and tissues, being part 
of cell signaling pathways in both health and disease. It is required a better 
understanding of the biological mechanisms underlying the role that enzy-
matic- and nonenzymatic-derived lipids have in pathophysiological processes 
as well their association to drug development. The lack of lipid involvement 
treatments for inflammatory diseases and the need of early diagnosis foot-
prints highlight the relevance of a comprehensive understanding of the bio-
logical mechanisms of lipids’ underlying changes that occur. Lipids are being 
determined as novel biomarkers that would lead to novel treatment strategies, 
earlier diagnosis, and improve patients’ lives. A small, lipid-derived blood- 
based biomarker could act as a screening tool to identify at-risk individuals. 
In this way, lipidomic analysis has been focused on small-to-medium lipid 
molecules as final products of normal and pathological processes. Coupled 
with the fact that blood is relatively easily accessible, plasma metabolites are 
an ideal source of noninvasive biomarkers of disease. Modifications exerted 
to bioactive lipids may affect membrane composition, structure, and function, 
while changes in their biosynthesis or metabolism may have a significant role 
in the onset and development of disease.

The aim of this book is to analyze the role of bioactive lipids from physi-
cochemistry to therapeutics. We present a comprehensive discussion of the 
chemical structure of different bioactive lipids and their role in inflammatory 
processes as well as in cardiovascular and neurodegenerative diseases. We 
expect that the current text will serve for students and senior researchers of 
either basic or clinical science to improve knowledge on how studying lipid 
metabolism may aid in understanding underlying key mechanisms of health 
and disease.

Montevideo, Uruguay Andres Trostchansky 
  Homero Rubbo 

Preface
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Diffusion and Transport 
of Reactive Species Across Cell 
Membranes

Matias N. Möller, Ernesto Cuevasanta, 
Florencia Orrico, Ana C. Lopez, Leonor Thomson, 
and Ana Denicola

Abstract
This chapter includes an overview of the 
structure of cell membranes and a review 
of the permeability of membranes to biologi-
cally relevant oxygen and nitrogen reactive 
species, namely oxygen, singlet oxygen, 
superoxide, hydrogen peroxide, hydroxyl rad-
ical, nitric oxide, nitrogen dioxide, peroxyni-
trite and also hydrogen sulfide. Physical 

interactions of these species with cellular 
membranes are discussed extensively, but also 
their relevance to chemical reactions such as 
lipid peroxidation. Most of these species are 
involved in different cellular redox processes 
ranging from physiological pathways to dam-
aging reactions against biomolecules. Cell 
membranes separate and compartmentalize 
different processes, inside or outside cells, and 
in different organelles within cells. The per-
meability of these membranes to reactive spe-
cies varies according to the physicochemical 
properties of each molecule. Some of them, 
such as nitric oxide and oxygen, are small and 
hydrophobic and can traverse cellular mem-
branes virtually unhindered. Nitrogen dioxide 
and hydrogen sulfide find a slightly higher 
barrier to permeation, but still their diffusion 
is largely unimpeded by cellular membranes. 
In contrast, the permeability of cellular mem-
branes to the more polar hydrogen peroxide, is 
up to five orders of magnitude lower, allowing 
the formation of concentration gradients, 
directionality and effective compartmentaliza-
tion of its actions which can be further regu-
lated by specific aquaporins that facilitate its 
diffusion through membranes. The compart-
mentalizing effect on anionic species such as 
superoxide and peroxynitrite is even more 
accentuated because of the large energetic 
barrier that the hydrophobic interior of mem-
branes presents to ions that may be overcome 
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by protonation or the use of anion channels. 
The large difference in cell membrane perme-
ability for different reactive species indicates 
that compartmentalization is possible for 
some but not all of them.

Keywords
Membrane permeability · Reactive nitrogen 
species · Cell membrane · Reactive oxygen 
species

1.1  Cellular Membranes

Lipid membranes are selective barriers that com-
partmentalize different cellular functions. They 
separate the cells from its surroundings and also 
separate organelles within cells. Cell membranes 
are commonly represented by the fluid mosaic 
model of Singer and Nicolson [1] where a fluid 
lipid bilayer accommodates different types of pro-
teins. The model serves as a basic framework to 
understand the function of different membranes, 
but additional factors need to be considered to 
acknowledge the complexity of cell membranes. 
For instance, the lipid and protein composition of 
membranes varies depending on the cell type and 
the subcellular location [2]. The most abundant 
lipids in mammalian cells are phosphatidylcho-
line, phosphatidylethanolamine and cholesterol, 
whereas some lipids are more abundant in particu-
lar locations, such as cardiolipin in mitochondria 
[2]. Furthermore, the lipids in cellular membranes 
are distributed asymmetrically, for instance, gly-
colipids locate exclusively on the outer leaflet of 
plasma membranes, whereas phosphatidylserine is 
mostly found in the inner leaflet [3].

Proteins account from 18% to 76% in weight 
of the total membrane in myelin or mitochondria 
respectively, whereas in erythrocytes and liver 
cell plasma membrane they account for 49–45% 
of the total weight [2]. The proteins are responsi-
ble for most of the functions of particular mem-
branes, thus, different membranes also show 
different protein composition, i.e. the proteins 
found in plasma membrane are different from 
those found in mitochondria. The proteins are also 

asymmetrically located in the membrane, always 
oriented in the same direction. Some plasma 
membrane proteins are glycosylated, and these 
modifications are located on the external face of 
the membrane. These carbohydrates on the sur-
face are used in cell-cell recognition, communica-
tion and adhesion [4].

Unlike the classical representation of the fluid 
mosaic model, cell membranes contain a high 
density of transmembrane proteins that perturb 
lipid packing, transmembrane proteins often con-
tain bulky extramembranous protein domains and 
protein-protein oligomers are a common feature 
in membranes, resulting in restricted lateral dif-
fusion in membranes. As a consequence of the 
presence of transmembrane proteins, the thick-
ness of the membrane is not homogenous. The 
lipids have to accommodate slightly different 
lengths of hydrophobic α-helices in the trans-
membrane domains of proteins, usually by 
increasing or decreasing the proportion of gauche 
rotamers, which can decrease or increase the 
length of the alkyl chains. As a result, some 
regions of the membrane may be thinner than 
others [3]. Furthermore, lateral heterogeneities 
are found in membranes, where domains enriched 
in certain lipids and proteins are formed. Also, 
the lipids may arrange themselves in other phases 
beside the liquid-crystalline lamellar phase [3].

The passage of molecules and ions across 
these membranes is regulated by different mech-
anisms. Small nonelectrolytes are capable of 
crossing the membrane by diffusion through the 
lipids, with rates that depend mostly on their size 
and hydrophobicity. Oxygen, that is a small mol-
ecule and mildly hydrophobic, is able to diffuse 
across cell membranes at high rates [5]. For polar 
molecules this rate may be very low and mem-
brane proteins are involved in their transport (i.e. 
glucose). Fatty acids, although containing a large 
hydrophobic acyl chain, are amphipathic and 
they also rely on transporters in the membrane to 
be internalized [6]. Because of the apolar nature 
of membrane’s interior, an electric charge faces a 
very large thermodynamic barrier that effectively 
limits the permeability of membranes to ions and 
ionic species, whose transport then relies on spe-
cific transport proteins [7].

M. N. Möller et al.
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1.2  Diffusion Across Membranes

Many small molecules can cross membranes 
through the lipid fraction virtually unhindered. 
Such is the case of dissolved gas molecules 
involved in respiration, such as oxygen and car-
bon dioxide. It is also the case of the so called 
“gasotransmitters”, like nitric oxide, carbon 
monoxide and hydrogen sulfide, and of other 
reactive species such as nitrogen dioxide (see 
below). These molecules are gases in their stan-
dard state and most of them are only sparingly 
soluble in water. The unfavorable interactions 
with water give these molecules a slightly hydro-
phobic character in solution that translate into a 
favorable partitioning into membranes and very 
high permeation rates. The permeability to more 
polar or ionic species by simple diffusion is rather 
limited, and protein channels facilitate the diffu-
sion across the membrane. No active transport 
has been reported for reactive species.

Simple diffusion requires that the molecule 
first enters the membrane, and then diffuses 
across the acyl chain region of the membrane to 
the other side. For polar molecules, the highest 
resistance to permeation is given by the low solu-
bility at the acyl chain region. Actually, a correla-
tion between solubility in organic solvents and 
permeation was observed by Overton more than 
100 years ago and confirmed several times since 
then [8–10]. This indicates that hydrophobic 
molecules can traverse the membrane more eas-
ily than polar molecules by overcoming the ther-
modynamic barrier presented by the acyl chains. 
Furthermore, the tight packing of lipids presents 
a further selectivity to small molecules, so that 
small size also makes the molecules to traverse 
the membranes more easily than expected from 
polarity alone [5, 9, 11, 12]. Since diffusion coef-
ficients are similar among small molecules, the 
correlation  between permeability and solubility 
suggests that the largest barrier  presented by 
membranes is thermodynamic rather than kinetic 
for small molecules.

Two regions may be identified in the membrane 
that show different barriers to diffusion. The first 
one is the interface, where the water molecules 
meet the polar headgroups in the lipid bilayer. The 

headgroups of phospholipids are bulky, ionic and 
polar so that there is a tight packing and high capac-
ity to form hydrogen bonds. The other region 
would be the acyl chain region, characterized by a 
lower atom density and a high hydrophobicity. The 
main barrier lies in different regions depending on 
the physicochemical properties of the molecule. 
For small hydrophobic molecules this barrier is 
usually located in the interface region, whereas for 
small polar molecules this barrier is located in the 
acyl chain region [13].

As a general rule, the diffusion coefficient of 
small molecules increases towards the center of 
the bilayer, regardless of its physicochemical 
properties [14]. However, solubility is very dif-
ferent for either hydrophobic or polar molecules, 
and pose an important thermodynamic barrier 
that slows down the passage of polar molecules. 
In the case of hydrophobic molecules, the head-
group region presents a small thermodynamic 
barrier, whereas for polar molecules the acyl 
chain region presents a large thermodynamic bar-
rier [13, 14].

Membranes may be thought of as a selective 
filter where individual molecules cross the mem-
brane at basically the same speed, but there are 
millions more holes for hydrophobic than for 
polar small molecules.

1.3  The Permeability Coefficient

The permeability coefficient (Pm) indicates how 
fast molecules cross a membrane. The permeabil-
ity coefficient can be used to compare the ability 
of different molecules to traverse membranes and 
therefore identify groups of molecules that are 
more or less capable to diffuse across a mem-
brane [15].

Basically, Pm (expressed in cm s−1) is related 
to the flux of molecules through the membrane. 
For uncharged small molecules, it is related to the 
diffusion coefficient of the molecule in the 
 membrane (Dm), as well as its  solubility in the 
membrane (represented by the partition coeffi-
cient between membrane and water, KP).

In its simplest form, Pm is related to the diffu-
sion coefficient, by:

1 Diffusion and Transport of Reactive Species Across Cell Membranes
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 P D Km m P= / d  

Where δ is the thickness of the membrane, 
usually approximated to 4 nm. A more complex 
equation can be used to take into account that 
both diffusion and solubility change at different 
depths in the membrane and that interfacial resis-
tance may be significant [16].

1.4  Interactions of Reactive 
Species with Membranes

Reactive oxygen and nitrogen species (ROS and 
RNS) are very general and vague terms that 
include a wide range of molecules with different 
physicochemical properties. Most ROS and RNS 
derive from oxygen and nitric oxide (Fig.  1.1) 
and they do have in common the ability to directly 

or indirectly cause chemical damage to biomole-
cules. Many of these reactive species are pro-
duced under controlled conditions by specialized 
proteins to accomplish physiological functions 
but they can also derive from environmental 
sources such as smog, smoke, xenobiotics and 
exposure to ultraviolet radiation.

Accomplishing either a physiological function 
or exerting a toxic effect, will depend largely on 
the ability of the reactive species to cross the cel-
lular membranes, so a directionality and compart-
mentalization of action may be established. Some 
of these reactive species are able to cross mem-
branes rapidly by simple diffusion, so that they can 
diffuse practically unhindered in a large volume of 
tissue. In this case, chemical reactions rather than 
membranes will be responsible for decreasing its 
diffusion distance. Other reactive molecules, how-
ever, find high energy barriers to traverse mem-
branes thus their reactions and actions can be more 
effectively compartmentalized.

Furthermore, cellular membranes are not just 
spectators of the flow of reactive species, but are 
also targets of their reactivity. The most reactive 
targets are polyunsaturated fatty acids, which 
oxidation may start a lipid peroxidation chain 
reaction, but other lipids may also be oxidized by 
specific reactive species. The permeability of 
membranes to the different reactive species also 
indicates how easy it is for these reactive species 
to oxidize the lipids and embedded proteins in a 
membrane.

The following section will focus on mem-
brane interactions and potential reactions with 
biologically relevant reactive species. The 
parameters used  to evaluate these interactions 
will allow us to compare and classify them 
according to how easily they can travel across 
membranes.

1.4.1  Oxygen

Molecular oxygen (O2)  is one of the essential 
molecules that define aerobic life. Because of 
oxygen, much more energy can be extracted from 
organic matter such as glucose and sustain the 
metabolism of larger lifeforms. Its usefulness 

Fig. 1.1 Reactive Oxygen and Nitrogen Species. 
Oxygen (O2) and nitric oxide (•NO) are the precursors of 
ROS and RNS. Photosensitization can give rise to singlet 
oxygen (1O2) whereas partial reduction of O2 produces 
superoxide (O2

•-), that can be protonated to give the 
hydroperoxyl radical (HOO•) or further reduced to hydro-
gen peroxide (H2O2) and hydroxyl radical (HO•). The 
reaction of •NO with O2 (autoxidation) generates nitrogen 
dioxide (•NO2), while the reaction with O2

•- generates per-
oxynitrite anion (ONOO−) that can either protonate to the 
peroxynitrous acid (ONOOH) that can then homolyze and 
give •NO2 and HO• as products (5–30% yield) or react 
with CO2 and give •NO2 and carbonate radical (CO3

•- 35% 
yield)

M. N. Möller et al.
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comes with the associated risk of forming reac-
tive species in mitochondria by partial reduction 
of oxygen. It is calculated that 0.1–0.5% of all the 
oxygen consumed by mitochondria is converted 
to reactive oxygen  species such as superoxide 
and hydrogen peroxide [17].

Oxygen is only sparingly soluble in water 
(1.28 mM/atm at 25 °C for pure O2 and 0.27 mM/
atm at 25 °C for air [18]) and therefore larger ani-
mals need proteins to transport it through the 
body such as hemoglobin. On the other side, oxy-
gen is around 10 times more soluble in organic 
solvents than in water [19]. A slight hydrophobic 
character combined with a small size allow it to 
simply diffuse through lipid membranes [5]. 
Oxygen also plays an essential role in lipid oxi-
dation. The initial formation of a lipid radical 
leads to the addition of an O2 molecule and the 
formation of the longer lived lipid peroxyl radi-
cal, that then can oxidize another molecule of 
lipid and propagate the oxidative damage [20]. 
These chain reactions that occur in the membrane 
are usually inhibited by the membrane’s main 
antioxidant, α-tocopherol [21].

The diffusion of oxygen through membranes 
has been studied by several approaches including 
fluorescence quenching, electron paramagnetic 
resonance, nuclear magnetic resonance and 
molecular dynamics [13, 22–24]. Each technique 
has different advantages and disadvantages (dis-
cussed in [16]), but taken together yield a com-
plete picture of the diffusion of oxygen through 
membranes at a molecular level.

Apparent diffusion coefficients (Dapp)  are 
experimentally accessible, and provide useful 
information about the rate of permeation and 
reactions of oxygen in the membrane [16]. These 
values derive from quantifying the collisions 
between probes inserted in the lipid membrane 
and oxygen, that  depend on both the diffusion 
coefficient inside the membrane and the local 
concentration of oxygen in the membrane. Most 
times the concentration of O2 inside the mem-
brane is not known, so the aqueous concentration 
of O2 is taken as a reference [16]. The apparent 
diffusion coefficient  is thus the product of the 
true diffusion coefficient in the membrane times 
the partition coefficient (Dapp = Dm.KP). The per-

meability coefficient can then be easily obtained 
from the equation in sect. 1.3. On the down side, 
apparent diffusion coefficients yield an incom-
plete mechanistic picture of the permeation pro-
cess, because diffusion cannot be separated from 
partition. Nevertheless, some attempts have been 
done in this direction [5].

Different methods have been developed to 
determine the partition coefficients for mem-
branes. Most of them rely on quantifying how 
much O2 can be dissolved in membrane suspen-
sions relative to the aqueous buffer alone [5, 25–
27]. To summarize, it was found that O2 is 3–4 
times more soluble in fluid lipid membranes than 
in water, and that the solubility depends on the 
temperature but more importantly on the physical 
state of the membrane and the available free vol-
ume [5]. Phospholipid membranes in the gel state 
showed a very low solubility to O2 (KP < 1), with 
a sharp increase above the transition temperature 
[5, 25, 26]. Although no results are yet available 
for actual plasma membranes, there is evidence 
suggesting that some domains in cellular mem-
branes that are more rigid and tightly packed may 
prevent the partition of O2 and limit the 
permeability.

The independent determination of apparent 
diffusion coefficients and partition coefficients 
permitted the calculation of the diffusion coeffi-
cient of O2 in the membrane [5]. Unexpectedly, a 
virtually unique Dm  =  1.6  ×  10−5  cm2  s−1 was 
found for membranes of different compositions, 
in different physical states. Those studies were 
conducted by pyrene fluorescence quenching and 
a plausible explanation is that the bulky pyrene 
probe is disrupting the local lipid structure, creat-
ing a similar microenvironment in the different 
conditions and preventing the study of Dm by this 
approach [5].

A more detailed picture of the interaction of 
O2 with membranes can be obtained from 
 molecular dynamics simulations. In this case the 
solubility and diffusion can be obtained sepa-
rately at different depths in the membrane, and 
show that both the solubility and diffusion have a 
bell- shaped profile with its maximum in the mid-
dle of the bilayer, with only a low barrier at the 
headgroups region [13, 14, 28].

1 Diffusion and Transport of Reactive Species Across Cell Membranes
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The permeability coefficients determined so 
far indicate that the diffusion of O2 through lipid 
membranes is extremely rapid (Pm ~ 40 cm s−1), 
similar to diffusing through an equally thick layer 
of water (Table 1.1) [5, 15]. Therefore, no protein 
channels are needed to facilitate O2 diffusion that 
will diffuse unhindered over a large number of 
cells. The only case where O2 diffusion through 
membranes decreased more than 2 orders of 
magnitude was in compressed phospholipid 
monolayers [29]. We proposed that lung surfac-

tant may behave in a similar way, creating a 
“closed valve effect” when compressed during 
respiration [5], but this remains to be proven.

1.4.2  Singlet Oxygen

The main difference between singlet oxygen 
(1O2) and oxygen at the basal triplet state is the 
electronic configuration. In the singlet state 1Δg 
the two electrons at the highest energy state are in 

Table 1.1 Permeability coefficients for different membranes and reactive species

Permeant Membrane T (°C) Pm (cm/s) References
O2 4 nm slab of water 20 53a

O2 DMPC 18 12 [118]
DMPC 29 125 [118]
DOPC 30 114 [118]
POPC 35 157 [119]
POPC:Chol (50% Chol) 35 50 [119]
RBC (human) 20 38 [41]
CHO cells 20 21 [120]
CHO cells 37 42 [120]

•NO EYPC 20 73 [42]
EYPC:Chol (30% Chol) 20 66 [42]
RBC (human) 20 18 [41]

•NO2 EYPC 25 ~5 [19]
H2S E.coli lipids 23 ≥0.5 [78]

DLPC 25 ~3 [77]
H2O EYPC 25 3.3 × 10−3 [121]
H2O2 RBC (horse) 20 6 × 10−4 [99]

Peroxisome (rat liver) 3 × 10−3 [122]
RBC (rat) 1.2 × 10−2 [103]
Jurkat T cells 37 2 × 10−4 [100]
Chara corallina 3.6 × 10−4 [107]
Escherichia coli 37 1.6 × 10−3 [102]
PC12 cells 4 × 10−4 [123]
HUVEC cells 1.6 × 10−3 [123]
IMR-90 cells 1.1 × 10−3 [123]
HeLa cells 4.4 × 10−4 [124]

HOO• EYPC 23 4.9 × 10−4 [88]

O2
•- SBPC 25 2.1 × 10−6 [125]

EYPC 23 7.6 × 10−8 [88]
ONOOH DMPC 23 8 × 10−4 [83]

EYPC 21 1.3 × 10−3 [60]
DMPC 21 6.3 × 10−4 [60]
DPPC 21 4 × 10−4 [60]

Abbreviations: DMPC, dimyristoylphosphatidylcholine; DOPC, dioleoylphosphatidylcholine; POPC, palmitoylo-
leoylphosphatidylcholine; Chol, cholesterol; RBC, red blood cells;  DLPC, dilauroylphosphatidylcholine; DPPC, 
dipalmitoylphosphatidylcholine.
aCalculated Pw = Dw

O2/ δ = 2.1 × 10−5 cm2 s−1/ 4 × 10−7 cm [5]
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the same molecular orbital with paired (opposite) 
spins, whereas in the triplet state 3Σ the electrons 
are located in separated orbitals with the same 
spin. This leads to a dramatic change in reactiv-
ity. Triplet oxygen reacts exclusively with para-
magnetic species, such as some metals and 
radicals, but singlet oxygen can react with other 
singlet state, non-radical, and electron-rich mol-
ecules containing double bonds [30, 31]. Singlet 
oxygen is produced mostly by photochemical 
reactions involving energy transfer from a sensi-
tizer in the excited state to triplet oxygen. There 
are endogenous sensitizers that can produce 1O2 
when exposed to UV light, such as protoporphy-
rin IX, FMN, FAD, NADH and NADPH, whereas 
exogenous sensitizers can be found in cosmetics, 
food additives and drugs [30].

In lipid membranes, singlet oxygen is expected 
to share most of O2 physicochemical properties, 
except for reactivity. Singlet oxygen reacts with 
double bonds in the acyl chains to produce lipid 
hydroperoxides directly [30, 31], and with mem-
brane proteins to produce protein hydroperoxides 
and other reaction products [32, 33]. These oxi-
dative reactions can be prevented by carotenoids 
that are very effective 1O2 quenchers [34, 35].

1.4.3  Nitric Oxide

Nitric oxide (•NO) is synthesized by the enzymes 
nitric oxide synthases (NOS) of which three iso-
forms are known: endothelial, neuronal and 
inducible. Nitric oxide is used as a signaling mol-
ecule in vasorelaxation and also in neurotrans-
mission. The signaling is accomplished mostly 
by interacting with the hemeprotein soluble gua-
nylate cyclase in the target cells [36]. Moreover, 
when produced in large quantities by the induc-
ible NOS it has cytostatic and cytocidal activity. 
The toxicity depends mostly on the formation of 
secondary more reactive species such as nitrogen 
dioxide and peroxynitrite [37].

Nitric oxide has a low dipole moment (0.159 
D [38]), so it has weak intermolecular interac-
tions and it is a gas at 1 atm and 25 °C. It shares 
some similarities with oxygen in that it is only 
sparingly soluble in water (1.94 ± 0.03 mM [39]), 

but about ten times more soluble in organic sol-
vents [40]. Because of packing effects that 
decrease the solubility in membranes, the parti-
tion coefficient in EYPC liposomes and human 
low density lipoprotein is 4.4 and 3.4, respec-
tively at 25 °C [27].

The diffusion through membranes is very 
rapid and requires the use of either fluorescence 
or EPR probes inserted in the membrane that 
change their parameters upon collision with 
•NO.  The use of fluorescent pyrene probes to 
study •NO diffusion has recently been reviewed 
[16]. These measurements have shown that lipid 
membranes do not limit •NO diffusion signifi-
cantly and at most can decrease the diffusion to a 
half that in water [27, 41, 42]. This is because of 
the combination of a favorable partition coeffi-
cient and a high diffusion in the membrane. The 
permeability coefficients of lipid membranes to 
•NO range from 18 to 73 cm s−1 [41, 42], in the 
order of an equally thick layer of water 
(Table 1.1).

The favorable partitioning of •NO into lipids 
leads to an acceleration of the autoxidation reac-
tion, to form the oxidizing and nitrosating nitro-
gen dioxide and dinitrogen trioxide [43, 44]. 
Nitric oxide is extremely efficient at inhibiting 
lipid peroxidation [45–47]. The antioxidant prop-
erties of •NO in lipids are supported by the 
diffusion- controlled reaction with peroxyl radi-
cals [48], aided by the favorable partitioning in 
lipids and the very high diffusion [27]. The prod-
ucts include nitrosated and nitrated lipids that 
show several biological effects [46, 49].

1.4.4  Nitrogen Dioxide

Nitrogen dioxide (•NO2) is one of the oxidizing 
products of •NO, either from autoxidation or 
from peroxynitrite decomposition [43, 50]. 
Alternatively it can be formed from the oxidation 
of nitrite by myeloperoxidase [51] and it has been 
proposed to be an important component in the 
new therapeutics by cold atmospheric plasma 
[52]. It is also an important pollutant in urban 
areas and one of the main components of smog. It 
is paramagnetic and reactive with lipids, proteins 
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and DNA bases [50]. It can undergo different 
types of reactions, including radical recombina-
tion, addition to double bonds, hydrogen abstrac-
tion and electron transfer [53]. The characteristic 
products include nitrated proteins and lipids, 
which have been dealt in detail elsewhere [54, 
55].

Nitrogen dioxide has an angle of 134.4° and a 
low dipole moment (0.29–0.58 D [56]) and is 
also a gas at 25° and 1 atm. It is more soluble than 
•NO in water (12 ± 4 mM at 1 atm, 20 °C) [57, 
58], but rapidly decomposes because of a fast 
dimerization and reaction with water to produce 
nitrite and nitrate [57, 58]. The solubility has 
been measured in a few organic solvents, includ-
ing decane, chloroform and carbon tetrachloride 
(reviewed in [59]) and it has been estimated by 
quantum mechanical calculations that •NO2 is 2.7 
times more soluble in octanol than in water, and 
1.5 times more soluble in lipid membranes than 
water [19]. It was estimated a permeability coef-
ficient of 5 cm s−1 (Table 1.1) [19], in the upper 
range of that estimated by Khairutdinov et  al. 
[60]. Molecular dynamics has provided a more 
detailed picture of •NO2 interacting with lipid 
membranes and shown a favorable interaction 
between •NO2 and the lipid membrane interior, in 
agreement with previous estimations, with the 
permeation barrier located at the headgroups 
region [52, 61].

1.4.5  Hydrogen Sulfide

Hydrogen sulfide (H2S) has been related to the 
origin and evolution of life [62]. Not only it is 
necessary for cysteine synthesis in plants and 
microorganisms but it can also be a source of 
electrons for respiration in chemolithotrophy and 
anoxygenic photosynthesis. Nonetheless, high 
levels of hydrogen sulfide represent a threat to 
mammals because it can inhibit cytochrome c 
oxidase and mitochondrial respiration [63]. 
Surprisingly, it was found that hydrogen sulfide 
is synthesized in mammals from cysteine or 
homocysteine at moderately high rates by three 
enzymes: cystathionine β-synthase, cystathionine 
γ-lyase and 3-mercaptopyruvate sulfurtransfer-

ase, whose relative contribution is tissue- 
dependent [64]. Hydrogen sulfide is also 
efficiently detoxified by an enzymatic system 
located in the mitochondria [65]. Physiological 
effects of administering low levels of H2S include 
neuromodulation, vasodilation, protection in 
ischemia-reperfusion injury events and even 
induction of a suspended animation state in mice 
[66–69]. In spite of the diversity of observed 
physiological effects, the mechanisms for sulfide 
signaling are still elusive and a subject of inten-
sive research [70].

The molecular structure of hydrogen sulfide is 
analogous to the molecule of water, but with a 
smaller angle between bonds (92°) and a lower 
dipole moment (0.97 D) because of the lower 
electronegativity of sulfur relative to oxygen. 
Moreover, H2S is not able to form hydrogen 
bonds, so, under normal temperature and pres-
sure conditions, it is a gas (boiling temperature: 
-60 °C). It is fairly soluble in water (101.3 mM / 
atm at 25 °C) hydrated like a hydrophobic solute 
[71] and, as weak acid, is able to donate protons 
to the solvent. Hydrogen sulfide is in fast equilib-
ria with hydrosulfide anion (HS−) and sulfide 
anion (S2−) with pKas of 6.98 at 25 °C for the first 
dissociation step and >17 for the second one [72]. 
Hydrosulfide anion is the main species at pH 7.4 
(~70%) while H2S accounts for the remaining 
and the concentration of sulfide anion is 
negligible.

Hydrosulfide anion is a nucleophile able to 
react towards biological oxidants. It reacts with 
two electron oxidants (hydrogen peroxide [73], 
peroxynitrite [74] and hypochlorite [73, 75]), as 
well as with one electron oxidants (•OH, CO3

•-, 
•NO2 and O2

•- [70]), forming diverse sulfur oxida-
tion products. Among other cellular targets, 
disulfides (RSSR) and sulfenic acids (RSOH) are 
candidates for signaling transduction [76]. These 
reactions produce persulfides (RSSH), reactive 
sulfane derivatives of thiols, of increasing inter-
est [70].

As a first approach to the hydrophobicity of 
H2S, partition coefficients of 2.1  ±  0.2 and 
1.9 ± 0.5 at 25 °C were reported for H2S in octa-
nol and hexane [77]. Due to the pKa of H2S, dis-
sociation to form HS− determines a distribution 
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coefficient of 0.64 ± 0.05 in octanol at pH 7.4 and 
25 °C. Using multilamellar liposomes of DLPC 
as a model for biological membranes, a partition 
coefficient of 2.0  ±  0.6 at 25  °C for H2S was 
determined [77]. This affinity of H2S for hydro-
phobic milieu suggests a high permeability in 
membranes.

The ability of H2S to traverse biological mem-
branes has been assessed through different 
approximations. Mathai et  al. studied the resis-
tance imposed to H2S transport by planar bilayers 
prepared from E. coli lipids [78]. They concluded 
that the diffusion through the membrane was not 
the rate-limiting step, allowing the estimation of 
a lower boundary for the permeability coefficient 
of 0.5 cm s−1, probably limited by the diffusion 
through the unstirred water layers. Moreover, the 
inclusion of cholesterol or sphingomyelin in the 
composition of the bilayer did not restrict the dif-
fusion through the membrane. This estimation 
lead to the conclusion that neither aquaporins nor 
other protein channels are needed to facilitate the 
transport of H2S.  Accordingly, permeability of 
H2S was also too rapid to be observed by stopped- 
flow using fluorophores encapsulated in 
DMPC:cholesterol 1:1 unilamellar liposomes 
[77]. Semi-theoretical approaches comparing 
partition and permeability coefficients for simi-
larly sized molecules, enabled the estimation of a 
permeability coefficient  ≥  3  cm  s−1 
(Table  1.1)  [77]. Molecular dynamics simula-
tions on lipid membranes of DPPC showed that 
the barrier for H2S permeation was negligible 
according to the Gibbs energy profiles, and a per-
meability coefficient of 11.9  ±  0.7  cm  s−1 was 
estimated [79].

Although H2S shows higher solubility in bio-
logical bilayers than in water, most of the reac-
tions involving this molecule are triggered by 
HS−, the nucleophile species, which is essen-
tially not soluble in hydrophobic environments. 
Unless a relevant biological reaction is being 
considered for undissociated H2S within the 
bilayer, it is concluded that the favorable partition 
does not assist the acceleration of reactions but 
contribute to permeation and spreading through 
tissues.

1.4.6  Peroxynitrite Anion 
and Peroxynitrous Acid

Peroxynitrite (ONOO−)  is formed by the 
diffusion- controlled reaction between nitric 
oxide and superoxide [80]. It is continually gen-
erated under basal conditions, but its formation 
increases with higher rates of superoxide and 
•NO production such as those found in inflamma-
tion [80]. It is considered one of the effector mol-
ecules in the cytotoxic effect of •NO [37]. 
Peroxynitrite has a pKa of 6.8, and the peroxyni-
trous acid is unstable and either isomerizes to 
nitrate or homolyzes to yield •NO2 and •OH. The 
most rapid reactions of peroxynitrite in a biologi-
cal context are with CO2, in a reaction that yields 
an intermediary that homolyzes to •NO2 and car-
bonate radical with a 35% yield. In addition, it 
rapidly reacts with peroxidatic cysteines of the 
antioxidant proteins peroxiredoxins, yielding 
nitrite and an oxidized peroxiredoxin  that can 
then be reduced by thioredoxin [80]. Peroxynitrite 
is also able to nitrate proteins [54] and oxidize 
and nitrate lipids [81, 82].

It has been well established that peroxynitrite 
is able to cross lipid membranes through different 
pathways. Peroxynitrous acid can cross directly 
through the lipid fraction, and this has been 
shown in pure phospholipid membranes [60, 83]. 
Estimated permeability coefficients of phosphati-
dylcholine membranes to ONOOH range from 
4  ×  10−4 in gel state membranes to 
1.3  ×  10−3  cm  s−1 in fluid state membranes 
(Table 1.1) [60, 83]. Recent molecular dynamics 
studies show that peroxynitrous acid interacts 
favorably with the headgroups in phosphatidyl-
choline membranes but finds an energetic barrier 
in the acyl chain region, and the free energy bar-
rier experienced by ONOOH is similar to that of 
ethanol [61].

Peroxynitrite anion has to deal with a very 
large energetic barrier to diffusion through the 
hydrophobic fraction of the membrane, but it can 
cross membranes through protein channels. In 
erythrocytes it was demonstrated that peroxyni-
trite could use the anion exchanger 1 (band 3) to 
traverse the membrane [7] and that this path 
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accounted for 50% of the transport of peroxyni-
trite into red blood cells.

Carbonate radical may be an important prod-
uct derived from peroxynitrite. Based on its short 
life given by its high reactivity, its negative 
charge, and that  CO2 decreases lipid peroxida-
tion by peroxynitrite, the permeability of mem-
branes to carbonate radical is expected to be very 
low, even through anion channels [50].

1.4.7  Superoxide and Hydroperoxyl 
Radical

Superoxide (O2
•-) is the  one-electron reduction 

product of O2 and can be produced enzymatically 
by NADPH oxidases, xanthine oxidases, and also 
as a byproduct in mitochondrial respiration [84]. 
Superoxide by itself is not very reactive, but is a 
precursor of more reactive species, such as per-
oxynitrite and hydrogen peroxide (Fig. 1.1).

Superoxide has a pKa of 4.7, and the conju-
gated acid the hydroperoxyl radical (HOO•) is 
more oxidizing than superoxide [85]. Both super-
oxide and HOO• have been observed to initiate 
lipid peroxidation [86], leading to cell lysis 
(erythrocyte ghost membranes) [87].

The permeability of phospholipid membranes 
to superoxide was studied by Gus’kova et  al., 
who found that egg yolk phosphatidylcholine 
liposome membranes had a permeability of 
4.9 × 10−4 cm s−1 to HOO•, and 7.6 × 10−8 cm s−1 
to superoxide at 23 °C (Table 1.1)[88].

Because of its charged nature, superoxide 
does not interact favorably with membranes. 
Molecular dynamics show that superoxide 
remains in the aqueous phase and is excluded 
even from the headgroup region [13], as expected 
for a charged particle. Even though the passage 
through the lipid fraction is highly unfavorable, 
superoxide can use anion channels in the mem-
brane such as anion exchange 1 (band 3) in eryth-
rocytes [89] and thus also traverses plasma 
membranes. Unlike superoxide, HOO• is not 
charged and interacts favorably with the head-
group region, by means of hydrogen bonds with 
acyl chain carbonyls, and has a lower energy bar-
rier to traverse the membrane than hydrogen per-

oxide [13, 90]. It can reach the unsaturated bonds 
in the lipids and therefore it may be the main 
responsible for superoxide-initiated lipid peroxi-
dation [13, 90].

1.4.8  Hydrogen Peroxide

Hydrogen peroxide  (H2O2) is generated from 
many sources, but mainly NADPH oxidases, 
xanthine oxidase and from the dismutation of 
superoxide. Cellular sources are therefore located 
in the plasma membrane, mitochondria, endo-
plasmic reticulum peroxisomes and phagolyso-
somes. Although mitochondria is considered the 
major site of production under physiological con-
ditions, it is generated in large amounts during 
neutrophil activation and the respiratory burst by 
the activation of NADPH oxidases [84]. The role 
of H2O2 as a signaling molecule is starting to be 
unveiled. It was found that H2O2 affects cell pro-
liferation, growth, migration, apoptosis and sur-
vival [91]. The reactivity of H2O2 is limited to 
metal centers, selenoproteins and specific thiol 
proteins [92]. The most reactive proteins include 
catalase, glutathione peroxidase and peroxire-
doxins [92, 93]. Peroxiredoxins are  present in 
cells at high concentrations, thus keep intracel-
lular levels of H2O2 very low [93–95]. The molec-
ular mechanisms of H2O2-induced signaling are 
under study but suggest that peroxiredoxins play 
a key role in relaying oxidation equivalents to 
secondary proteins [95, 96].

Hydrogen peroxide itself is not able to oxidize 
lipids, but can yield other products such as 
hydroxyl radical that can initiate lipid peroxida-
tion [97]. It is also the fundamental substrate of 
peroxidases such as myeloperoxidase, which 
uses it to make more reactive species such as 
hypochlorous acid [92].

The idea of a permeability barrier imposing a 
limit to the entry of hydrogen peroxide into the 
cell was first introduced by Clayton [98] and 
Nicholls [99], by studying the catalase activity in 
intact and disrupted Rhodopseudomonas spheroi-
des cells and horse erythrocytes, respectively. 
Later on, the presence of gradients across the 
membranes from mammalian cell lines, bacteria 

M. N. Möller et al.



13

and yeast was reported, confirming that biologi-
cal membranes generally prevent the free diffu-
sion of H2O2 [100–102]. Notably there are very 
few reports of permeability of pure lipid mem-
branes to H2O2. Although changes in diffusion 
rates depending on composition, temperature and 
compressibility have been observed, no permea-
bility coefficients are reported for liposomes 
[103–105].

Most of the reported H2O2 permeability coef-
ficients come from studies with cell membranes 
and lie between 1 × 10−3 and 4 × 10−4 cm/s, very 
similar to the values reported for water 
(Table 1.1). Water and H2O2 have similar molecu-
lar properties, almost the same dipole moment, 
dielectric constant, molecular diameter and abil-
ity to form hydrogen bonds [106]. In fact, it is 
believed that H2O2 passes into the cell the same 
way as water, both by simple diffusion and by 
facilitated diffusion through specific aquaporins. 
The first study that showed that aquaporins facili-
tate H2O2 diffusion was done by Henzler and 
Steudle, in the plant cell model Chara corallina 
[107].

Aquaporins are tetrameric proteins, where 
each monomer acts as a functional channel com-
posed of six membrane-spanning helices con-
nected by five loops (A to E). Loops B and E 
contain the highly conserved asparagine-proline- 
alanine (NPA) sequence and these motifs meet in 
the middle of the membrane, forming a narrow 
hydrophobic pathway. A second selectivity filter 
is provided by the aromatic/arginine (ar/R) 
region, formed by four aminoacids, which works 
as a size exclusion barrier and generates the ade-
quate environment for the establishment of the 
hydrogen bonds necessary to transport the sub-
strate [106].

The importance of aquaporins in facilitating 
the diffusion of H2O2 was further established by 
Bienert et  al., who used Saccharomyces cerevi-
siae to express different aquaporins. 
Overexpression of human aquaporin 8 (hAQP8) 
and TIP1;1 and TIP1;2 from Arabidopsis thali-
ana lead to a decrease in growth and survival of 
the yeasts exposed to H2O2 [108]. In contrast, 
hAQP1, hAQP2, rAQP3, rAQP4, hAQP5, hAQP9 
and other aquaporins from Arabidopsis thaliana 

did not affect the survival in the presence of 
H2O2, suggesting that these isoforms were not 
permeable to H2O2 [106, 108]. Similar assays 
identified AQP1 from rat and multiple other 
aquaporins from plants, including PIP2;1 from 
Arabidopsis thaliana as facilitators of H2O2 dif-
fusion through the membrane [106, 109]. It was 
suggested that PIP2 type aquaporins are efficient 
H2O2 channels, and the main regulation of H2O2 
passage is given by the ar/R region [110]. The 
idea that H2O2 is transported across the cell mem-
brane by aquaporins is also supported by compu-
tational simulations, using bovine AQP1 and 
PIP2;1 from Spinacia oleracia as models [111].

Studies in mammalian cell lines were also 
conducted and they showed further evidence that 
confirmed the role of hAQP8 in H2O2 transport. 
Human aquaporin 3 was also proposed as a trans-
porter with the characteristic that it can endure 
changes in its expression levels in order to modu-
late the accumulation of H2O2 and thus regulate 
cellular signaling cascades [112–114]. On the 
other hand, studies carried out in S. cerevisiae 
and erythrocytes suggest that human aquaporin 1 
is unable to transport H2O2 [103, 108]. In these 
experiments it is shown that the H2O2 permeabil-
ity of the cells does not change in the absence or 
presence of mercurial compounds, which are 
well known aquaporin 1 inhibitors. This potential 
selectivity for different aquaporins suggests that 
the expression profiles of aquaporins could dic-
tate the susceptibility of a particular cell or tissue 
to external H2O2 signaling [112].

A decrease in the capacity of red blood cells to 
metabolize exogenously added H2O2 during stor-
age for transfusion has recently been described 
that was independent of the loss of antioxidant 
thiols [115]. It is proposed  that the decrease in 
H2O2 metabolism is related to changes in the per-
meability of the membrane to H2O2.

1.4.9  Hydroxyl Radical

Hydroxyl radical (•OH) is one of the most reac-
tive molecules [85]. It can be formed from H2O2 
by reaction with a reductant such as Fe2+ (Fenton 
reaction) and from the homolysis of ONOOH 

1 Diffusion and Transport of Reactive Species Across Cell Membranes



14

[54, 116]. This radical reacts at diffusion- 
controlled rates with most organic compounds by 
electron transfer or addition [117]. Hydroxyl 
radical is responsible for starting lipid peroxida-
tion in metal catalyzed reactions, and also in per-
oxynitrite induced lipid peroxidation [81].

The diffusion of •OH is limited by its very 
high reactivity and therefore extremely short life-
time. Molecular dynamics show that it can inter-
act with the  membrane headgroup region, and 
suggest that •OH has a lower energy barrier to 
permeation than H2O2 [13, 52]. As pointed out 
before, the high reactivity of •OH will prevent its 
diffusion across membranes, and rather favor 
reactions near the headgroup region.

1.5  Considerations About the 
Permeability of Membranes 
to Reactive Species

Cell membranes are not equally permeable to all 
reactive species (Table 1.1). The small and more 
hydrophobic molecules can freely diffuse across 
cell membranes whereas the more polar mole-
cules find significantly higher barriers to diffu-
sion that permit their compartmentalization 
(Fig. 1.2).

The high permeability of cellular membranes 
to O2, •NO and H2S has the biological advantage 
that no specific transport proteins are needed, and 
that these molecules will be able to diffuse large 
distances in tissues unrestrictedly [77]. The limit-
ing factor will be given by the chemical reactions 
that consume them and decrease their concentra-
tion and activity range. Therefore, the diffusion 
of O2 in tissues is limited mostly by its consump-
tion by mitochondria. For •NO, one of the most 
relevant reactions decreasing its lifetime and dif-
fusion distances in tissues is with oxyhemoglobin 
in red blood cells [126, 127]. On the other side, 
the same properties that make cell membranes 
permeable to beneficial molecules may also make 
cells more susceptible to damage by •NO2. 
Although the lifetime of •NO2 is short because of 
rapid reactions with endogenous antioxidants and 

even hydrolysis of the •NO2 dimer by water [50], 
diffusion of •NO2 through lipid membranes will 
be fast and likely contribute to cellular damage.

In contrast to the aforementioned reactive spe-
cies, the permeability of lipid membranes to 
hydrogen peroxide, peroxynitrite and superoxide 
is significantly lower (Fig. 1.2), and fast reactions 
inside the cells will create a steep concentration 
gradient across the membrane [100]. Furthermore, 
these molecules may use protein channels to 
access the cells, and specific aquaporins have 
been found to facilitate the transport of H2O2, 
whereas anion channels such as band 3 in eryth-
rocytes have been found to facilitate the transport 
of the anions peroxynitrite and superoxide 
(Fig. 1.2).

A low membrane permeability allows for true 
compartmentalization so that  higher concentra-
tions of one of these reactive species  can be 
achieved in a membrane-enclosed organelle such 
as lysosome, phagosomes, peroxisomes or endo-
plasmic reticulum. Furthermore, a low membrane 
permeability will allow only a small fraction of 
the reactive species to leak into the cytosol, so 
that antioxidant defenses are not over-
whelmed. There will also be a clear directionality 
in the production of a given reactive species to a 
given compartment. For instance the production 
of H2O2 by NADPH oxidases in the plasma mem-
brane occurs towards the extracellular space, and 
in the absence of specific aquaporins the H2O2 
will tend to diffuse away from the cell rather than 
consume its antioxidant defenses. Another exam-
ple is given by the formation of peroxyni-
trite. Conversely to the freely diffusible •NO, the 
low membrane permeability of superoxide limits 
the formation of peroxynitrite to the same com-
partment [80]. The concentration of peroxynitrite 
will therefore be significantly higher in intracel-
lular sites of superoxide formation such mito-
chondria and phagosomes [80].

There is still much to uncover about how cell 
membranes regulate the transport, especially of 
this last group of reactive species. The membrane 
permeability is a fundamental parameter when 
trying to understand the metabolism or signaling 
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properties of these molecules. For instance, the 
steady state concentration of H2O2 in the vascular 
system (still a matter of debate), will be deter-
mined by both the rate of formation and the rate 
of decomposition, that will largely depend on the 
permeability of red blood cells to it, that is still 
not known in human cells.
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Abstract
Lipids containing unsaturated doubles bonds 
are oxidized by enzymatic and non-enzymatic 
mechanisms yielding hydroperoxides and 
hydroxides as primary products.

This process has been implicated in physi-
ological and pathological mechanisms. Thus, 
precise characterization and quantification of 
lipid oxidation products in biological samples 
can provide important mechanistic insights. In 
this context, the use of liquid chromatography 
coupled to tandem mass spectrometry (LC- 
MS/MS) to characterize the primary products 
of polyunsaturated fatty acids, like hydroxides 
and hydroperoxides, is a sensitive, specific 
and versatile tool. Here we will focus on the 
characterization and specific analysis of 
hydroxy and hydroperoxy regioisomers of lin-
oleic acid, arachidonic acid, eicosapentaenoic 
acid and docosahexaenoic acid by LC-MS/
MS.

Keywords
Polyunsaturated fatty acids · Fatty acid 
hydroperoxides · Fatty acid hydroxides · 
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2.1  Introduction

In the last decades, free radical processes delin-
eated an interdisciplinary field linking chemistry 
to biology and medicine [26]. Free radicals 
derived primarily from oxygen have been impli-
cated in the pathophysiology of a wide variety of 
human diseases including atherosclerosis [77], 
neurodegenerative diseases [7, 25], cancer [33], 
and even the normal aging process [5, 8].

Lipids, in particular unsaturated fatty acids, 
such as linoleic acid (C18:2, ω-6) (LA), arachi-
donic acid (C20:4, ω-6), eicosapentaenoic acid 
(20:5, ω-3) (EPA) and docosahexaenoic acid 
(C22:6, ω-3) (Fig. 2.1), are susceptible to oxida-
tion by free radicals producing a wide number of 
hydroperoxides as primary products [26, 87, 91]. 
Lipid hydroperoxides are also produced by pho-
tosensitized oxidation involving singlet oxygen 
[23] as well as by enzymatic oxidation mediated 
by enzymes, such as lipoxygenases (LOX) and 
cyclooxygenases (COX) [69].

Lipid hydroperoxides are readily reduced to 
corresponding hydroxides by antioxidant 
enzymes like glutathione peroxidases (GPx) [10, 
23], glutathione S-transferases (GSTA1-1 and 
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GSTA2-2) [90], and peroxiredoxins (Prx) [64]. 
Recently, studies have uncovered the essential 
role of GPx4 as a master regulator of a novel 
form of cell death termed as ferroptosis [34]. If 
not efficiently reduced, lipid hydroperoxides can 
undergo reactions leading to membrane disrup-
tion [4] and generation of secondary products, 
including short-chain electrophilic species (e.g. 
MDA, malondialdehyde and HNE, 4-hydroxy- 2-
nonenal) and a series of bioactive cyclization 
products, such as isoprostanes [66, 91]. With 
increasing evidences indicating the involvement 
of lipid peroxidation in various disorders and dis-
eases, the identification of hydroperoxy and 
hydroxy-fatty acids can often provide valuable 
mechanistic information [60].

Lipid oxidation products can be analyzed by 
several methods, including immunoassays, colo-
rimetric, spectroscopic and chromatographic 
methods [60, 75]. Recent tools to study these 
products include the lipidomic analysis 
approaches in which different molecular species 
of lipids and its oxidized products are compre-

hensively analyzed by chromatographic tech-
niques coupled to mass spectrometry (MS), such 
as gas chromatography and/or liquid chromatog-
raphy coupled to MS (GC-MS or LC-MS, respec-
tively) [38, 74, 82, 84]. In this chapter we will 
describe recent applications of LC-MS tech-
niques used to characterize the primary oxidation 
products derived from polyunsaturated fatty 
acids (PUFA), specifically the hydroxy- and 
hydroperoxy-fatty acids. Before going into the 
details of oxidized product analysis, we will 
briefly describe the main mechanisms leading to 
fatty acid hydroperoxide formation.

2.2  Fatty Acid Hydroperoxide 
Formation

Fatty acid hydroperoxides are prominent primary 
intermediates of oxidative reactions induced by 
the attack of reactive oxygen and/or nitrogen spe-
cies on unsaturated fatty acids. PUFAs are defined 
as fatty acids that have more than two carbon- 

Fig. 2.1 Structures of omega-3 and omega-6 PUFAs. The double bond results in a weakening of C-H bond energy. In 
focus, the bis-allylic hydrogens
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carbon double bonds. They are classified accord-
ing to the original fatty acids from which they are 
synthesized into two distinct families: ω-6 PUFA, 
which is derived from LA (C18:2, ω-6); and ω-3 
PUFA, which is synthesized from α-linolenic 
acid (C18:3, ω-3) (ALA). Contrary to other fatty 
acids, LA and ALA are essential fatty acids that 
must be obtained in adequate amounts from diet 
[73]. LA is metabolized to AA, whereas ALA is 
metabolized to EPA and DHA, increasing the 
chain length and degree of unsaturation by add-
ing extra double bonds to the carboxyl end of the 
fatty acid molecule [42].

Unsaturated fatty acids are very susceptible to 
lipid peroxidation due to the presence of double 
bonds, which causes a weakening of the C-H 
bond energy in the neighbor carbon (allylic 
hydrogen, BDE 88 kcal/mol), especially if there 

is a double bond on either side of C-H bond, giv-
ing bis-allylic hydrogens (BDE 78–80 kcal/mol) 
[87] (Fig. 2.1). Thus, PUFA peroxidation induced 
by free radicals begins with the abstraction of 
bis-allylic hydrogen atom by a free radical (X•) 
(Fig.  2.2A). In the case of PUFAs containing 
more than two double bonds, the hydrogen 
abstraction occurs at the bis-allylic hydrogens 
resulting in the formation of a carbon centered 
radical. This radical undergoes rearrangements 
yielding a penta-dienyl radical that combines 
rapidly with O2 to generate a peroxyl radical 
(LOO•), and this propagates the radical chain 
reaction by abstracting a hydrogen atom from 
another lipid molecule or other H-donors.

The peroxyl radical is involved in several 
competing reactions, such as β-scission and 
cyclization by intramolecular rearrangement. In 

Fig. 2.2 Two main non-enzymatic oxidation process of 
PUFA. The oxidation of LA was used as an example to 
illustrate the oxidation of unsaturated fatty acids by free 
radicals (A) and singlet oxygen (B). Free-radical induced 
oxidation starts with bis-allylic hydrogen atom abstraction 
by a free radical (X•) resulting in a pentadienyl radical, 
which combines with O2 generating a peroxyl radical. The 
peroxyl radical abstracts a hydrogen atom from another 

hydrogen atom donor, for instance a fatty acid or 
α-tocopherol, generating the LA hydroperoxy-fatty acids 
(HPODE). Major products of LA free radical oxidation 
are the 9- and 13-HPODE (E,Z and E,E). The 11-HPODE 
is observed only in the presence of high concentrations of 
antioxidants such as the α-tocopherol. In the photooxida-
tion, singlet oxygen (1O2) reacts with the carbon-carbon 
double bond of LA to form the 9, 10, 12 and 13-HPODEs
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this manner, LA free radical oxidation proceeds 
by a hydrogen abstraction from the doubly 
allylic methylene on carbon-11 to produce a 
delocalized penta-dienyl radical. Oxygen (O2) 
rapidly adds to the penta-dienyl end positions 
to produce equal amounts of the conjugated 9- 
(9-HPODE) and 13-hydroperoxide (13-
HPODE) isomers with trans, cis- (Z,E) and 
trans-trans (E,E) configuration [19, 20, 91]. 
Additionally, oxidation of LA conducted in the 
presence of efficient H atom- donors (e.g. 
α-tocopherol) yield, besides the 9-, 13-hydro-
peroxides (9-HPODE, 13-HPODE), the bis-
allylic 11-hydroperoxide (11-HPODE) 
(Fig. 2.2A) [70, 91]. The number of positional 
isomeric hydroperoxides (2n-2) that can be 
formed upon PUFA peroxidation depends on 
the number of double bonds (n) [16]. Hence, 
the oxidation of unsaturated fatty acids contain-
ing more than three double bonds (such as AA, 
EPA and DHA) usually occurs by more compli-
cated mechanisms [92]. Such mechanisms 
include, among others, an intramolecular per-
oxyl addition reactions forming numerous 
products, including prostaglandin-type cyclic 
peroxides and hydroperoxides [66, 91, 92].

Photosensitized oxidation of PUFAs pro-
ceeds by a different non-radical mechanism 
(Fig.  2.2B). In this process, there is a direct 
reaction of singlet molecular oxygen (1O2) with 
the carbon-carbon double bond by “ene” addi-
tion, and hydroperoxides are formed at each 
side of the double bond. Thus, for example, 1O2 
promoted oxidation of LA produces 4 isomers: 
two conjugated 9- and 13-hydroperoxides (as 
free radical mediated oxidation) and 2 unconju-
gated 10- and 12- hydroperoxides (10-HPODE 
and 12-HPODE) [19]. It is important to note 
that some hydroperoxides are specifically 
formed upon 1O2 mediated oxidation and there-
fore they can be used as a fingerprint for 1O2 in 
biological system [78]. This is the case of 10- 
and 12-hydroperoxides of LA (Table 2.1). The 
relevance of studying these hydroperoxides is 
based on the fact that 1O2 can be formed in bio-
logically relevant processes, such as phagocyto-
sis in inflammatory conditions and also reactions 
involving biological hydroperoxides, enzymes 

(e.g. myeloperoxidase, lipoxygenase), per-
oxynitrite, HOCl, and metal ions [51, 52]. 
Singlet oxygen is also an important oxidant pro-
duced in photosensitized oxidation [4] and opto-
genetic approaches [86].

Hydroperoxide metabolites are also formed 
through the action of cyclooxygenases (COX) 
and lipoxygenases (LOX) [62, 69, 76]. For 
example, several studies have demonstrated that 
mammalian LOX are regio- and stereo-specific, 
producing specifically the R or S enantiomer at 
the targeted positions of oxidation on their PUFA 
substrates [69]. Much of the knowledge on prod-
uct specificities comes from studies using ara-
chidonic acid or linoleic acid, which are typical 
substrates for animal and plant LOX, respec-
tively [69]. In contrast, non-enzymatic PUFA 
oxidation produces the same hydroperoxides as 
those catalyzed by LOX but with equal quanti-
ties of both stereoisomers (R = S, racemic mix-
ture) at all positions of oxidation [18, 60]. The 
hydroperoxides formed through non-enzymatic 
and enzymatic oxidation of PUFAs are listed in 
Table 2.1.

Oxygenated fatty acid metabolites display sig-
naling roles in physiological and pathological 
conditions. For example, enzymatic oxidation of 
AA and DHA generates a series of bioactive 
mono- and poly-oxygenated products that are 
collectively known as “eicosanoids” and “doco-
sanoids”, respectively [89]. Leukotrienes, prosta-
glandins and thromboxanes are subclasses of 
eicosanoids that play an important role in inflam-
matory processes by promoting neutrophil 
recruitment, inducing allergic reactions and 
platelet aggregation [29, 43, 65]. Docosanoids 
have received increased scientific attention due to 
their role as anti-inflammatory agents. Among 
the latter, resolvins, maresins and neuroprotec-
tins are implicated in the inhibition of neuron 
death by apoptosis, in tissue regeneration and 
downregulation of pro-inflammatory mediator 
levels [41, 71, 72]. Oxidized lipids are also 
known to promote protein lipoxidation by react-
ing with nucleophilic residues, such as histidine, 
lysine and cysteine residues [1]. Chemical modi-
fications of proteins may result in alterations of 
folding and biological function, leading to 
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impaired proteostasis and loss of cellular homeo-
stasis [40].

In this context, the identification and struc-
tural characterization of lipid derived hydro(pero)
xides formed by enzymatic and non-enzymatic 
transformations continue to reveal novel 
enzymes, products and biological actions [37, 
68]. In this chapter we will focus on describing 
the chemical characterization of PUFA 
hydro(pero)xides by mass spectrometry.

2.3  Hydroperoxide- 
and Hydroxy- 
Polyunsaturated Fatty Acids 
Analysis

Measurement of fatty acid hydro(pero)xides and 
related species have been mostly carried out 
using GC-MS and LC-MS based techniques [11, 
48, 85]. Historically, GC and GC-MS have been 
widely used for the analysis of lipid oxidation 

Table 2.1 Hydroperoxy-polyunsaturated fatty acids that can be formed by three different oxidation mechanisms

PUFAs Autoxidation Photooxidation Enzymatic oxidation*

Linoleic acid 9-HPODEa,b,c 9-HPODEc,d 9-HPODEe

11-HPODEc 10-HPODEc,d 11-HPODEf

13-HPODEa,b,c 12-HPODEc,d 13-HPODEe,f

13-HPODEc,d

Arachidonic acid 5-HPETEg 5-HPETEd

8-HPETEg 6-HPETEd

9-HPETEg 9-HPETEd 5-HPETEh

11-HPETEg 11-HPETEd 12-HPETEh

12-HPETEg 12-HPETEd 15-HPETEh

15-HPETEg 14-HPETEd

15-HPETEd

Eicosapentaenoic acid 5-HPEPEj

5-HPEPEi,j 6-HPEPEj

8-HPEPEi,j 8-HPEPE
9-HPEPEi,j 9-HPEPEj 5-HPEPEh,k,l

11-HPEPEi,j 11-HPEPEj 8-HPEPEh,k,l

12-HPEPEi,j 12-HPEPE 12-HPEPEh,k,l

14-HPEPEi,j 14-HPEPEj 15-HPEPEh,k,l

15-HPEPEi,j 15-HPEPEj

18-HPEPEi,j 17-HPEPEj

18-HPEPEj

Docosahexaenoic acid 4-HPDHAm

4-HPDHAm 5-HPDHAm

7-HPDHAm 7-HPDHAm

8-HPDHAm 8-HPDHAm

10-HPDHAm 10-HPDHAm

11-HPDHAm 11-HPDHAm 17-HPDHAn

13-HPDHAm 13-HPDHAm 14-HPDHAn

14-HPDHAm 14-HPDHAm

16-HPDHAm 16-HPDHAm

17-HPDHAm 17-HPDHAm

20-HPDHAm 19-HPDHAm

20-HPDHAm

*The isomers shown are the most widely studied and characterized in the literature
HPODE hydroperoxy-octadecadienoic acid, HPETE hydroperoxyeicosatetraenoic acid, HPEPE hydroperoxyeicosa-
pentaenoic acid, HPDHA hydroperoxydocosahexaenoic acid. aRef. [19]; bRef. [20]; cRef. [68]; dRef. [80]; eRef. [27]; 
fRef. [62]; gRef. [56]; hRef. [46]; iRef. [88]; jRef. [92]; kRefs. [12]; lRefs. [47]; mRef. [45]; Ref. [30]
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products [53, 81, 85]. However, GC-based meth-
ods require derivatization steps that are not suit-
able for hydroperoxides analysis since they can 
be decomposed during sample preparation. 
Therefore, strategies used to analyze hydroperox-
ides usually involve their conversion to more 
stable hydroxides using a reducing agent, such as 
sodium borohydride or triphenylphosphine, and 
then their derivatization to methyl esters. The 
hydroperoxide concentration can be calculated as 
the difference between pre- and post-reduction 
hydroxy-fatty acid concentrations [36].

Compared to GC, liquid chromatography 
(LC)-based methods offer the advantage of sepa-
rating lipid hydroperoxides and hydroxides with-
out derivatization [11]. Lipid hydro(pero)xide 
regioisomers can be separated on either normal- 
phase or reversed-phase chromatographic meth-
ods. Additionally, enantiomers can be separated 
by chiral-columns [22]. The simplest way to 
detect hydroperoxy- and hydroxy-PUFA is 
accomplished through the use of LC-coupled to 
UV detectors by measuring conjugated-diene 
absorbance at 234 nm (ε = 23,000–27,000 M−1.
cm−1). However, conjugated-diene detection by 
UV is not very specific or sensitive enough to 
detect lipid hydro(pero)xides in biological sam-
ples [24]. More sensitive methods to detect 
hydro(pero)xides are based on LC-coupling to 
chemiluminescence, electrochemical, fluores-
cence or mass spectrometer detectors [58]. 
Although chemiluminescence and electrochemi-
cal detectors have much higher sensitivity than 
UV, these techniques do not allow the detection 
of lipid hydroxides and suffer interferences from 
sample components [59].

The use of mass spectrometry (MS) technol-
ogy provided important advances in the analysis 
of lipid oxidation products. This technique, cou-
pled to the wide range of ionization methods and 
high-resolution mass analyzers, has expanded 
the capacity to detect and analyze these com-
pounds in biological samples. Great advance-
ment on the analysis of lipid oxidation products 
was also obtained by the combination of differ-
ent modes of mass analysis to separation sci-
ence, including conventional or high-speed LC 
(HPLC or UHPLC) coupled to tandem mass 

spectrometry (LC-MS/MS). These systems have 
promoted a great increase in sensitivity and effi-
ciency in the identification and quantification of 
such products, being the method of choice for 
oxidized lipid species analysis [3, 28, 32, 35, 49, 
55, 74, 83].

Low-energy ionization techniques, such as 
electrospray ionization, usually generate deprot-
onated ([M-H]−) or protonated ([M + H]+) ions, 
which can be selected and further cleaved by 
collision-induced dissociation (CID) in MS/MS 
analysis. The spectra of the fragmented ions are 
then used to identify and elucidate the structures 
of oxidized fatty acid species [44, 54, 55]. For 
quantitative and targeted lipidomic analysis, the 
mostly used MS methods are single ion monitor-
ing (SIM) and multiple reaction monitoring 
(MRM) on triple-quadrupole or quadrupole-ion 
trap mass spectrometers. In any of these methods 
the individual molecules are identified by their 
retention time and m/z values of the precursor 
and fragment ions. Of note, in SIM and MRM 
analysis, the target molecules to be analyzed 
must be defined in advance, and the data of their 
precursor ion masses and their fragments are nec-
essary to set the analytical conditions [79]. 
Moreover, accurate quantification requires the 
use of an internal standard that are added into the 
samples before lipid extraction. The best internal 
standard is the stable isotopically labeled version 
of the compound (2H or 13C-labeled) or an isoto-
pic analogue.

In the next sections we will describe the main 
fragmentations pathways and fragment specifici-
ties for LA, ARA, EPA and DHA hydroperoxides 
and hydroxides observed using different set 
LC-MSn systems, columns, solvents and ioniza-
tion sources.

2.3.1  Characterization of Linoleic 
Acid Hydro(pero)xides

9- and 13- Hydroperoxy-octadecadienoic acid 
(HPODE) are products of non-enzymatic and 
enzymatic oxidation of LA (Table  2.1). Non- 
enzymatically, these hydroperoxides are formed 
in reactions involving free radicals and singlet 
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molecular oxygen. Enzymatically, they are 
formed in the presence of enzymes, such as 
LOX. These enzymes catalyze the dioxygenation 
of the cis, cis-1,4-pentadiene moiety of fatty 
acids [69]. The ferric form of LOX is catalyti-
cally active and catalyzes the stereospecific 
abstraction of one hydrogen from the bis-allylic 
methylene group of the (1Z,4Z)-pentadiene struc-
ture of the substrate as the initial step. Iron-LOX 
form 9S- and 13S-hydroperoxides of LA [27].

MacMillan and Murphy [46] described a 
detailed characterization of PUFA hydroperox-
ides, including 9- and 13-HPODE, by negative 
ion ESI-MS. Full scan MS spectra of all hydro-
peroxides typically show two abundant ions, cor-
responding to the deprotonated ion ([M-H]−) and 
the dehydration product ([M-H-H2O]−). In the 

case of linoleate hydroperoxides, these ions 
appear at m/z 311 and m/z 293, respectively [46, 
50]. The products expected to be formed after the 
loss of water are keto or epoxy-acids (Fig. 2.3A). 
Although abundant, the dehydrated ion does not 
give structural information about the position of 
the hydroperoxide moiety. Thus, structurally 
important fragment ions are obtained by collision 
induced dissociation (CID) of the precursor ion. 
For instance, MS/MS spectra obtained for 9- and 
13-HPODE show characteristic fragments that 
are formed as a result of carbon-carbon cleavages. 
The MS/MS spectra of 9-HPODE show two char-
acteristic fragments: one at m/z 185 (dehydration 
and cleavage of double bond allylic to the hydro-
peroxide group after a two proton shift) and the 
other at m/z 125 (cleavage of C8-C9 bond after two 
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O OHm/z 125 +2H

R1 R2

O OH

-H
2
O+2H

m/z 185

R1 R2

O OH

R1 R2

O

R1 R2

O

Cleavage of the C-C bond

R1 R2

O OH
Reduction in

ionization source

m/z 295
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+ H

R1 R2

O OHH
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O OHH

-H2O

m/z 293
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Fig. 2.3 Common fragmentations observed for PUFA 
hydroperoxides in the mass spectrometer. As an example, 
the fragmentations observed for 9-HPODE (R1  =  C5H11 
and R2  =  (CH2)7COOH) are shown. (A) Loss of water 
(-H2O) is a general fragmentation observed in the full scan 
MS and MS/MS spectra of all hydroperoxides. 
Dehydration can occur by two mechanisms, one leading 

to epoxides and the other to ketones. (B) Hydroperoxides 
can also undergo reduction in the ionization source. (C) 
Collision induced dissociation of the carboxylated anions 
yields characteristic fragments derived from cleavage of 
carbon bonds vicinal to the hydroxyl/hydroperoxyl group 
and/or the cleavage of the double bond allylic to the 
hydroperoxide
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proton shift) (Fig.  2.3C) [46]. Similarly, 
13-HPODE also shows two characteristic frag-
ments, one at m/z 195 (cleavage of the C12-C13 
bond after a single proton shift) and the other at 
m/z 113 (loss of water and a cleavage of the dou-
ble bond allylic to the hydroperoxide after a single 
proton shift) [46].

HPODE analyses are usually conducted in the 
negative ion mode. As an alternative method, 
Schneider et al. [70] described an LC-ESI-MS in 
the positive ion mode. LC-ESI-MS analysis of pure 
9- and 13-S-HPODE in methanol:water:ammonium 
acetate revealed prominent adduct ions [M + NH4]+ 
at m/z 330 for 9/13-S-HPODE.

Oliw et al. [27], described a detailed analysis 
of Mn-LOX oxidation products by LC coupled to 
ion trap mass analyzer (MSn). Mn-LOX acts by a 
different mechanism from iron-LOX that results 
in the formation of 11S-HPODE and 13R-HPODE 
[27]. They used reversed phase-HPLC columns 
eluted with methanol:water:acetic acid. The elu-
ent first passed in an ultraviolet detector and then 
get into an ion trap mass spectrometer, where it 
was subjected to atmospheric pressure chemical 
ionization (APCI) or ESI. In both cases, negative 
ions were monitored. APCI-MS resulted in frag-
mentation of the hydroperoxides (M) with three 
strong signals, [M-1]−, [M-19]− and [M-17]−, 
which corresponded to the carboxylate anion 
([M-H]−), a fragment due to the loss of water 
([M-H-H2O]−), and the formation of a reduced 
form of the hydroperoxide during ionization ([M- 
H- O]−). The reduction of the hydroperoxide to 
the alcohol might be due to the high temperature 
(450 °C) of the APCI source (Fig. 2.3B). In con-
trast, ESI-MS showed only two of these signals, 
the [M-1]− and [M-19]−. APCI-MS analysis of 
both 11S-and 13R-HPODE showed signals at m/z 
311 ([M-H]−), 295 ([M-H-O]−) and 293 [M-H- 
H2O]−, while ESI-MS spectra showed abundant 
ions at m/z 311 and 293. In order to get structural 
information about the position of the hydroper-
oxide moiety, the carboxylate anion was sub-
jected to CID fragmentation and the full scan 
spectrum of the fragments was acquired (MS/MS 
or MS2). By analogy, a MS/MS/MS (MS3) analy-

sis was performed by selecting a daughter ion 
and submitting it to CID fragmentation. The MS2 
(311  →  full-scan) for both HPODEs showed 
mainly the loss of water, while the MS3 
(311 → 293 → full-scan) analysis yielded several 
fragments that were used to identify the hydro-
peroxide group position. 11-HPODE has shown 
characteristic ions at m/z 177 and 151 and 
13-HPODE at m/z 179 and 113 [22].

Oliw et al. [27] also performed analysis of the 
hydroxy derivatives. APCI and ESI-MS spectra 
for both 11- and 13-HODE showed characteristic 
signals at m/z 295 [M-H]− and 277 [M-H-H2O]−. 
MS3 analysis of 13-HODE showed characteristic 
ions at m/z 195 and 179 and of 11-HODE at m/z 
179 and 169. The formation of these ions can be 
explained by cleavage at either side of carbon 
linked to the hydroxide group.

Other HPODEs of biological relevance are 
the 10- and 12-HPODEs, which are products 
formed exclusively by singlet oxygen [19]. In 
contrast to the 9-, 11- and 13-isomers, these 
hydroperoxides do not have UV absorption at 
234 nm, due to the absence of conjugated dou-
ble bounds in their structure. Therefore, their 
detection is usually conducted at 200–205 nm, 
a region where both conjugated and non-conju-
gated diene absorb. Garscha et  al. [22] ana-
lyzed these hydroperoxides from LA by LC 
coupled to ion trap ESI-MSn. According to 
them, the characteristic and intense ions 
formed during MS3 analysis (311 → 293 → full 
scan) were m/z 139 and 153 for 10-HPODE, 
and 165 and 191 for 12-HPODE. Nuñez et al. 
[61] studied hydroperoxides formed from lino-
leate methyl ester by using electron impact 
(EI) ionization. The 10-HPODE methyl ester 
EI spectrum presents mass ions at m/z 308 
[M-H2O]−, 293 [M-H- CH3OH]− and 261, 
which are consistent with an HPODE methyl-
ated isomer, 197 (loss of water and cleavage of 
C10-C11) and 165 (loss of CH3OH group from 
ion 197). The EI spectrum of 12-HPODE 
methyl ester showed ions at m/z 310 [M-H]−, 
308, 293, 261, and 111 (loss of water and 
cleavage of C11–C12).
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Based on the method and results described by 
Oliw et al. [27], Reverberi et al. [63] developed a 
MRM method to quantify the hydroxy- and 
hydroperoxy-linoleic acid in order to investigate 
how lipid peroxidation affects the ochratoxin A 
biosynthesis in Aspergillus ochraceus. The tran-
sitions monitored for LA hydroperoxides were: 
m/z 311 to 185 for 9-HPODE, m/z 311 to 183 for 
10-HPODE, m/z 311 to197 for 11-HPODE and 
m/z 311 to 195 for 13-HPODE.  For the corre-
sponding hydroxides compounds, they were: m/z 
295 to 171 for 9-HODE, m/z 295 to 183 for 
10-HODE, m/z 295 to 151 for 11-HODE, and m/z 
295 to 195 for 13-HODE.  Masoodi et  al. [47] 
described the same MRM transitions for 9-HODE 
and 13-HODE (Fig. 2.4).

2.3.2  Characterization 
of Arachidonic Acid 
Hydro(pero)xides

AA is a precursor of local hormones (prostaglan-
dins, thromboxanes and leukotrienes) involved in 
the AA cascade [14, 21, 57]. Inflammatory cells 
typically contain a high proportion of AA, which 
is a major substrate for eicosanoid synthesis. Free 
AA can be a substrate for several isoforms of 
LOX, being oxidized to 5-, 12- and 
15- hydroperoxyeicosatetraenoic acid (HPETE) 
by 5-, 12- and 15-LOX, respectively [9]. This 
PUFA can also undergo non-enzymatic oxidation 
promoted by free radicals and singlet molecular 
oxygen. As described for LA, a different mixture 

Fig. 2.4 LC-MS/MS analysis of hydroxy-fatty acids. The 
liquid chromatography (LC) separates compounds chro-
matographically before they are introduced into the ion 
source of mass spectrometer. In this case the mass spec-
trometer is formed by two mass analyzers, the MS1 and 
MS2. The first and second mass analyzers scan across the 

spectrum. Structural characterization of each hydroxy- 
fatty acid is accomplished by analysing the fragments ions 
at MS2. This is done by selecting the precursor ion of MS1 
and submitting it to CID. The MRM analysis is accom-
plished by specifying the mass of the parent and the frag-
ment ions of the compound
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of isomeric hydroperoxides is generated by these 
two processes. Free radical mediated oxidation 
yields 5-, 8-, 9-, 11-, 12-, 15-, 20-HPETE iso-
mers, while singlet oxygen yields all these hydro-
peroxides and the 6- and 14-HPETE isomers 
[80]. AA can also be oxidized enzymatically by 
cytochrome P450 monooxygenase (CYP450), 
yielding, for example, 12-, 15-HETE [13] and 
16-, 17-, 18-, 19- or 20-HETE [6, 17].

MacMillan and Murphy [46] separated the 
HPETE formed by LOX oxidation on a C18- 
column eluted isocratically with a mixture of 
acetic acid, acetonitrile and methanol. Tandem 
mass spectrometry of HPETE generated a unique 
and characteristic spectrum with some features 
common to all PUFA hydroperoxides, such as 
abundant [M-H]− ions and its dehydrated ions. 
Cleavage of the double bond allylic to the hydro-
peroxide formed structurally characteristic ions 
at m/z 129, 153 and 113 from 5-, 12- and 
15-HPETE, respectively. Moreover, charge- 
driven allylic fragmentation led to the formation 
of m/z 203, 179 and 219 from 5-, 12-, and 
15-HPETE, respectively. All HPETE isomers 
were monitored by a MRM method transition 
from m/z 335 (the carboxylate anion, [M-H]−) to 
m/z 317 (the dehydrated product, [M-H-H2O]−). 
In addition, 15-, 12- and 5-HPETE were specifi-
cally detected by monitoring the MRM transi-
tions from m/z 335 to 113, 179 and 129, 
respectively (Fig. 2.4).

There is a great interest in hydroxyeicosatet-
raenoic acids (HETEs) mainly due to their well- 
documented role in human inflammation and 
related immune responses. Kerwin and Torkvik 
[39] reported detailed identification of 5-, 8-,9-, 
12- and 15-HETEs by negative-ion ESI-MS/
MS.  The characteristic ions observed for each 
HETE are shown in parenthesis: 8-HETE (m/z 
127, 155 and 163); 9-HETE (m/z 139, 179, 151, 
167); 12-HETE (m/z 135, 179, 208); and 15- 
HETE (m/z 121, 175, 219).

Nakamura et al. [56] analyzed the epoxyeico-
satrienoic acids and HETE isolated from human 
red blood cells’ membranes followed by base 
hydrolysis. EET are isobaric with HETE regioi-
somers. Analysis of these compounds by 
LC-ESI-MS/MS provided abundant signals for 

the carboxylate anions at m/z 319 for each EET 
(5,6-, 8,9-, 11,12- and 14,15-EET) and HETE 
(5-, 8-, 9-, 11-, 12- and 15-HETE). Specific anal-
ysis of HETE was achieved using the MRM 
mode of the mass spectrometer. The following 
transitions were analyzed: m/z 319 to 115 for 
5-HETE; m/z 319 to 155 for 8-HETE; m/z 319 to 
151 for 9-HETE; m/z 319 to 167 for 11-HETE; 
m/z 319 to 208 for 12-HETE; and m/z 319 to 219 
for 15-HETE (Fig.  2.4). [18O]-12-HETE was 
used as an internal standard to quantify each 
HETE isomer. The MRM analysis for [18O]-12- 
HETE was done by monitoring the transition 
from m/z 323 to 183, using a collision energy of 
11eV.

Masoodi et  al. [47] also developed a 
LC-ESI-MS/MS methodology for the simultane-
ous analysis of hydroxy-fatty acids and other bio-
active lipid mediators. Separation was conducted 
on a C-18 column and a methanol-based isocratic 
system. They described MRM transitions with 
some differences from Nakamura et al. [56]: m/z 
319 to 123 for 9-HETE, m/z 319 to 179 for 
12-HETE and m/z 319 to 175 for 15-HETE 
(Fig.  2.4). Again the 12-HETE-d8 was used as 
internal standard and the MRM transition moni-
tored for it was m/z 328 to 185.

In our search, we were unable to find LC-MS 
analysis for isomers 6- and 14-HPETE, which are 
specifically formed in the oxidation of AA by sin-
glet molecular oxygen.

2.3.3  Characterization 
of Eicosapentaenoic Acid 
Hydro(pero)xides

EPA is one of the most abundant omega-3 fatty 
acids found in marine oils. However, in mammals 
EPA is found in much lower abundance com-
pared to DHA. EPA autoxidation generates eight 
regioisomers of 5-, 8-, 9-, 11-, 12-, 14-, 15- and 
18- hydroperoxyeicosapentaenoic acid (HPEPE). 
In contrast, EPA oxidation mediated by singlet 
molecular oxygen yields ten monohydroperox-
ides: the same eight formed in autoxidation and 
the 6- and 17-HPEPE (non-conjugated isomers) 
[81]. The latter two are considered specific pho-

P. B. M. C. Derogis et al.



31

tooxidation products of EPA. However, we were 
unable to find any description of LC-MS analysis 
for 6- and 17-H(P)EPE.  Enzymatic oxidation 
products of EPA have also been characterized. 
CYP450 forms the isomers 19- and 20-HEPE [6]. 
EPA oxidation mediated by 15-, 12- and 5-LOX 
has been shown to yield 15-, 12- and 5-HPEPE, 
respectively [12].

Morrow’s group [92] studied several oxida-
tion products formed from EPA autoxidation. 
The authors described the analysis by HPLC of 
eight hydroperoxides, whose structures were 
determined by Ag+-coordination ionspray 
(LC-Ag+-CIS-MS) based on specific Hock- 
cleavage fragments induced by silver ion coordi-
nation. This technique has been proven to be 
powerful for the characterization of PUFA hydro-
peroxides and their cyclization products, namely 
monocyclic and bicyclic endoperoxides (precur-
sor to 3-series isoprostanes). However, 
LC-Ag+CIS-MS showed poor sensitivity to detect 
EPA oxidation products in vivo and APCI-MS 
has been described to have better sensitivity for 
this purpose [92].

EPA hydroxides (hydroxyeicosapentaenoic 
acids, HEPE) analysis by LC-MS has been 
described [2, 47, 83, 93]. Specific transitions 
described for 5-, 8-, 9-, 12- and 15-HEPE are: m/z 
317 to 115 for 5-HEPE, m/z 317 to 155 for 
8-HEPE, m/z 317 to 149 for 9-HEPE, m/z 317 to 
167 for 11-HEPE, m/z 317 to 179 for 12-HEPE, 
m/z 317 to 219 for 15-HEPE and m/z 317 to 259 
for 18-HEPE (Fig. 2.4).

2.3.4  Characterization 
of Docosahexaenoic Acid 
Hydro(pero)xides

DHA are highly enriched in the cerebral cortex, 
retina, testis and sperm [67]. DHA oxidation pro-
duces hydroperoxydocosahexaenoic acids 
(HPDHA) as primary oxidation products. Free 
radical mediated oxidation yields ten monohy-
droperoxides: 4-, 7-, 8-, 10-, 11-, 13-, 14-, and 
16-, 17- and 20-HPDHA, all having a conjugated 
diene. In contrast, the photooxidation of DHA 
yields 12 isomers: the same ten formed by free 

radical oxidation and the 5- and 19-HPDHA iso-
mers, which do not present conjugated-dienes 
[15].

Enzymatically, DHA oxidation by 15-, 12- 
and 5-LOX have been characterized [30]. 
15-LOX converts DHA to 17S-H(p)DHA; 
12-LOX activity wields two isomers 14S- and 
11S-HPDHA; and the 4S-H(p)DHA 7S-H(p)
DHA are metabolites of leukocyte 5-LOX. Among 
these products the17-HpDHA is the most 
described hydroperoxide formed by enzymatic 
oxidation of DHA and is an important precursor 
of the pro-resolving compounds resolvin D1 and 
protectin D1 [31].

LC-MS/MS analysis of HPDHA isomers 
shows common fragments ions derived from the 
loss of water [M-H-H2O]− and CO2 [M-H- 
H2O-CO2]− at m/z 341 and 297, respectively. 
Characteristic fragments are obtained by the 
cleavage of the carbon adjacent to the hydroper-
oxide group and also by the cleavage of the α- 
and β-carbon (one carbon away from the 
hydroperoxide carbon) (Fig.  2.3C). A detailed 
analysis of the MS/MS spectra obtained for all 12 
hydroperoxide isomers formed by DHA photo-
oxidation [15], allowed to identify the most spe-
cific fragments as follow: 20-HPDHA at m/z 285 
and 71, 19-HPDHA at m/z 273 and 229, 
17-HPDHA at m/z 111, 16-HPDHA at m/z 233, 
14-HPDHA at m/z 205 and 151, 13-HPDHA at 
m/z 193 and 121, 11-HPDHA at m/z 243, 
10-HPDHA at m/z 161 and 188, 8-HPDHA at 
m/z 108 and 171, 7-HPDHA at m/z 201 and 228, 
5-HPDHA at m/z 281 and 147 and 4-HPDHA at 
m/z 115.

DHA hydroxy derivatives can be specifically 
analyzed based on the characteristic fragmenta-
tion products [15]. Thus, the 17-, 14-, 11-, 10-, 
13-, 16-hydroxydocosahexaenoic acid (HDHA) 
can be identified based on the detection of frag-
ments shown: 20-HDHA, m/z 285 and 241; 
19-HDHA, m/z 229 and 273, 17-HDHA, m/z 245 
and 201; 16-HDHA, m/z 233 and 261; 14-HDHA, 
m/z 205 and 161; 13-HDHA, m/z 193 and 221; 
11-HDHA, m/z 165 and 149; 10-HDHA, m/z 153 
and 181; 8-HDHA, m/z 189 and 113; 7-HDHA, 
m/z 141 and 109; 5-HDHA, m/z 85 and 93, 
4-HDHA, m/z 101 and 115.
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2.4  Conclusion

In this chapter, an overview of LC-MS analysis 
for fatty acid hydroperoxides and hydroxides 
was presented. Recent advances in MS technolo-
gies and improvements in chromatography have 
greatly enhanced the identification of different 
fatty acid oxidation products. The utmost impor-
tant advantage for LC-MS technique is that it 
allows analysis without prior derivatization. The 
most used ionization mode for fatty acid hydro-
peroxide is ESI. The main ions yielded by ESI 
are [M-H]− corresponding to the carboxylate 
anion of hydroperoxide and [M-H-H2O]−, a frag-
ment ion formed by the loss of water. None of 
these ions yields structural information on the 
hydro(pero)xide position. Therefore, character-
istic fragments are obtained by CID, which 
mainly induces the cleavage of carbons vicinal 
to the hydroxyl/hydroperoxyl group and the 
cleavage of the double bond allylic to the 
hydroperoxide.

Specific analysis of isobaric hydroperoxide 
and hydroxide fatty acids can be accomplished 
by monitoring characteristic fragmentations of 
the original compound by doing the LC-MS/MS 
analysis in the MRM mode. This technique 
increases both specificity and sensitivity of the 
analysis. Nonetheless, it is noteworthy to men-
tion that accurate quantification requires the use 
of appropriate internal standards for each class 
of products. More recently, the use of high- 
resolution mass analyzers (HR-MS: q-TOF or 
q-Orbitrap) is expanding the field of oxidized 
lipid analysis (oxylipidomics). HR-MS confers 
some advantages including higher specificity 
and more detailed structural characterization due 
to higher mass accuracy. Using this type of 
instrument, oxidized lipids can be monitored by 
high resolution MRM or parallel reaction moni-
toring (PRM).

In conclusion, the use of LC-MS based tech-
niques for hydro(pero)xy-fatty acid analysis 
offers the possibility to expand our understanding 
on lipid metabolism, especially the role of oxi-
dized lipids to physiological and pathological 
conditions.
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Abstract
Peroxisome proliferator-activated receptors 
(PPARs) are multi-domains proteins, belong-
ing to the superfamily of nuclear receptors, 
which mainly act as ligand-activated tran-
scription factors. A variety of lipophilic mol-
ecules, including long-chain polyunsaturated 
fatty acids and eicosanoids, are capable of 
binding to PPAR, although the nature of the 
physiological ligands is still under debate. 
PPARs regulate the expression of a set of 
genes involved in glucose and lipid metabo-
lism as well as in the control of inflammatory 
responses. Herein we review the main molec-
ular and cellular events associated with the 
activation of PPARs and their effects on 
metabolism.
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PPARs  Peroxisome proliferator- 
activated receptors

PPRE  Peroxisome proliferator 
response elements

PUFA  Long-chain polyunsaturated 
fatty acids

Rgtz Rosiglitazone
RXR Retinoid X receptor
SMRT  Silencing mediator of retinoid 

and thyroid signalling
SRC Steroid receptor co-activator
STAT3  Signal transducer and activator 

of transcription 3
TAGs Triacylglycerides
TZD Thiazolidinedione
VLDL Very low density lipoprotein

3.1  Introduction

Lipid and carbohydrate metabolism are subject to 
tight regulation to maintain energy homeostasis 
in higher organisms. This involves a complex sig-
nalling network capable of sensing a variety of 
stimuli (food availability, temperature changes 
and other stressors) to trigger adaptive responses. 
Lipids and their derivatives act as inputs to this 
network, contributing to the genetic control of 
their own systemic transport, cellular uptake, bio-
synthesis, storage and use. This implies the exis-
tence of a variety of nuclear lipid-sensing 
receptors (NR) that act as transcription factors, 
regulating the expression of genes involved in 
several pathways of lipid metabolism. Among 
other NR, the peroxisome proliferator-activated 
receptor (PPAR) subfamily has a central role.

PPARs are multi-domains proteins originally 
named because of their ability to induce peroxi-
some proliferation in response to xenobiotics [1]. 
However, they were afterwards identified as sen-
sors of lipophilic molecules, which can induce 
structural changes in these receptors to stabilize 
active or inactive receptor states. In their active 
conformation, PPARs trigger regulatory actions 
on lipid metabolism and inflammation (reviewed 
by [2]). These actions involved distinct and com-
plex mechanisms, where PPARs promote gene 

expression (transactivation) or stop it 
(transrepression).

PPAR ligands include a structurally diverse 
set of lipids, including endogenous fatty acids 
(FA), products derived from the lipid metabolism 
and dietary constituents. Synthetic PPAR ligands 
also exist; the development of drugs targeting 
PPARs has been encouraged because of the rele-
vance of these receptors as metabolic regulators. 
Moreover, a variety of synthetic ligands have 
been used as tools for elucidating PPAR role in 
human physiology during health and disease, and 
some of them are currently available for human 
therapy [3]. Herein we review the current knowl-
edge on the interaction between PPARs and their 
ligands as well as the molecular events associated 
with PPAR regulatory actions, with emphasis on 
metabolism.

3.2  Structural Organization 
of PPARs

In vertebrates, PPARs exist as three subtypes, 
PPARα (NR1C1), PPARβ/δ (NR1C2) and PPARγ 
(NR1C3), which are encoded by distinct single- 
copy genes. In human, these genes were found to 
map on chromosomes 22 (PPARA), 6 (PPARD) 
and 3 (PPARG), respectively, and their protein 
products exhibit high homology at the amino acid 
level, sharing a very similar overall structure [4–
6]. Indeed, PPARs are modular proteins com-
posed by five functional domains or regions, 
called A to F from N- to C-terminus (Fig.  3.1) 
[7]. The extreme N-terminal A/B domain har-
bours a flexible and highly variable region, 
termed the activation function 1 (AF1), which 
provides constitutive and ligand-independent 
transcriptional activity. The C domain is the most 
conserved region among NRs and corresponds to 
the DNA-binding domain (DBD). Indeed, it con-
tains two highly conserved zinc finger-like motifs 
folded in a globular structure that are a character-
istic feature of the NR family. The DBD specifi-
cally recognizes regulatory six nucleotide 
sequences, located in the promotor of PPAR tar-
get genes, called peroxisome proliferator 
response elements (PPREs). A flexible hinge 
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region (D region) connects the DBD to E/F 
domains. The latter include the ligand-binding 
domain (LBD), which contains the ligand- 
binding pocket, the ligand-dependent transactiva-
tion domain (AF2) and a region involved in 
receptor dimerization. The LBD has a lower level 

of conservation across PPAR subtypes than the 
DBD (Fig. 3.1b), with significant sequence varia-
tion in the residues that line the ligand-binding 
pocket. This accounts for differences in the ligand 
selectivity among PPAR subtypes, likely contrib-
uting to their distinct physiological role. A repre-

Fig. 3.1 General structure and sequence alignment of 
PPARs. (a) A representative scheme of PPARγ struc-
ture showing from N- to C-terminus the following 
domains: A/B domain (in purple), DBD (in green), the 
hinge region (in red), and the LBD (in blue). The two 
zinc fingers of the DBD (Zn) are shown in dark green 
boxes and the activation function motifs, AF1 and 
AF2 in violet boxes. (b) Sequence alignment of human 
PPAR subtypes, PPARα, PPARβ/δ (isoforms 1 and 2) 
and PPARγ (isoforms 1 and 2). Coloured residues indi-
cate 100% of conservation between PPARs. To visual-
ize the amino acid sequence corresponding to each 

PPAR domain, a representation of protein domains is 
included at the top of the alignment (using the same 
colour code as in a). The extent of each domain was 
taken from the description reported by [98]. (c) Three-
dimensional structure of PPARs. Regarding PPARα and 
PPARβ/δ, crystallography data is available only for 
their LBD domains: PDB 1k7l [99] and 3ET2 [100], 
respectively. The DBD and hinge region of these recep-
tors were thus modelled against PPARγ, which struc-
ture was taken from PDB 3e00 [28]. In all cases, the 
DBD, hinge and LBD domains are represented using 
the same colour code as in (a)
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sentation of the three-dimensional structure of 
PPARs along with the secondary structure ele-
ments is shown in Fig. 3.1c.

3.3  Mechanisms of Action

3.3.1  Mechanisms Dependent 
on Binding to PPRE

To be transcriptionally active, PPARs must form 
heterodimeric complexes with members of the 
retinoid X receptor (RXR) family. This NR fam-
ily includes three subtypes called RXRα, RXRβ 
and RXRγ [8]. PPAR-RXR complexes bind to 
PPRE that exhibit the consensus sequence 
5′-A(A/T)CT(A/G)GGNCAAAG(G/T)TCA-3′ 
(Fig. 3.2). This consensus sequence includes two 
elements: a DR1 motif comprising two imperfect 
direct repeats of the NR consensus recognition 
sequence (AGGTCA) separated by a single 
nucleotide (A) and a highly conserved A(A/T)CT 
sequence corresponding to the four nucleotides 
immediately 5′ of the DR1 motif [9, 10]. PPAR 
and RXR bind to the 5′ and 3′ half-sites of the 
PPRE, respectively, and the 5′ flanking region of 
PPRE strongly influences receptor binding, par-
ticularly in the case of PPARα [11–13]. PPAR- 
RXR binding to PPRE is required but not 
sufficient for transcriptional activity. This 
strongly depends on the presence and nature of 
the ligand, which influences PPAR interaction 
with co-regulatory proteins. These co-regulators 
form multicomponent protein complexes and act 
as helper proteins, modulating transcription fac-
tor communication with the polymerase II tran-
scription machinery [14]. Co-activators facilitate 
while co-repressors block the access of this 
machinery to the promotor for initiating tran-
scription. Physiologically, in the absence of a 
ligand, PPAR-RXR heterodimers may bind to 
PPRE. However, the consequences of this bind-
ing depend on the gene promoter context and the 
cell type. For instance, in adipocytes, unliganded 
PPARγ-RXR may form high-affinity complexes 
with nuclear co-repressors proteins, exerting 
active repression on some, but not all, PPARγ tar-
get genes (Fig. 3.2a) [15]. In contrast, when an 

activating ligand (agonist) binds to PPAR, it pro-
motes the association of PPAR-RXR with co- 
activator proteins, upon co-repressors 
dissociation, triggering transcriptional activity 
(Fig.  3.2b). Ligands called antagonists would 
lead to the association of PPAR-RXR heterodi-
mer with co-repressors, preventing the transcrip-
tion of PPAR target genes (Fig. 3.2c).

Most of the co-activators carry multiple 
LXXLL motifs (L, leucine; X, any amino acid) 
that interact with PPAR-LBD [16]; they include 
members of the steroid receptor co-activator 
(SRC) family, the CREB-binding protein (CBP) 
and its paralogue p300 [17, 18]. CBP/p300 are 
capable of acetylating nucleosomal histones in 
target genes, remodelling chromatin and increas-
ing polymerase II complex accessibility. In con-
trast, co-repressors use LXXXIXXXL/I motifs 
for binding PPARs, overlapping the surface 
bound by co-activators [19]; they include the NR 
co-repressor (N-CoR) and the silencing mediator 
of retinoid and thyroid signalling (SMRT), which 
have histone deacetylation activity [20]. The 
molecular basis that explains why a ligand acts as 
an agonist or as an antagonist is not completely 
elucidated yet. However, structural studies, 
including crystallography, NMR spectroscopy 
combined with biochemical co-regulator interac-
tion analysis and molecular simulations, have 
shed light on the interactions between PPAR and 
different ligands, showing how they affect PPAR 
structure, leading to distinct co-regulator recruit-
ment profiles [21, 22].

3.3.2  Mechanisms Independent 
on Binding to PPRE

Studies of anti-inflammatory responses medi-
ated by PPARs have highlighted additional 
mechanisms of action at non-genomic level. 
Indeed, PPAR activation can trigger indirect 
repressive effects by interfering with key tran-
scription factors. These effects are collectively 
known as transrepression and can occur by dis-
tinct mechanisms (Fig.  3.3). Tethering occurs 
when activation of PPAR results in the seques-
tration of transcription factors, inhibiting the 
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expression of their target genes. This mecha-
nism is likely involved in the PPARα-mediated 
inhibition of IL-6 secretion by smooth muscle 
cells, since liganded PPARα was found to bind 
the subunits p65 and c-Jun of the nuclear fac-
tor-kappa B (NF-κB) and activating protein-1 
(AP-1), respectively, which are both required 
for this response [23]. Alternatively, PPARs 
may sequestrate cofactors needed for transcrip-

tional activity (squelching). Downregulation of 
fibrinogen and acute phase proteins in the liver 
was found to occur via a squelching mecha-
nism, in which PPARα binds the co-activator 
GRIP1/TIF2, which is essential for C/EBPβ-
driven transcription [24]. A third type of trans-
repressive mechanism results from the 
dissociation of co-repressors from activated 
PPAR-RXR complexes. These released  

Fig. 3.2 PPAR actions dependent on binding to 
PPRE. The three primary mechanisms modulating PPARγ 
activity are illustrated. PPAR forms heterodimeric com-
plexes with RXR and binds to PPRE. (a) Ligand- 
independent repression. In the absence of a ligand, 
PPAR-RXR heterodimers bind co-repressors exerting 
active repression on some PPAR target genes. (b) Ligand- 

dependent activation or transactivation. Binding of an 
activating ligand (agonist) to the PPAR-LBD induces the 
dissociation of co-repressors as well as the binding of co- 
activators, leading to the transcription of PPAR reporter 
genes. (c) Ligand-dependent repression. Binding of an 
antagonist induces association of co-repressors, leading to 
active repression on PPAR target genes
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co- repressors can, in turn, be redistributed 
among other transcriptional factors, inducing 
repressive signalling on other genes (inverse 
squelching). Examples for inverse squelching 
are the release of co-repressors BCL-6 and 
SMRT caused by PPARβ/δ and PPARγ activa-
tion, respectively, which inhibits the transcrip-
tion of inflammatory genes [25, 26].

Activation of PPARs is also regulated by post- 
translational modifications, including phosphor-
ylation, SUMOylation, ubiquitination, 
acetylation and O-GlcNAcylation. Numerous 
modification sites have been found in all PPAR 
subtypes, with consequences on protein stability, 
transactivation function and/or co-regulators 
interactions (reviewed by [27]).

Fig. 3.3 PPAR actions independent on binding to 
PPRE. PPAR-RXR heterodimers can exert indirect repres-
sive actions by interactions with factors involved in tran-
scriptional activity. The binding of an agonist to PPAR 
can lead to (a) tethering. PPAR-RXR sequestrates a tran-
scriptional factor (Trf) inhibiting its binding to DNA and 
the transcription of Trf target genes. (b) Squelching. 

PPAR-RXR binds a Trf co-activator (Co-a), interfering 
with Trf activity and gene transcription. (c) Inverse 
squelching. Activation of PPAR-RXR leads to dissocia-
tion of a co-repressors (Co-r), inducing its distribution 
among others Trf and, in turn, repressing the transcription 
of Trf target genes
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3.4  The Ligand-Binding Domain

Crystallography studies have shown that PPAR- 
LBD folds in a single domain comprising a small 
three- to four-stranded β-sheet and a bundle of 
α-helices, named H1 to H12 plus H2′; the latter is 
an additional helix that is not present in other 
NRs ([28], reviewed by [29, 30]). These α-helices 
are organized in three layers that enclose a hydro-
phobic binding pocket, placed at the bottom half 
of the LBD structure. This ligand-binding pocket 
is a Y-shaped cavity of around 1300 to 1400 Å, 
which is larger than the corresponding to other 
NRs. Interestingly, 80% of the residues that out-
line the ligand-binding cavity are highly con-
served across the three PPAR isotypes. The 
entrance of this cavity is characterized by the 
presence of some polar amino acids and a very 
flexible loop (between helices H2′ and H3), 
which could be adapted for allowing the entrance 
of larger ligands without causing a significant 
perturbation of the overall LBD structure. These 
features likely expand the set of ligands that 
PPARs can bind in comparison with other NRs. 
Regarding the interior of the ligand-binding cav-
ity, it is branched in two arms. One, called arm I, 
extends towards the amphipathic α-helix H12, 
which seems to be highly mobile in the apo- 
structure and bears the AF2 domain involved in 
the binding of co-regulators. The second arm is 
located between helix H3 and the β-sheet, exhib-
iting hydrophobic features (arm II).

Recent studies using PPARγ-LBD have dem-
onstrated that in the apo-form, the AF2 domain is 
not found as a unique structure, but rather in 
ensembles of structures in which the helix H12 
exchanges between several conformations [22]. 
The presence as well as the chemical features of 
the ligand bound to this pocket lead to LBD 
structural changes that stabilize a particular con-
formation, determining the position adopted by 
H12 and, consequently, the generation of sur-
faces with the ability to bind co-activators or co- 
repressors. In general, when an agonist binds, 
H12 seals as a lid the ligand-binding cavity, con-
tributing to stabilize ligand-receptor interactions. 

In addition to this shift in H12, structural changes 
(such as bending of helix H3) occur. This brings 
H12 into a distinct receptor environment, creat-
ing the surfaces that allow the binding of co- 
activators, thereby triggering AF2 transcriptional 
activity [31, 32]. The stabilization of H12 in this 
active conformation is associated with the forma-
tion of a hydrogen bonds network between the 
agonist and amino acid residues of arm I, which 
show chemical properties conserved among 
PPARs. These residues include Ser280, Tyr314, 
His440 and Tyr464 in PPARα; Thr289, His323, 
His449 and Tyr473  in PPARβ/δ; and Ser289, 
His323, His449 and Tyr473 in PPARγ [29]. The 
hydrogen bonds network formed between 
PPARγ-LBD and rosiglitazone (Rgtz, a synthetic 
PPARγ agonist) is shown in Fig. 3.4a. The polar 
head group of Rgtz forms hydrogen bonds with 
the side chains of PPARǖFE; residues H323 
(2.9°A), H449 (2.7°A) and Y473 (2.6°A) [30]. In 
contrast, when an antagonist binds, H12 under-
goes a distinct shift towards a nonactive confor-
mation that opens up the co-repressor binding 
cleft, inhibiting transcription [21]. Antagonists 
may also stabilize this nonactive conformation 
via hydrogen bonds, as shown for PPARγ-LBD 
and GW9662 (Figs. 3.4b). Structural superposi-
tion of PPARγ-LBD in complex with an agonist 
(Rgtz) and an antagonist (GW9662) showed the 
distinct orientation adopted by helix H12 
(Fig. 3.4c).

X-ray co-crystal structural studies of PPARγ 
suggest that antagonists could use different 
mechanisms to induce this alternative conforma-
tional change in PPAR-LBD. On one hand, simi-
larly to antagonists of other NRs, such as 
oestrogen receptor α and oestrogen receptor β, 
PPARα antagonists protrude out of the space 
between H3 and H11 to sterically clash with 
H12, forcing this helix out of the active position 
(a mechanism called push and tumble) [33–35]. 
On the other hand, some PPARγ antagonists  – 
located between H3 and the β-sheet – pull H12 
into the antagonist conformation. In this case, 
H12 is trapped in this alternative conformation 
(tumble and trap mechanism) [21].
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Fig. 3.4 Helix H12 orientation depends on PPAR-LBD 
interaction with ligands. In the absence of a ligand, 
PPARγ-LBD is found in ensembles of structures in which 
the helix H12 exchanges between several conformations. 
Ligand binding to the LBD induces structural changes 
that stabilize a particular conformation, determining the 
position of H12. The figure illustrates the orientation 
adopted by H12 after PPARγ-LBD binding to (a) the full 
agonist Rgtz (PPARγ-LBD in pink, Rgtz in white) and (b) 
the antagonist GW9662 (PPARγ-LBD in blue, GW9662 in 

yellow). Hydrogen bonds are indicated in yellow. Panel 
(c) corresponds to the structural superposition of PPARγ- 
LBD complexes with Rgtz (coloured in pink) and with 
GW9662 (coloured in blue/aquamarine). PPARγ-LBD 
structures were taken from PDB 4xld (complex with 
Rgtz) and PBD 3b0r (complex with GW9662). In all 
cases, helix H3 was hidden for a better visualization of 
H12. Of note, Rgtz and GW9662 stabilize helix H12  in 
opposite positions, generating different surfaces for inter-
acting with co-regulators
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3.5  PPAR Ligands

PPARs are capable of binding multiple endog-
enous molecules with moderate affinity, being 
more promiscuous than other NRs. This could 
be explained by the fact that ligands occupy a 
 relatively small volume of the ligand-binding 
cavity, and only the binding of their polar head, 
but not of their hydrophobic moieties, is 
restricted within this cavity. The main endoge-
nous molecules with the ability to bind to 
PPARs comprise long-chain FAs (including 
saturated, monounsaturated and polyunsatu-
rated forms), certain nitrated derivatives of FAs 
and some eicosanoids derived from the metabo-
lism of arachidonic acid [36–39]. In addition to 
endogenous molecules, rationally synthesized 
ligands have been developed searching for ther-
apeutic tools.

The efficacy of an agonist refers to its ability 
to activate PPAR, promoting transcriptional 
activity. While the agonist binding is governed by 
its affinity for PPAR, the agonist efficacy depends 
on its ability to stabilize an active receptor con-
formation. This has been mostly analysed for 

PPARγ-LBD, for which full and partial agonists 
have been described [29, 30, 40]. Full agonists 
cause a shift from the inactive to a completely 
active conformation that leads to the maximum 
recruitment of co-activators and transcriptional 
activity. Instead, partial agonists induce LBD 
conformational changes that lead to a limited 
recruitment of co-activators and attenuated tran-
scriptional activity. In consequence, they showed 
intermediate levels of efficacy; despite the occu-
pancy of all receptors, the response is submaxi-
mal. Structural analysis of PPARγ-LBD in 
complex with full and partial agonists has 
revealed clear differences in the stabilization of 
H12. Partial agonists are mostly unable of gener-
ating a hydrogen bond network with amino acid 
residues of the arm I, as illustrated for the partial 
agonist INT131 (Fig. 3.5a). Structural superposi-
tion analysis reveals a displacement of helix 
H12 in the PPARγ-LBD complexed with INT131, 
with respect to its position in the active confor-
mation induced by Rgtz (Fig. 3.5b). This likely 
impedes the formation of the hydrogen bonds 
network and the stabilization of an active PPARγ- 
LBD conformer.

Fig. 3.5 Comparison of the structure of PPARγ-LBD in 
complex with partial and full agonists. (a) Structure of 
PPARγ-LBD in complex with the partial agonist INT131 
(PDB 3fur, [93]). (b) Structural superposition of PPARγ- 
LBD in complex with INT131 (coloured in green, PDB 
3fur) and PPARγ-LBD in complex with Rgtz (coloured 

in pink, PDB 4xld) showing a difference in the position 
of Tyr 473 between these complexes. Rgtz is shown in 
white and INT131  in red. Helix H12 and Tyr473 are 
indicated. Helix H3 was hidden for improving the visu-
alization of H12
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PPAR ligands exhibit a wide range of binding 
affinities and transactivation activities, from 
micromolar to nanomolar. Table 3.1 shows values 
for PPARγ ligands. In transactivation assays, 
cells are firstly transfected with a PPAR full- 
length expression plasmid and a plasmid contain-
ing a reporter gene under the control of tandem 
PPREs and then treated with increasing ligand 
concentrations to measure transcriptional activ-
ity. Alternatively, assays have employed expres-
sion plasmids for the PPAR-LBD fused to the 
Gal4 DNA-binding domain and for the reporter 
gene under regulation by Gal4 DNA-binding ele-
ments. These assays yield an EC50 index, which 

corresponds to the ligand concentration able to 
induce 50% of maximal activation. The relative 
affinities of endogenous ligands turn question-
able their capacity to activate PPARs under phys-
iological conditions, because they should reach 
high levels in target tissues (i.e. liver, muscle, 
adipose). Therefore, the transactivation capaci-
ties of endogenous molecules do not guarantee 
their condition as physiological ligands. In fact, 
we still without certainly knowing the nature of 
physiological PPAR ligands.

Thiazolidinediones (TZD), including Rgtz, 
are PPARγ full agonists with antidiabetic poten-
tial. However, their use has been limited because 

Table 3.1 Endogenous and synthetic PPARγ ligands

Binding affinity Kd/Ki/ IC50

Transactivation activity 
EC50 Structural data (PDB)

Endogenous Ligands
Linoleic acid Ki > 1 μM [39] 871 nM [73]

Ki 4.9–21 μM [85]
Arachidonic acid IC50 2–20 μM [86]

γ-Linolenic acid Ki = 2.28 μM [87]
Oleic acid 1.9 μM [73]
Nitrolinoleic acid Ki = 133 nM [39] 36 nM [73] 3CWD
Nitrooleic acid 13 nM [73]
15d-PGJ2 Ki 2.5–13 μM [85, 89] 2 μM [88] 2ZK1

9(S)-HODE Ki 10–20 μM [89] ~30 μM [89] 2VSR

13(S)-HODE Ki 10–20 μM [89] ~45 μM [89] 2VST

Docosahexaenoic acid Ki = 2.93 μM [87] 2VV0

cis-parinaric acid Kd = 600 nM [87]
Lysophosphatidic acid ~1 μM [90]
Synthetic Ligands
Agonists
Thiazolidinediones Kd Rgtz = 40 nM [91] 30–100 nM [91] Rgtz: 5JI0, 4XLD, 

4EMA. Pgtz: 5Y2O, 
2XKW

Ki Rgtz = 53 nM [39]
GW1929 Ki = 1.4 nM [92] 10 nM [92]
GW2331 300 nM [86] 1Y0S
INT131 4 nM [93] 3FUR
RWJ-348260 189 nM [94]
YM440 Ki = 4 μM [95] 31–110 μM [95]
Antagonists
GW9662 IC50 = 3.3 nM [96] 3B0R
N-sulfonyl-2-indole 
carboxamides

IC50 = 3 nM [97] 2HFP

Kd corresponds to the dissociation constant
Ki = IC50/(1 + [L]/Kd), where IC50 is the concentration of test compound required to inhibit 50% of the specific binding 
of the radiolabelled ligand, and [L] and Kd are the concentration and dissociation constant of the radiolabelled ligand, 
respectively
EC50, is the concentration of test compound required to induce 50% of the maximum transactivation activity
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of adverse side effects (mainly hepatotoxicity 
and body weight gain). Interestingly, all endoge-
nous ligands have shown lower PPARγ transacti-
vation activity than TZD (Table 3.1). Thus, these 
synthetic ligands might induce a nonphysiologi-
cal level of PPARγ activation, leading to dysreg-
ulation of signalling pathways. Development of 
synthetic partial agonists has been encouraged as 
they might reproduce physiological regulatory 
circuits, avoiding undesirable side effects.

3.6  PPARs Regulatory Actions 
on Metabolism

It has been largely accepted that PPARs regulate 
a wide variety of cell functions by exerting a tight 
control on genes involved in cell differentiation, 
tissue development, bioenergetics and inflamma-
tion (reviewed by [41–43]). The diversity of 
mechanisms under PPARs regulation is likely 
consequence of their wide distribution in tissues 
and ability to accommodate a collection of 
ligands within their huge ligand-binding pocket. 
Furthermore, PPARs ability to interact with mul-
tiple co-activators/co-repressors in distinct tis-
sues may contribute to their wide spectrum of 
regulatory actions. Despite the tissue distribution 
and binding properties of PPAR subtypes par-
tially overlap, each subtype has particular actions. 
The main PPAR regulatory actions on metabo-
lism are reviewed below and summarized in 
Table 3.2.

3.6.1  PPARα

PPARα is highly expressed in tissues with high 
rates of FA oxidation such as the liver, heart, 
skeletal muscle, brown and white adipose tissue 
and kidney. Additionally, cells associated with 
inflammatory reactions (including vascular endo-
thelium and smooth muscle cells) were found to 
express this receptor. PPARα ligands are mostly 
FA and their derivatives formed during lipolysis, 
lipogenesis or catabolism. They include long- 
chain polyunsaturated FA (PUFA), such as 
 arachidonic, linoleic, docosahexaenoic and 
eicosapentaenoic acids, endocannabinoid-like 

molecules (oleoylethanolamide and palmitoyle-
thanolamide), arachidonic acid derivatives 
(20-carboxy-arachidonic acid and leukotriene 
B4) and phosphatidylcholines [42, 44–47]. 
Dietary lipids can also regulate PPARα activity 
as evidenced by the increased expression of 
PPARα target genes in the liver upon feeding 
with a high-fat diet (reviewed by [42]).

PPARα actions are best characterized in the 
liver, where it regulates different pathways of 
lipid metabolism, including de novo lipogenesis, 
to adapt the organism to fasting or feeding condi-
tions [42, 48]. During fasting, PPARα activation 
in the liver upregulates the expression of genes 
linked to FA uptake (FATP-1 and CD36), intra-
cellular transport (L-FABP), mitochondrial trans-
location (carnitine palmitoyl transferases) and 
peroxisomal and mitochondrial β-oxidation 
(acyl-CoA oxidase-1, and medium, long and very 
long acyl-CoA dehydrogenases). This enhances 
hepatic uptake of FA (derived from peripheral tis-
sue lipolysis) and the production of acetyl-CoA 
and ATP from FA β-oxidation. Upon prolonged 
fasting, PPARα activation facilitates the forma-
tion of ketone bodies through upregulation of key 
components of the ketogenic pathway, the mito-
chondrial HMGCS (the rate-limiting enzyme) 
and FGF21 [49]. Since PPARα activation pro-
motes ATP production via FA β-oxidation, it 
indirectly modulates glucose and energy homeo-
stasis. In mice, PPARα activation can also inhibit 
glycolysis and promotes gluconeogenesis [50]. 
In contrast, during the fed state, PPARα coordi-
nates de novo lipogenic pathways in the liver, 
favouring acetyl-CoA conversion into triacylg-
lycerides (TAGs), which are stored to be used in 
periods of starvation. This effect is mediated by 
the upregulation of proteins involved in acetyl- 
CoA shuttled to the cytosol (citrate carrier) and 
by increasing the maturation of the lipogenic fac-
tor SREBP1c from its precursor. In addition, in 
human hepatocytes, PPARα controls lipoprotein 
metabolism, increasing HDL production and 
decreasing plasma VLDL [51]. The rise in 
HDL-C production is associated with an increase 
in the synthesis of the major HDL-C apolipopro-
teins (APO-AI and APO-AII), and the induction 
of the phospholipid transfer protein (reviewed by 
[42, 48]). On the other hand, PPARα activation 
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leads to a reduction in plasma VLDL by increas-
ing lipoprotein lipase activity (LPL), enzyme that 
hydrolyses lipoprotein TAGs; this effect is medi-
ated by upregulation of LPL and downregulation 
of APO-CIII, a specific LPL inhibitor.

Fibrates, high-affinity PPARα agonists, have 
been therapeutically used for decades and con-
sidered relatively safe drugs although they cause 
mild side effects (most common being gastroin-
testinal disturbances, a rise in transaminase, cre-
atinine and homocysteine and myositis). They 
are well-established effective drugs for control-
ling dyslipidaemia, particularly when TAG-rich 
lipoproteins (mainly VLDL) are highly increased 
and HDL-C decreased, but their potential to pre-

vent cardiovascular diseases is still uncertain and 
requires further studies [52–55].

3.6.2  PPARβ/δ

PPARβ/δ is the least understood of the three 
PPAR subtypes. It is ubiquitously expressed in 
tissues, with a relatively high level of expression 
in those tissues associated with FA metabolism, 
such as skeletal and cardiac muscle, hepatocytes 
and adipocytes. The nature of true physiological 
PPAR ligands is still uncertain, but several endog-
enous molecules are potentially capable of acting 
as ligands. They include PUFAs and eicosanoid 

Table 3.2 Main PPAR regulatory actions on metabolism

Liver Skeletal muscle Cardiac muscle White adipose tissue

PPARα Fasting state
↑ FA uptake
↑ FA mitochondrial 
transport
↑ FA oxidation
↑ Ketogenesis
↓ TAGs synthesis

↑ FA uptake
↑ FA oxidation
↑ TAG lipolysis
↑ Glucose 
utilization

↑ FA uptake
↑ FA oxidation
↑ TAG lipolysis

↑ FA oxidation
↑ TAGs synthesis 
during fed state

Fed state
↑ Acetyl-CoA shuttled 
to the cytosol
↑ De novo lipogenesis
↑ HDL production
↓ VLDL production

PPARβ/δ ↑ PPARβ/δ in 
starvation
↑ FA transport
↑ FA oxidation
↓ Glucose 
utilization
Switch metabolic 
from glucose to FA 
utilization

↑ FA oxidation
↓ Lipid accumulation
↑ Glucose transporter
↑ Glycolytic pathway
↑ Mitochondrial biogenesis

↑ FA uptake
↑ FA oxidation

PPARγ ↑ Insulin sensitivity ↑ Insulin 
sensitivity

↑ Adipogenesis
↑ Adipocyte survival
↑ FA uptake
↑ FA storage
↑ Adipokine secretion
↑ Insulin sensitivity
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metabolites (i.e. prostacyclin, 8(S) hydroxyeico-
satetraenoic acid [8(S)-HETE] and 
15- hydroxyeicosatetraenoic acid (15-HETE)) 
[38, 56, 57]. Various synthetic, high-affinity and 
specific agonists have been developed and used 
to elucidate PPARβ/δ functions (GW501516, 
L-165041, and carbacyclin, among others) 
[58–60].

Among others, PPARβ/δ major roles include 
the control of lipid metabolism and energy expen-
diture in cardiac as well as skeletal muscle. The 
heart is an energy-demanding organ with an 
active oxidative metabolism. The role played by 
PPARβ/δ in cardiomyocytes is evidenced in 
PPARβ/δ-null mice, which shows a significant 
decrease in myocardial FA and glucose oxidation 
that lead to myocardial dysfunction [61, 62]. 
These alterations correlate with a lower constitu-
tive expression of genes involved in key steps of 
FA oxidation (mitochondrial FA uptake, malonyl- 
CoA metabolism, mitochondrial and peroxisomal 
β-oxidation) and glucose oxidation in PPARβ/δ- -
null cardiomyocytes. Of note, PPARα or PPARβ/δ 
activate different metabolic programmes in the 
heart [63]. Both receptors mediate responses that 
enhance FA β-oxidation, but activation of 
PPARβ/δ did not lead to lipid accumulation. In 
fact, genes involved in FA uptake (CD36, FATP- 
1), TAGs synthesis and lipogenic pathways are 
not target of PPARβ/δ. On the other hand, activa-
tion of PPARβ/δ, but not PPARα, induces upreg-
ulation of glucose transporter and glycolytic 
pathway genes, which improve myocardial glu-
cose uptake and utilization rates. It is worth to 
mention that PPARβ/δ would also play a role in 
regulating cardiac expression of antioxidants 
enzymes (Cu/Zn-superoxide dismutase, 
Mn-superoxide dismutase and catalase), contrib-
uting to protect the heart from oxidative damage 
due to enhanced FA oxidation [64]. In parallel to 
these metabolic responses, in the adult heart, 
PPARβ/δ activation promotes mitochondrial bio-
genesis [64]. Overall, PPARβ/δ acts as a key 
regulatory factor controlling myocardial energy 
metabolism.

PPARβ/δ signalling activates different meta-
bolic programmes in cardiomyocytes and skele-
tal muscle cells. Indeed, synthetic PPARβ/δ 

agonists drive a switch in the fuel metabolism of 
skeletal muscle cells, enhancing FA oxidation 
and decreasing carbohydrate catabolism. The 
increase in FA oxidation is evidenced by upregu-
lation of muscle carnitine palmitoyl transferase 
Ib, uncoupling protein 3 and cytochrome c, and 
correlates with higher levels of serum 3-hydroxy- 
hexadecanoic acid (an earlier intermediate of the 
FA oxidation pathway) [65]. On the other hand, 
the switch in the metabolic substrate usage, from 
glucose to FA utilization, correlates with upregu-
lation of forkhead box O1 (FOXO1) expression. 
Indeed, FoxO1 promotes upregulation of CD36 
and LPL [66], which would contribute to cellular 
FA acquisition through lipoprotein internaliza-
tion and lipolysis, respectively. Moreover, 
FoxO1 upregulates PDK4 [66], an enzyme 
involved in controlling glucose oxidation by 
inactivating the pyruvate dehydrogenase com-
plex. Finally, PPARβ/δ activation in the skeletal 
muscle favours fibre-type switching towards 
type I oxidative fibres, which have a higher glu-
cose-handling capacity compared with type II 
fibres (reviewed by [42]). Therefore, PPARβ/δ 
actions in skeletal muscle promote FA utilization 
and spare glucose for tissues that are more 
dependent on it.

PPARβ/δ activity has shown efficacy for the 
treatment of metabolic disorders in preclinical 
studies and in a few clinical trials (i.e. dyslipi-
daemia and type 2 diabetes mellitus). However, 
safety issues have limited the development of 
drugs targeting this receptor [67]. Meta-analysis 
of datasets from various human cancer subtypes 
has revealed a negative correlation between 
PPARβ/δ expression and survival, the latter 
measured as either overall or relapse-free sur-
vival [68]. However, survival association studies 
cannot rule out that PPARβ/δ expression would 
be a consequence rather than the causative fac-
tor of developing cancer. Furthermore, PPARβ/δ 
has been described either as a tumour-promot-
ing or tumour-inhibiting factor [68, 69]. 
Therefore, the involvement of PPARβ/δ in can-
cer-associated processes is currently uncertain. 
Further studies are needed to determine the 
therapeutically efficacy and safety of drugs tar-
geting PPARβ/δ.

3 Understanding Peroxisome Proliferator-Activated Receptors: From the Structure to the Regulatory…



52

3.6.3  PPARγ

PPARγ is known to exist in two functional iso-
forms, named PPARγ1 and PPARγ2; they are 
generated by alternative splicing, and differential 
promoter usage [2]. PPARγ2 has an additional 
stretch of 30 amino acids at its N-terminus, 
resulting in a higher transcriptional activity than 
PPARγ1 [70]. PPARγ isoforms exhibit distinct 
expression pattern [71, 72]. PPARγ1 is highly 
expressed in adipose tissue, but it is also found in 
significant, but lower, levels in various tissues 
including the liver, muscles, pancreas, small 
intestine and haematopoietic cells. PPARγ2 
expression is restricted to white and brown 
 adipose tissue under physiological conditions. 
The expression of both isoforms is highly regu-
lated by the diet, being strongly reduced in adi-
pose tissue during fasting. Diverse PUFA and 
some electrophilic compounds, including metab-
olites of arachidonic acid (i.e. 15d-PGJ2), behave 
as partial PPARγ ligands, but it is uncertain 
whether they represent genuine endogenous 
ligands since their physiological concentrations 
seem to be much lower than those required for 
receptor activation. Nitroalkene derivatives of 
mono- and polyunsaturated FA are putative phys-
iological PPARγ ligands; they exhibit transacti-
vation activity in the submicromolar range 
(Table  3.1) and might reach this concentration 
locally during inflammation [73, 74].

PPARγ plays a central role in lipid metabo-
lism and insulin sensitivity through regulating 
genes involved in lipid uptake, synthesis and 
storage in peripheral tissues (mainly skeletal 
muscle, liver, and adipose tissue). Furthermore, 
both PPARγ isoforms, γ1 and γ2, are required for 
adipocyte differentiation, although PPARγ2 
expression would be sufficient to induce adipo-
genesis. Certainly, ectopic PPARγ2 expression in 
fibroblasts promotes adipogenesis [75]. 
Moreover, a significant decrease in the size and 
number of adipocytes was observed in PPARγ2−/− 
mice, contributing to lipodystrophy [76]. This 
alteration correlates with a reduced expression of 
lipogenic genes, including phosphoenolpyruvate 
carboxykinase, adipsin, LPL and the transcrip-
tion factor C/EBPα (CCAAT/enhancer-binding 

protein α); the latter collaborates with PPARγ in 
activating the full programme of adipogenesis 
and insulin sensitivity. Consistent with observa-
tions in mouse models, humans with dominant- 
negative mutations in a single allele of PPARG 
have partial lipodystrophy [77, 78].

PPARγ stimulation of adipogenesis contrib-
utes to control levels of circulating FA, protecting 
non-adipose tissues against excessive lipid over-
load and avoiding lipotoxic effects in peripheral 
organs, which correlate with insulin resistance 
[79]. In fact, mice with increased PPARγ activity 
are protected from obesity-induced insulin resis-
tance, whereas mice lacking PPARγ specifically 
in fat, muscle, or the liver develop hyperlipidae-
mia and hyperglycaemia (reviewed by [79]). 
However, selective activation of PPARγ in mature 
adipocytes, but not in preadipocytes, was suffi-
cient for improving insulin sensitization, sug-
gesting the occurrence of PPARγ protective 
effects independent on adipogenesis [80]. Various 
mechanisms are likely involved in these effects. 
Firstly, PPARγ2−/− mice showed lower levels of 
circulating leptin and adiponectin levels, two 
hormones that ameliorate insulin sensitivity in 
peripheral tissues [76, 81, 82]. Thus, PPARγ acti-
vation in adipocytes may guarantee a balanced 
and adequate secretion of adipokines, maintain-
ing insulin sensitivity of the whole body. On the 
other hand, PPARγ likely exert a direct control of 
glucose homeostasis and insulin sensitivity. In 
peripheral tissues such as the skeletal muscle, 
PPARγ activation upregulates the expression of 
proteins involved in glucose transport (Glut4 and 
c-Cbl-associated protein) and insulin response 
(insulin receptor substrate 1 and 2, phosphati-
dylinositol 3-kinase) [76, 79]. In pancreatic 
β-cells, PPARγ activation induces upregulation 
of key genes involved in glucose-stimulated insu-
lin secretion; nevertheless, the contribution of 
PPARγ activation in the pancreas to insulin sensi-
tization by TZD remains to be determined [79]. 
Of note, tissue-specific knockout models are 
essential to elucidate the relative involvement of 
PPARγ to insulin sensitization in different tis-
sues. Using this kind of mouse models, skeletal 
muscle and liver showed to play a role in the 
insulin sensitization induced by TZD, despite the 
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relatively low expression of PPARγ in these tis-
sues (reviewed by [79]). Finally, macrophages 
are also relevant targets of PPARγ agonists; they 
are recruited to adipose tissue, and their inflam-
matory potential can be modulated by PPARγ 
activation. However, the contribution of macro-
phage selective-PPARγ activation to control 
insulin resistance remains unclear since contro-
versial results have been obtained from in  vivo 
studies [80, 83, 84].

TZDs, such as rosiglitazone and pioglitazone, 
are very efficacious as insulin sensitizers and 
have been widely used for the treatment of type 2 
diabetes mellitus (often as a second-line oral 
drug in combination with the metformin) [79]. 
They are also efficient drugs for treating hyper-
lipidaemia, reducing circulating 
FA.  Unfortunately, TZDs have shown undesir-
able side effects in human, including weight gain, 
fluid retention, cardiovascular complications, 
bone fractures, bladder cancer, and hepatotoxic-
ity, which have restricted their clinical use. It has 
been postulated that PPARγ over activation 
(inducing excessive fat storage in adipose tissue) 
or PPARγ unwanted activation in other tissues 
might be responsible for side effects. The molec-
ular basis of PPARγ activation offers the opportu-
nity to design novel agonists, capable of driving a 
partial activation of this receptor. Desirable ago-
nists would induce a differential regulation of 
PPARγ target genes, leading to the beneficial 
effects on glucose and lipid homeostasis, but 
avoiding adverse side effects.
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Abstract
Inhibition of xanthine oxidoreductase (XOR) 
has proven beneficial in a plethora of inflam-
matory disease processes due to a net reduc-
tion in pro-inflammatory oxidants and 
secondary nitrating species. Electrophilic 
nitrated fatty acid derivatives, such as nitro- 
oleic acid (OA-NO2) are also noted to display 
a broad spectrum of anti-inflammatory effects 
via interaction with critical signaling path-
ways. An alternative process in which nitrated 
fatty acids may extend anti-inflammatory 
actions is via inactivation of XOR, a process 
that is more effective than allo/oxypurinol- 
mediated inhibition. Herein, we describe the 
molecular aspects of nitrated fatty acid- 
associated inactivation of XOR, identify spec-
ificity via structure function relationships and 
discuss XOR as a crucial component of the 
anti-inflammatory portfolio of nitrated fatty 
acids.

Keywords
Xanthine oxidoreductase · Nitro-fatty acids · 
Reactive oxygen species · Allopurinol

4.1  Xanthine Oxidoreductase 
(XOR)

Xanthine oxidoreductase is a complex molybdo-
flavin protein that catalyzes the terminal two 
steps in purine degradation in primates; oxidation 
of hypoxanthine to xanthine and oxidation of 
xanthine to uric acid. The human XOR gene 
(xdh) resides on chromosome band 2p23.1 and is 
transcribed as xanthine dehydrogenase (XDH). 
The enzyme is a homodimer of ~295  kD with 
each subunit consisting of four redox centers: a 
molybdenum cofactor (Mo-co), one FAD and 
two Fe/S clusters. The Mo-co is comprised of a 
pterin derivative with a cyclized dithiolene side 
chain and one Mo atom pentacoordinated with 
the dithiolene, two oxygen atoms and a sulfur 
atom. The Mo-co is the site of purine oxidation 
whereas NAD+ and O2 reduction occur at the 
FAD, Fig. 4.1. The two Fe/S clusters serve as a 
conduit for electron flow between the Mo-co and 
the FAD. These Fe/S clusters are both of the fer-
redoxin type, but are not identical and thus are 
independently distinguishable by their electron 
paramagnetic resonance spectra [1–4].

Post-translation modification of XDH via lim-
ited proteolysis or oxidation of critical cysteine 
residues, results in conformational changes that 
confer alteration of the electrostatic and sterio-
chemical environment in the vicinity of the FAD 
cofactor ultimately establishing oxidase capacity 
[1, 5]. When induced by cysteine oxidation, 
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 conversion from XDH to XO is reversible upon 
endogenous reduction of these residues or by in 
vitro application of reducing agents such as 
dithiothreitol (DTT), Fig. 4.1. However, conver-
sion to XO by partial proteolysis of XDH is irre-
versible [1]. While the post-translational 
modification resulting in XO activity has become 
synonymous with the conversion from a house-
keeping enzyme to a source of deleterious reac-
tive oxygen species (ROS), it is important to 
recognize that XDH can also reduce O2 and thus 
generate ROS [6]. Although NAD+ is the pre-
ferred electron acceptor for XDH, in vivo condi-
tions where the concentration of NAD+ 
concentration is decreased can result in utiliza-
tion of O2 as an electron acceptor. Such condi-
tions include ischemia/hypoxia where 
O2-dependent alterations in cellular respiration 
lead to decreased mitochondrial NADH oxida-
tion and concomitant diminution of NAD+ con-
centration [7]. Therefore, exclusively associating 
XO with oxidant generation while referring to 
XDH as a housekeeping enzyme is ill-advised; 
especially under conditions as described above 
where up-regulation of intracellular XDH, in the 

absence of post-translational modification to XO, 
may lead to unwanted amplification in intracel-
lular oxidative stress. This is important as a pleth-
ora of reports over the past 35  years have 
demonstrated involvement of XOR-derived oxi-
dants in the pathology of an array of inflamma-
tory disease processes including heart failure, 
chronic obstructive pulmonary disease (COPD), 
pulmonary hypertension, sickle cell disease and 
diabetes [8–14].

It is unfortunate that XO is mainly referred to 
as a source of O2

•− with rare mention of 
XO-catalyzed H2O2 production. It is often 
assumed that H2O2 formation results either from 
reaction of XO-derived O2

•− with superoxide dis-
mutase (SOD) (2O2

•− →  H2O2) or spontaneous 
dismutation of O2

•−. This assumption leads to a 
significant misrepresentation of XO-derived oxi-
dant identity. For example, studies conducted 
decades ago revealed that 100% O2 and pH 10 are 
requisite for 100% O2

•− production from XO; a 
setting completely incompatible with cell physi-
ology [15]. This same study revealed that under 
more physiologically-relevant conditions (21% 
O2 and pH  7.0) XO generates ~25% O2

•− and 

Fig. 4.1 Xanthine Oxidoreductase (XOR). For xan-
thine dehydrogenase (XDH), hypoxanthine is oxidized to 
xanthine and xanthine is oxidized to uric acid at the 
Mo-co. Electrons derived from the purine oxidation at the 
Mo-co are transferred via 2 Fe/S centers to the FAD where 
NAD+ is reduced to NADH.  Upon oxidation of critical 

cysteine residues (reversible) and/or limited proteolysis 
(irreversible), XDH is converted to xanthine oxidase 
(XO). For XO, hypoxanthine and xanthine are oxidized to 
uric acid at the Mo-co and electrons are transferred to the 
FAD where O2 is reduced to generate O2

•− and H2O2
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~75% H2O2 [15]. Evaluation of the relative pro-
portion of H2O2 versus O2

•− produced by XO 
under various O2 tensions (1–21%) at normal pH 
revealed XO-catalyzed H2O2 approaches 90–95% 
of total electron flux though the enzyme under 
clinically-relevant hypoxic conditions (1–2% O2) 
[16]. It was noted that the focal point for transi-
tion towards enhanced H2O2 formation was ~2% 
O2 or ~26 μM saturated O2; a value similar to the 
Km O2 of ~27 μM at the FAD of XO [15, 17, 18] 
and this proclivity for XO-catalyzed H2O2 forma-
tion is further amplified by acidic pH. Therefore, 
under ischemia/hypoxia, where both O2 tension 
and pH are reduced, H2O2 formation is favored 
suggesting that XO activity may significantly 
affect numerous signaling events where H2O2 is 
reported to be contributory [19, 20].

Up-regulation of cellular XDH can result in 
release to the circulation where it is rapidly 
(<1  min) converted to XO.  While having a net 
negative charge at physiological pH, XO contains 
pockets of cationic amino acid motifs on the sur-
face of the protein result in its high affinity 
(Kd = 6 nM) for negatively charged GAGs com-
prising the glycocaylx of vascular endothelium 
[21–25]. Evidence of the presence of GAG- 
associated XO is provided by both animal models 
and clinical studies of cardiovascular disease 
whereby intravenous administration of heparin 
results elevation of plasma XO activity [21, 26, 
27]. This sequestration of proteins by GAGs (1) 
substantially amplifies local concentration, (2) 
diminishes rotational and translational mobility 
and (3) alters kinetic properties. For example, 
when compared to XO in free in solution, GAG- 
immobilized XO demonstrates an increased Km 
for xanthine (6.5 vs. 21.2  μM) and a fivefold 
increase Ki for allo/oxypurinol; a consequence 
with significant implications for pharmacological 
intervention [24]. Similar alterations in XO kinet-
ics were observed when XO was bound to the 
milk fat globule membrane where immobiliza-
tion of the enzyme in this setting induced a two-
fold increase in the Km for xanthine while 
enhancing affinity for NADH by increasing the 
Km threefold at the FAD [28]. In addition to 
affecting kinetic properties at the Mo-co, binding 
of XO to GAGs confers alterations to the FAD 

resulting in reduction of O2
•− production and thus 

elevation of H2O2 formation [24]. Combined, 
XO-GAG interaction results in: (1) diminished 
affinity for hypoxanthine/xanthine, (2) resistance 
to inhibition by the pyrazalopyrimidine-based 
inhibitors allo/oxypurinol and (3) diminished 
O2

•− production and thus enhanced H2O2 genera-
tion. This vascular milieu where XO is seques-
tered on the surface of the endothelium is primed 
for prolonged enhancement of oxidant formation 
that is partially resistant to inhibition by the most 
commonly prescribed clinical agents.

4.2  Shortcomings Associated 
with Allo/Oxypurinol 
Inhibition of XOR

The overwhelming majority of studies address-
ing XOR-related enzymology and pathobiology 
have utilized the pyrazaloprymidine-based inhib-
itor allopurinol. Allopurinol (1H-pyrazolo[3,4-d]
pyrimidin-4(2H)-one) was approved by the FDA 
for treatment of gout in 1966 and remains the 
anchor therapy for hyperuricemia [29]. While 
inhibition of XO-derived uric acid formation to 
address symptoms of gout has been accomplished 
successfully for over 50 years by clinical admin-
istration of allopurinol, only partial reduction of 
symptoms and restoration of function has been 
observed when applied to address vascular 
inflammatory disease. This phenomenon may be 
explained by examination of allopurinol reaction 
with the Mo-cofactor of XO.  Allopurinol is a 
classic “suicide inhibitor” as its binding to and 
reduction of the Mo-cofactor induces self- 
oxidation to form the active, tight-binding com-
petitive inhibitor, oxypurinol 
(1,2-dihydropyrazolo[4,3-e]pyrimidine-4,6- 
dione) [30], Fig.  4.2. Reduction of the 
Mo-cofactor by allopurinol ultimately leads to 
electron transfer to the FAD resulting in reduc-
tion of O2 [31, 32]. It is equally important to note 
that oxypurinol binding and resultant inhibition 
requires the Mo-cofactor to be reduced [31, 32]. 
This is accomplished by initial reaction of allo-
purinol or, in the case of treatment with pure oxy-
purinol, XO substrates such as xanthine must 
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provide these initial electrons. In either case, both 
allopurinol and/or oxypurinol require enzyme 
turn-over resulting in ROS formation before inhi-
bition is attained. This undesirable action of allo/
oxypurinol combined with the reduced capacity 
to inhibit endothelial GAG-associated XO and 
propensity to affect alternative purine catabolic 
pathways [33] may lead to significant misinter-
pretation of ROS-driven vascular pathology 
where XO is contributory. These limitations 
affirm the need for alternative inhibitors with 
superior specificity, reactivity in the absence of 
enzyme turn-over and resistance to GAG- 
immobilization alterations in kinetics. While 
some progress has been made with the FDA 
approval of febuxostat (Uloric®), an XOR- 
specific inhibitor that is more potent that allopu-
rinol [32], there remains much room for 
alternative approaches to address XOR as a target 
for a variety of inflammatory disease processes.

4.3  Nitrated Fatty Acids

Nitration of unsaturated fatty acids represents the 
convergence of lipid-mediated, NO and ROS sig-
naling. Our current understanding suggests that 
oxidative inflammatory conditions that include 
the generation of ●NO-derived species as well as 

dietary conditions where low pH and nitrite are 
present induce the nitration of unsaturated fatty 
acids [34]. Two fatty acid nitroalkene derivatives, 
nitro-oleic acid (OA-NO2; 9- or 10-nitro-9-cis-
octadecenoic acids) and nitrolinoleic acid (LNO2; 
9-, 10-, 12-, or 13-nitro-octadecadienoic acids) 
have been reported to assume broad-spectrum 
anti-inflammatory signaling characteristics. For 
example, these nitrated fatty acids activate peroxi-
some proliferator-activated receptor-γ, inhibit 
inflammatory cytokine secretion from macro-
phages, activate stress signaling, impede platelet 
activation, and diminish obesity-associated meta-
bolic and pulmonary dysfunction [35–40]. A key 
mechanism driving nitroalkene-mediated signal-
ing is post-translational modification of proteins 
[41]. The alkenyl nitro configuration imparts elec-
trophilic reactivity on the β-carbon adjacent to the 
nitro-bonded carbon, facilitating Michael addition 
reactions with nucleophiles such as cysteine and 
histidine residues of proteins [41]. For example, 
reaction of OA-NO2 with the catalytic Cys-149 of 
glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) results in inhibition of enzymatic activ-
ity [41]. In this same vein, inhibitors and electro-
philic substrates of XOR react at the molybdenum 
cofactor while long-chain alkene modifications 
augment the effectiveness of XOR inhibitors [42, 
43]. This being the case, it was logical to assume 

Fig. 4.2 Inhibition of XOR by Allopurinol. 
Allopurinol is oxidized at the Mo-co to oxypurinol. 
Oxypurinol binds tightly only to the reduced Mo-co (IV) 
and competitively prevents hypoxanthine oxidation to 

xanthine and ultimately oxidation of xanthine to uric 
acid. However, this process induces enzyme turn-over 
and unwanted ROS generation
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nitrated fatty acids may also exert some degree of 
their anti-inflammatory influence via inhibition of 
XOR-derived oxidants.

4.4  OA-NO2 and LNO2 Inactivate 
XOR

Both nitro-oleic acid (OA-NO2) and nitrolinoleic 
acid (LNO2) are effective inhibitors of 
XO-catalyzed uric acid formation and O2

•− gen-
eration with OA-NO2 demonstrating slightly 
greater potency [44]. For example, the IC50 for 
OA-NO2 inhibition of uric acid formation is 
0.6 μM compared to 2.4 μM for allopurinol. This 
same superiority (fourfold) in potency is also 
realized for O2

•− generation. This action of 
OA-NO2 is realized under physiologic pH and is 
independent of enzyme turnover. In addition, 
structure-function studies demonstrate inhibitory 
effects on XOR are dependent specifically on the 
nitro group assuming the 9 or 10 position of the 
fatty acid chain. Furthermore, biochemical analy-
sis whereby alternative electron acceptors were 
employed to identify the cofactor affected by 
OA-NO2 reaction and revealed the Mo-co as the 
responsive domain. For example, oxygen con-
sumption and spectrophotometric studies revealed 
OA-NO2-exposed XOR maintains functional 
Fe/S centers as well as an operative FAD site 
whereas uric acid and O2

•− generation are inhib-
ited. While the exact site of OA-NO2 reaction 

with XOR is yet to be determined, it is assumed 
that this reaction directly or indirectly affects the 
Mo-co. In fact, detailed kinetic analysis revealed 
that the inhibition of XOR by OA-NO2 was actu-
ally an inactivation process which was apparent 
by incapacity to reactivate the enzyme.

4.5  XOR-Endothelium 
Interaction Does not Affect 
Inactivation by OA-NO2

As mentioned above, XOR bound and immobi-
lized on endothelial GAGs is resistant to inhibi-
tion by allo/oxypurinol at concentrations well 
above those achieved clinically. As such, alterna-
tive approaches for XOR inhibition that remain 
unaffected by XOR-GAG interaction would 
greatly elevate effectiveness towards reducing 
XOR-derived ROS formation and thus provide 
better tools for evaluating contributory roles for 
XOR in a vast array of disease processes. To this 
end, it has been observed that the inactivation 
capacity of OA-NO2 for XOR is not affected by 
XOR binding to either heparin-Sepharose beads 
or bovine aortic endothelial cells (BAEC) [44]. 
This effect is portrayed in cartoon format in 
Fig. 4.3. While clinically-achievable concentra-
tions of allo/oxypurinol have been successful in 
reducing uric acid levels enough to alleviate the 
symptoms of gout, they: (1) do not diminish 
XO-derived ROS generation below 50% and (2) 

Fig. 4.3 Inhibition of Endothelial-Bound XOR by 
OA-NO2 is Superior to Allopurinol. OA-NO2 demon-
strates near complete inhibition of XOR at single digit μM 
levels (a) whereas allopurinol fails to inhibit over 50% at 

concentrations (400 μM) above those attained clinically 
(b). The size of the font is representative of the amount of 
product formation while the white-out color of the Mo-co 
is representative of inhibition
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generate unwanted ROS by inducing enzyme 
turnover during the inhibition process. These 
shortcomings may have resulted in a significant 
underestimation of contributory roles for XOR in 
inflammatory disease processes, especially vas-
cular dysfunction, by failing to demonstrate ben-
efit. It is in the vascular microenvironment that 
elevation of XOR activity may contribute criti-
cally to loss of homeostasis and supported organ 
dysfunction. It is the identification of novel and 
potent XOR inhibitors such as OA-NO2 that will 
serve to push the field forward by more success-
fully ablating XOR-derived oxidant generation.

While nitrated fatty acids have demonstrated a 
variety of pathway-specific effects on inflamma-
tory disease, a commonly overlooked aspect of 
their benefit has been the capacity of OA-NO2 
and potentially other derivatives to inactivate 
XOR. Since XOR is a critical source of oxidant 
generation and elevation in oxidant production is 
inextricably linked to inflammation, then it is 
logical to assume that, at least to some degree, 
salutary outcomes associated with treatment with 
nitrated fatty acid derivatives may be potentiated 
by XOR inactivation. As the field progresses, it 
will be interesting to see if this is the case.
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Abstract
The liver plays a capital role in the control of 
whole body energy homeostasis through the 
metabolization of dietary carbohydrates and 
lipids. However, under excess macronutrient 
uptake, those pathways overcharge nucleus- 
to- endoplasmic reticulum (ER) traffic path-
ways, leading to luminal overload of unfolded 
proteins which activates a series of adaptive 
signaling pathways known as unfolded protein 
response (UPR). The UPR is a central network 
mechanism for cellular stress adaptation, 
however far from a global nonspecific all-or- 
nothing response. Such a complex signaling 
network is able to display considerable speci-
ficity of responses, with activation of specific 
signaling branches trimmed for distinct types 
of stimuli. This makes the UPR a fundamental 
mechanism underlying metabolic processes 
and diseases, especially those related to lipid 
and carbohydrate metabolism. Thus, for a bet-

ter understanding of the role of UPR on the 
physiopathology of lipid metabolism disor-
ders, the concepts discussed along this chapter 
will demonstrate how several metabolic 
derangements activate UPR components and, 
in turn, how UPR triggers several metabolic 
adaptations through its component signaling 
proteins. This dual role of UPR on lipid 
metabolism will certainly foment the pursuit 
of an answer for the question: is UPR cause or 
consequence of lipid and lipoprotein metabo-
lism disturbances?

Keywords
Unfolded protein response · ER stress · 
PERK · IRE-1 α · ATF-6

5.1  Introduction

In mammals, the liver plays a capital role in the 
control of whole body energy homeostasis 
through the metabolization of excess dietary 
carbohydrates and lipids to glycogen or fatty 
acids. Lipid-derived fatty acids are promptly 
esterified to triacylglycerols (TAG), meanwhile 
conversion of carbohydrates into TAG demands 
longer and distinct processes. Glucose is broken 
down to generate acetyl CoA, which is subse-
quently chained to build up fatty acids, whereas 
fructose is directly converted to fatty acids. 
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Through such distinct routes, carbohydrates and 
lipids are  ultimately converted to TAG and 
secreted via very- low density lipoproteins 
(VLDL) for long-term energy storage in the 
white adipose tissue (WAT), leading to adipo-
cyte hypertrophy [95]. Enzymes involved in gly-
colytic and lipogenic pathways are dynamically 
regulated at both transcriptional and posttransla-
tional levels by various factors such as substrate 
concentrations and hormones. However, under 
excess macronutrient uptake, those pathways 
overcharge nucleus-to-endoplasmic reticulum 
(ER) traffic pathways, leading to disturbance of 
ER homeostasis [55].

Disruption of ER homeostasis results in tran-
sient luminal overload of un/misfolded proteins 
which elicits a series of adaptive signaling path-
ways, collectively known as the unfolded protein 
response (UPR), towards reestablishment of nor-
mal ER function. The UPR is critically required 
for quality control processes in the ER for secre-
tory proteins in exocrine and endocrine tissues, 
for instance the hepatic synthesis, assembly and 
secretion of lipoproteins [105]. Primarily, both 
glycolytic and lipogenic pathways are regulated 
by insulin-mediated activation of two well- 
characterized lipogenic transcription factors, ste-
rol regulatory element binding protein-1c 
(SREBP-1c) and carbohydrate response element- 
binding protein (ChREBP) [52, 119]. These stud-
ies have followed from the inaugural report that 
the X-box binding protein 1 (XBP1), a key regu-
lator of the UPR, was required for the normal 
fatty acid synthesis in the liver [58]. However, 
this issue remains controversial, as the role of 
XPB1 and other UPR transducers on lipid metab-
olism has been settled down [38], and some other 
findings have contrariwise proposed anti- 
lipogenic roles for them [35].

This chapter will concisely describe the clas-
sical functions of the UPR in maintaining ER 
protein homeostasis to afterwards discuss its 
importance for hepatic lipid accumulation, dys-
lipidemias and other metabolic diseases. 
Notwithstanding, previous reports have also 
proposed that hepatic lipid accumulation [106], 
as well as aberrant lipid compositions of the ER 
membrane [26] are indeed major triggers of 

UPR.  Thus, we will discuss insights on this 
two- way road in pursuit of an answer for the 
question: is UPR cause or consequence of lipid 
and lipoprotein metabolism disturbances?

5.2  The Unfolded Protein 
Response

The ER is an eukaryote-exclusive organelle 
formed from nucleus membrane invaginations, 
which originates sheet-like cisternae and a polyg-
onal array of tubules connecting the perinuclear 
space to the other cytosolic organelles. It is mor-
phologically divided into two functionally dis-
tinct structures, rough- and smooth-ER, defined 
according to the respective presence or absence 
of ribosomes anchored to the membrane cyto-
solic surface. Smooth-ER functions are mostly 
related to lipid and steroid synthesis, membrane 
biogenesis, and calcium storage, whereas rough-
 ER is the primary site for protein folding [7, 92]. 
Protein folding quality control is rigorously 
maintained by the surveillance of transmembrane 
and luminal chaperones, which promote nascent 
protein folding, mature protein trafficking and 
secretion, while in parallel driving incorrectly 
folded proteins to retrograde traffic to the cytosol 
and proteasomal degradation [2].

The chaperoning core is mainly composed by 
calnexin (CNX) and calreticulin (CRT), which 
present an extended arm-like domain for associ-
ation with ERP57, a thiol oxidoreductase 
belonging to protein disulfide isomerase (PDI) 
family. Nascent proteins are catched up by CNX/
CRT/ERP57 complex to allow the action of fol-
dase and isomerase enzymes toward tertiary 
structure building. Additionally, the 78  kDa 
glucose- regulated protein (GRP78 or BiP) also 
plays a role on modulation of nascent protein 
influx, sealing of inactive translocation chan-
nels, protein folding, oligomerization and disag-
gregation. Should the chaperoning process fail, 
un/misfolded proteins undergo ER-associated 
degradation (ERAD), which includes ubiquitin 
labeling, ER-to-cytosol translocation and prote-
asomal lysis. All these processes collectively 
support the maintainance of ER protein process-
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ing homeostasis, often designated as ER proteo-
stasis [2, 34].

However, despite such a rigorous quality con-
trol, ER homeostasis is challenged in a number of 
conditions such as hypoxia, ischemia, sleep 
deprivation, prolonged fasting, excess carbohy-
drate and lipid cellular uptake, abnormal intracel-
lular calcium fluctuations, as well as oxidative 
stress. These conditions compromise the quality 
of protein folding, trafficking and secretion, lead-
ing to accumulation of un/misfolded proteins 
inside ER lumen, a condition designated by the 
general term ER stress. To reestablish ER homeo-
stasis, virtually all cell types activate UPR-driven 
adaptive signaling pathways, which aim to: (1) 
attenuate global protein synthesis to prevent ER 
overload and rescue the quality of protein fold-
ing; (2) upregulate the synthesis of chaperones 
and antioxidant proteins; (3) upregulate the syn-
thesis of ERAD constituents; (4) degrade aber-
rant mRNAs; and (5) activate autophagy 
pathways [105].

UPR adaptive pathways are triggered by a set 
of three ER transmembrane proteins, namely: 
inositol-requiring enzyme-1 (IRE-1), protein 
kinase RNA-like ER kinase (PERK) and activat-
ing transcription factor 6 (ATF6) (Fig.  5.1). A 
common feature of these sensors is the presence 
of a luminal domain for unfolded protein detec-
tion and a cytosolic domain for transcriptional 
and translational signal transmission [87]. 
Under homeostasis, GRP78 associates to all the 
three sensor proteins and covers their luminal 
sensing domain. However, upon ER homeosta-
sis disruption, GRP78 dissociates to assist pro-
tein folding, allowing the sensor proteins to 
undergo autophosphorylation, di- and oligomer-
ization to activate their respective signaling 
pathways [6, 81].

IRE-1 is a type I ER transmembrane protein 
found in two isoforms. IRE-1α is ubiquitously 
expressed from yeast to humans and essential for 
embryonic development, whereas IRE-1β is spe-
cifically expressed in intestinal epithelial cells of 
mammals [39, 100]. Both isoforms possess Ser/
Thr kinase and unique endoribonuclease activi-
ties, which are responsible for catalyzing an 
unconventional splicing of a 26-nucleotide intron 

of unspliced Xbp1 mRNA (Xpb1u) to generate 
the spliced form (Xbp1s), the translation of which 
results in a potent transcription factor considered 
a master regulator of ER capacity [21, 33]. Into 
the nucleus, XBP1s upregulates expression of 
genes encoding chaperones, ERAD components, 
and phospholipid synthesis machinery, which are 
required for ER membrane expansion during ER 
stress [56]. The function of XBP1u protein trans-
lated from the Xbp1u mRNA is poorly known, 
but it has been shown to heterodimerize with 
XBP1s protein to suppress its function under cer-
tain circumstances [113]. Of note, the function of 
XBP1 in hepatic lipogenesis (see next section) is 
unrelated to its function in the UPR, but never-
theless requires splicing by IRE1α [58]. 
Independently from XBP1, IRE-1α also degrades 
certain mRNAs through regulated IRE-1- 
dependent decay (RIDD) [40].

PERK is also a type I ER transmembrane pro-
tein structurally and functionally related to 
IRE-1α, whose activation leads to phosphoryla-
tion of Ser51 residue on the α-subunit of eukary-
otic initiation factor 2 (eIF2α) and subsequent 
translation of activating transcription factor 4 
(ATF4) [29]. Phosphorylation of eIF2α by PERK 
inhibits the assembly of the 80S ribosome and 
results in a general inhibition of protein synthe-
sis, whereas ATF4 promotes the expression of 
pro-survival genes related to protein folding 
(mostly chaperones), redox balance, aminoacid 
metabolism and autophagy [1]. In parallel, PERK 
also phosphorylates and activates the nuclear fac-
tor erythroid 2-related factor 2 (NRF2), inducing 
its dissociation from Kelch-like ECH-associated 
protein 1 (KEAP1) [14] and migration to the 
nucleus, where it binds to antioxidant responsive 
element (ARE) promoter sequences to regulate 
the transcription of antioxidant and phase II 
detoxifying genes [70]. Interestingly, a recent 
study showed a well-conserved mechanism by 
which local reactive oxygen species generated at 
the ER rapidly oxidizes a single Cys residue 
within the IRE-1α kinase active site, inhibiting 
the IRE-1α/XBP1 axis and directing IRE-1α to 
play a different role in which it activates a p38/
NRF2 branch, thereby promoting oxidative stress 
resistance [41].
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Fig. 5.1 The UPR signalling pathways. The impair-
ment of protein folding into endoplasmic reticulum (ER) 
lumen promotes the accumulation of unfolded proteins, a 
condition designated as ER stress. As an attempt to rees-
tablish ER homeostasis, a cascade of adaptive processes 
is concurrently activated. The first line of defense is the 
correct chaperoning of aberrant proteins by several trans-
membrane and luminal chaperones, especially the 78 kDa 
glucose-regulated protein (GRP78 or BiP). Unsolved pro-
teins are forwarded to ER-associated degradation 
(ERAD), a mechanism by which the unfolded proteins 
are retro-translocated to cytosol (Sec61 channel), poli- 
ubiquitinated and lysed by 26S proteasomes. In parallel, 
the unfolded protein response (UPR) is triggered into ER 
lumen with the activation of three Fig.  5.1 (continued) 
trans membrane effectors: inositol-requiring enzyme-1 
(IRE-1), protein kinase RNA-like ER kinase (PERK) and 
activating transcription factor 6 (ATF6). The activation of 
these three effectors is initiated after dissociation of 
GRP78 coupled to the luminal domain of those proteins 
to assist the protein folding. Upon release from GRP78, 
ATF6 is trafficked to the Golgi apparatus and cleaved by 

the site-1 and site-2 proteases (S1P and S2P, respec-
tively), to release a soluble cytosolic fragment (ATF6f) 
that enters the nucleus to induce the expression of target 
genes. Likewise, IRE-1 dimerize and autophosphorylate 
triggering its RNase activity, which processes the splicing 
of mRNA encoding unspliced X box-binding protein 1 
(XBP1u) to produce an active transcription factor, the 
spliced XBP1 (XBP1s), which migrates to nucleus. In 
addition, IRE-1 also degrades aberrant mRNAs through 
regulated IRE1-dependent decay (RIDD). At last, upon 
activation, PERK phosphorylates the eukaryotic transla-
tion initiator factor 2α (eIF2α) which attenuates the 
global protein translation and encodes the transcription 
factor ATF4. Independent of eIF2α, PERK may also 
phosphorylate the nuclear factor erythroid 2-related fac-
tor 2 (NRF2). Together, the transcription factors ATF6f, 
XBP1s, NRF2 and ATF4 upregulates the expression of 
adaptive genes encoding chaperones, ERAD compo-
nents, improve the ER-quality control, autophagy, anti-
oxidant defense, foldases, lipid synthesis, amino acid 
metabolism and protein secretion, aimed to guaranteeing 
cellular homeostasis

In contrast to IRE-1α and PERK, ATF6 (iso-
forms α and β) is a 90 kDa type II transmembrane 
protein encoding a basic leucine zipper (bZIP) 
transcription factor in its cytosolic domain. Under 
ER stress, ATF6 interacts with coat protein II 
(COPII) and undergoes ER-to-Golgi traffic, 
where it is sequentially cleaved by the site-1 and 
site-2 proteases (S1P and S2P, respectively) to 
release the 50 kDa active ATF6 transcription fac-

tor (ATF6f). ATF6f is translocated to the nucleus 
to upregulate the expression of genes encoding 
ERAD components and Xbp1 [91]. Studies have 
demonstrated that ATF6 is more selective than 
the other two UPR-sensing proteins, being mostly 
activated at circumstances of decreased 
N-glycosylation and redox alterations [63].

As aforementioned, the UPR is activated to 
restore ER homeostasis on acute ER stress. 
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However, prolonged UPR activation induces 
apoptosis, mainly through ATF4- and ATF6- 
mediated activation of C/EBP homologous pro-
tein (CHOP) (Fig. 5.2). CHOP is a member of the 
C/EBP family of bZIP transcription factors 
widely recognized as a key marker of ER stress- 
mediated apoptotic pathway. Downstream effects 
associated with CHOP include: (1) suppression 
of the anti-apoptotic factor B-cell lymphoma 2 
(BCL-2) [67]; (2) upregulation of apoptotic fac-
tors, such as Bcl-2-like protein 11 (BIM) [84], 
p53 upregulated modulator of apoptosis (PUMA) 
[9], Bcl-2-associated X protein (BAX) and Bcl-2 
homologous antagonist killer (BAK) [122]; (3) 
upregulation of the tribbles homolog 3 (TRB3), a 
pseudokinase modulator of signal transduction in 
apoptotic cascades [73]; and (4) upregulation of 

the growth arrest and DNA damage-inducible 34 
protein (GADD34), a promoter of eIF2α dephos-
phorylation [64]. Additionally, CHOP also pro-
motes higher mitochondria-derived reactive 
oxygen species (ROS) generation, resulting in 
oxidation of critical thiols in the ryanodine- 
sensitive Ca2+ channels and impairment of Ca2+ 
homeostasis [85]. Furthermore, CHOP inhibits 
GRP78 expression, favoring ER stress recrudes-
cence [121].

Besides CHOP, other pathways are also 
involved in ER stress-related apoptosis, such as 
IRE-1α-mediated activation of c-jun n-terminal 
kinase (JNK), which suppresses BCL-2 and fur-
ther upregulates BIM expression [59, 112]. 
Likewise, the tumor protein p53 (p53) increases 
PUMA and NOXA expression, which are impor-

Fig. 5.2 Apoptotic pathways associated to ER stress. 
Chronic ER stress promotes transition from UPR-adaptive 
signaling to pro-apoptotic pattern. In this context, IRE-1α 
recruiting the adaptor protein TNFR-associated factor 2 
(TRAF2), which results in the activation of the apoptosis 
signal regulating kinase 1 (ASK1) and its downstream tar-
get c-jun n-terminal kinase (JNK), which suppresses the 
anti-apoptotic factor BCL-2 both in ER and mitochondria. 
Furthermore, IRE-1α promotes the degradation of mRNAs 
encoding for key folding mediators through RIDD, as well 
as induces the expression of pro-oxidant thioredoxin-
interacting protein (TXNIP), which activates inflamma-
somes. Through ATF4 and ATF6 signaling, the 
pro-apoptotic transcription factor C/EBP-homologous 
protein (CHOP) is overexpressed and then promotes 

BCL-2 suppression and upregulates the BH3-only apop-
totic factors (Bcl-2-like protein 11  – BIM; p53 upregu-
lated modulator of apoptosis  – PUMA; and NOXA) as 
well as the Bcl-2-associated X protein (BAX) and Bcl-2 
homologous antagonist killer (BAK). Farther, CHOP 
increase the expression of growth arrest and DNA damage- 
inducible 34 protein (GADD34), which dephosphorylate 
eIF2a and favor the mitochondrial reactive oxygen species 
(ROS) production. In its turn, the tumor protein p53 (p53) 
also contributes to BH3-only expressions. On mitochon-
dria, this apoptotic signaling leads to an oxidative environ-
ment ROS-mediated, allows cytochrome C release and 
disrupt the calcium homeostasis, which together induce 
the route of apoptosis Caspase- regulated, which irrevers-
ibly conduct the cell to death by apoptosis
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tant members of BH3-only apoptotic family [93] 
(Fig.  5.2). The hyperactivation of IRE-1α still 
induces the expression of pro-oxidant 
thioredoxin- interacting protein (TXNIP), which 
activates inflammasomes besides its Caspase-1- 
dependent pro-death pathway [11, 60]. The 
upregulation of all such ER pro-apoptotic factors 
ultimately converges on mitochondrial disrup-
tion and later cell death. The overexpression of 
BH3- only proteins (BIM, PUMA, and NOXA) 
incapacitates the mitochondrial protecting pro-
teins (e.g., BCL-2 anti-apoptotic family) and 
directly activates the pro-apoptotic BAX and 
BAK.  BAX/BAK damage outer mitochondrial 
membrane integrity and allow cytochrome C 
release into the cytoplasm, leading to activation 
of downstream effector Caspases (e.g., 
Caspase-3), irreversibly driving the cell to apop-
tosis and/or necrosis [44, 97].

Mechanisms responsible for the transition 
from adaptive to apoptotic UPR signaling are not 
yet fully established. Indeed, studies conducted 
both in vitro and in vivo have demonstrated that 
adapting factors, as well as ERAD components 
are concomitantly expressed with cell death- 
related UPR components [36, 82]. IRE-1α and 
PERK seem to play an important role in this tran-
sition. During the adaptive response, both IRE-1α 
and PERK branches are upregulated. However, 
upon persistent ER stress, IRE-1α expression is 
attenuated in response to negative modulators, 
whereas PERK and its associated pro-apoptotic 
factors (CHOP and GADD34) are kept upregu-
lated [62, 82, 108].

Besides the well-established roles of UPR and 
ER stress in cell survival, evidence indicates their 
pivotal function in the regulation of cell physiol-
ogy and metabolism, as well as initiation and 
progression of several diseases in humans [86]. 
UPR components are engaged in modulation of 
several physiological processes, such as cell dif-
ferentiation [28, 45], secretory activity [30, 42, 
57], innate immunity [66], cognition and neuro-
genesis [13, 32], as well as glucose [104] and 
lipid metabolism [107]. Moreover, as demon-
strated in many studies, failure of adaptive UPR 
signaling and activation of pro-apoptotic ER 
stress pathways, are directly related to develop-

mental diseases, including genetic disorders [43, 
71], cancer [101], metabolic dysfunctions [31, 
75, 88] and neurodegenerative diseases [37].

5.3  From the Unfolded Protein 
Response to Lipid 
Metabolism Disturbances

The ER constitutes the core of protein and lipid 
synthesis, membrane biogenesis and cellular cal-
cium storage, besides posttranslational modifica-
tions such as glycosylation, hydroxylation, 
lipidation, and disulfide formation, thus playing a 
capital role in the control of membrane lipid 
composition and lipid homeostasis. Metabolic 
perturbations such as advanced glycation of pro-
teins and lipids, S-nitrosylation, oxidative and 
carbonyl stress, mostly related to excess dietary 
carbohydrates and lipid uptake, lead to UPR acti-
vation as a mean of restoring ER homeostasis 
[27, 89]. Interestingly, ER stress-induced hepatic 
steatosis is exacerbated in animals with liver- 
specific knockout of ER chaperones such as 
GRP78 [88]. On the other hand, overexpression 
of GRP78 was found to inhibit de novo lipogen-
esis by reducing SREBP-1c activation, thereby 
alleviating hepatic steatosis in diabetic mice [48]. 
Thus, it is not unexpected that the UPR is directly 
linked to metabolic disturbances, such as type 2 
diabetes, obesity and atherogenic dyslipidemia 
[38, 105].

IRE-1α/XBP1 is the most well-conserved 
branch of UPR [39]. The primary evidence of its 
role on lipogenesis came from studies on Xbp1Δ 
mice bearing an inducible, conditional disruption 
of the Xbp1 gene in the liver. Xbp1Δ mice dis-
played a decreased rate of plasma TAG accumu-
lation with no lipid retention in the liver. 
Assessment of lipogenic gene expression levels 
revealed downregulation of those encoding stea-
ryl coenzyme A (CoA) desaturase 1 (Scd1), diac-
ylglycerol acetyltransferase 2 (Dgat2), and acetyl 
CoA carboxylase 2 (Acc2), while the expression 
of ChREBP and SREBP family–regulated genes 
were unaltered. Accordingly, exposure to high- 
fructose diet markedly increased transcriptional 
levels of Scd1, Acc1, and Acc2 in wild-type but 
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not Xbp1Δ livers [58]. The demonstration that 
glucose itself, but not insulin, increased XBP1 
protein levels in the liver was suggestive of a 
carbohydrate- driven mechanism for XBP1 roles 
on lipogenesis [23]. Nevertheless, silencing of 
Xbp1 in the liver transiently decreased plasma 
TG and cholesterol levels in both C57BL/6 and 
apoE-deficient mice, supporting that ablation of 
XBP1 can efficiently reduce even very elevated 
plasma lipid levels [94].

IRE-1α plays an essential role in maintaining 
ER homeostasis through initiating unconven-
tional splicing of Xbp1 [33]. Studies on a 
hepatocyte- specific Ire1α-null mouse model 
showed that IRE1α is essential to minimize lipid 
accumulation in response to acute ER stress, 
whereas under normal physiological conditions 
Ire-1α deletion only resulted in modest increase 
of cellular TAG levels and mild steatosis [118]. 
Importantly, Ire-1α deletion also promoted early 
activation of PERK/eIF2α branch, leading to 
selective upregulation of ER stress-inducible 
pro- apoptotic factors ATF4, CHOP, and ATF3. 
These data suggest a limited ability of Ire-1α-
null hepatocytes to adapt to prolonged ER stress 
[118]. Afterwards, it was demonstrated that the 
same hepatocyte-specific Ire-1α-null mice, once 
challenged by a 12-week exposure to high-fruc-
tose diet, displayed substantial hepatic steatosis, 
although no differences were detected in tran-
scriptional levels of Chrebp, Srebp-1c, as well as 
fatty acid oxidation key genes [107]. The absence 
of lipogenic alterations led the authors to investi-
gate the role of IRE-1α/XBP1 axis on TAG-rich 
VLDL particle assembly and secretion, unveiling 
a specific regulatory mechanism by which 
IRE-1α/XBP1 modulate PDI translational levels 
and increase the activity of PDI heterodimer 
microsomal TAG-transfer protein (MTP), a 
cofactor absolutely required for VLDL biogene-
sis [107]. The relevance of this mechanism for 
hepatic steatosis and hypertriglyceridemia was 
subsequently demonstrated in monosodium 
L-glutamate-induced obese rats, a non-dietary 
but rather neuroendocrine obesity animal model 
[20] (Fig. 5.3).

On the other hand, early findings had demon-
strated that XBP1s translocation to the nucleus is 

regulated by p85, a regulatory subunit of phos-
phatidyl inositol 3-kinase (PI3K), allowing effi-
cient chaperone response during metabolic 
overload through insulin receptor signaling in the 
liver. Such mechanism was found to be defective 
in obese and insulin-resistant ob/ob mice, advo-
cating against a lipogenic role for XBP1s on the 
onset and progression of hepatic steatosis [77]. 
To address this discrepancy, Herrema et al. [35] 
investigated the role of XBP1s in the develop-
ment of non-alcoholic fatty liver disease 
(NAFLD). Overexpression of XBP1s induced by 
tail vein injection of adXBP1s led to downregula-
tion of key lipogenic genes and decreased TAG 
content in the liver of both high-fat diet fed 
C57Bl/6J and ob/ob mice, whereas circulating 
TAG levels were significantly increased. The 
anti-lipogenic activity of XBP1s was indepen-
dent of its transcriptional activity, leading the 
authors to suggest that XBP1s exerts anti- 
lipogenic effects through a protein-protein inter-
action [35]. This assumption is corroborated by 
the supportive role of IRE-1α/XBP1 axis on 
MTP-mediated VLDL particle assembly and 
secretion [107].

PERK/eIF2α axis has also been shown to reg-
ulate lipogenesis and hepatic steatosis. PERK 
and eIF2α phosphorylation induced by antipsy-
chotic drugs led to increased lipid accumulation 
in hepatocytes through activation of SREBP-1c 
and SREBP-2 [53]. Impairment of eIF2α phos-
phorylation by hepatic overexpression of 
GADD34 reduced high-fat diet-induced hepatic 
steatosis [74]. Corroborating evidence came from 
studies with Atf4−/− mice fed a high-carbohydrate 
diet, which showed marked decrease of hepatic 
SCD1 expression and consequent lower TAG 
accumulation in comparison to wild-type mice 
[61]. Similarly, hepatic lipid accumulation 
induced by high-fructose diet was also attenuated 
in Atf4−/− mice due to downregulation of 
SREBP-1c, ACC and fatty acid synthase (FAS) 
[109]. As the main linker between PERK/eIF2α 
axis and apoptosis, CHOP also seems to be 
involved in lipid metabolism [88], although the 
exact molecular and cellular mechanisms remain 
to be elucidated [27]. Recently, we demonstrated 
that 60-day exposure of Swiss mice to high- 

5 Unfolded Protein Response: Cause or Consequence of Lipid and Lipoprotein Metabolism Disturbances?



74

Fi
g.

 5
.3

 
U

P
R

 s
en

so
rs

 a
nd

 h
ep

at
ic

 li
pi

d 
m

et
ab

ol
is

m
. T

he
 a

cc
um

ul
at

io
n 

of
 u

nf
ol

de
d 

pr
ot

ei
ns

 o
r 

lip
id

 b
ila

ye
r 

st
re

ss
 in

 th
e 

en
do

pl
as

m
ic

 r
et

ic
ul

um
 (

E
R

) 
in

du
ce

 a
ct

iv
at

io
n 

of
 

IR
E

-1
α 

an
d 

PE
R

K
. 

E
ac

h 
se

ns
in

g 
pa

th
w

ay
 p

la
y 

di
ff

er
en

t 
ro

le
 o

n 
lip

id
 m

et
ab

ol
is

m
. 

IR
E

-1
α 

/X
B

P1
s 

pa
th

w
ay

 d
ec

re
as

es
 t

he
 h

ep
at

ic
 l

ip
id

 s
to

ra
ge

 b
ot

h 
by

 i
nh

ib
iti

ng
 l

ip
o-

ge
ni

c 
ge

ne
s 

ex
pr

es
si

on
 a

nd
 b

y 
ac

tiv
at

in
g 

m
ic

ro
so

m
al

 t
ri

ac
yl

gl
yc

er
ol

- t
ra

ns
fe

r 
pr

ot
ei

n 

(M
T

P)
 a

nd
 in

cr
ea

si
ng

 th
e 

ex
pr

es
si

on
 o

f p
ro

te
in

 d
is

ul
fid

e 
is

om
er

as
e 

(P
D

I)
, w

hi
ch

 re
su

lt 
in

 in
cr

ea
se

d 
V

L
D

L
 s

ec
re

tio
n 

an
d 

dy
sl

ip
id

em
ia

. O
n 

th
e 

ot
he

r 
ha

nd
, P

E
R

K
/e

IF
2α

 p
at

h-
w

ay
 e

le
va

te
s 

he
pa

tic
 li

pi
d 

st
or

ag
e 

th
ro

ug
h 

ac
tiv

at
io

n 
of

 tr
an

sc
ri

pt
io

n 
fa

ct
or

 4
 (

A
T

F4
),

 
w

hi
ch

 i
nd

uc
es

 t
he

 e
xp

re
ss

io
n 

of
 l

ip
og

en
ic

 g
en

es
, 

co
nt

ri
bu

tin
g 

to
 t

he
 d

ev
el

op
m

en
t 

of
 

no
na

lc
oh

ol
ic

 f
at

ty
 li

ve
r 

di
se

as
e 

(N
A

FL
D

)

B. A. S. Pinto et al.



75

sucrose diet induced switch from an ER-driven 
adaptive pattern to an apoptotic pattern mediated 
by translationally upregulated levels of BAK 
instead of CHOP [19].

Despite the early report that cleaved ATF6 
translocates into the nucleus to form a suppres-
sive complex with SREBP2 and histone deacety-
lase 1 (HDAC1) to downregulate de novo 
lipogenesis gene expression upon glucose depri-
vation [115], ATF6 remains as the least investi-
gated UPR branch regarding the relationship 
between hepatic ER stress and lipogenesis. 
Atf6α-deleted mice presented persistent hepatic 
dysfunction and steatosis in response to pharma-
cological ER stress, effects at least partially 
related to the failure of ATF6α-mediated induc-
tion of genes encoding protein chaperone, traf-
ficking and ERAD functions [110]. Moreover, 
high-fat diet feeding of Atf6α−/− mice induced 
greater hepatic steatosis and glucose intolerance 
in association with upregulation of SREBP-1c 
[102]. Such effects may be, at least partially, 
related to the previously described capacity of 
ATF6 to augment the acute hepatic inflammation 
mediated by cAMP-responsive element-binding 
protein H (CREBH), which was posteriorly char-
acterized as a key metabolic regulator of hepatic 
lipogenesis, fatty acid oxidation, and lipolysis 
under metabolic stress [116, 120].

A major consequence of ER stress contributing 
to metabolic diseases is the occurrence of inflam-
matory response, which may be activated by all 
UPR-sensing proteins [25]. PERK/eIf2α attenu-
ates translation of both IκB kinase and nuclear 
factor-κB (NF-κB) expression. However, the 
shorter half-life of IκB results in an increase of 
NF-κB/IκB ratio and inflammation triggering [98]. 
ATF6 also activates NF-κB signaling via AKT 
phosphorylation [111]. IRE1α forms a complex 
with tumour necrosis factor (TNF) receptor-asso-
ciated factor 2 (TRAF2) to induce phosphoryla-
tion of JNK and upregulation of pro- inflammatory 
genes through activator protein 1 (AP1) [100]. 
ATF4 increases the expression of interleukin 6 
(IL6) by direct binding to the cytokine promoter 
[46]. In addition, XBP1s can also directly binds to 
the same promoter to stimulate the expression of 
TNF and IL6 [66], driving NAFLD progression 
toward non-alcoholic steatohepatitis.

5.4  From Lipotoxicity 
to Unfolded Protein 
Response

As aforementioned, excess dietary carbohydrates 
and lipids are ultimately converted to TAG in the 
liver and secreted via VLDL for long-term energy 
storage in WAT, leading to adipocyte hypertrophy 
[95]. However, when there is exaggerated hyper-
trophy, adipocyte loses its capacity to keep stor-
ing more fat and starts to secrete it back into 
circulation in the form of free fatty acids (FFA). 
Excess circulating FFA overload non-adipose tis-
sues, including liver, pancreas, muscle and heart, 
causing cell dysfunction because of a lipid- 
specific toxicity, so-called lipotoxicity. 
Lipotoxicity contributes to the development of 
several metabolic diseases through both classic 
mechanisms, such as oxidative stress and inflam-
mation, and, as shown more recently, by UPR 
activation [22, 38, 106]. Lipotoxicity-derived 
activation of UPR has been demonstrated in 
experimental models of obesity induced by both 
dietary and genetic manipulation [75, 106]. ER 
stress is also observed in the liver of obese 
patients suffering from steatosis and steatohepa-
titis [24, 83]. Interestingly, weight loss after gas-
tric bypass surgery decreased the lipid 
accumulation and UPR markers levels in the liver 
and other tissues from those individuals [24].

Distinct lipids and their byproducts are 
involved in lipotoxicity process. However, the lit-
erature highlights saturated fatty acids as the 
main activator of UPR in several tissues, particu-
larly in the liver [27]. For instance, when L02 
immortal hepatic cells and HepG2 hepatoma 
cells were exposure with saturated fatty acids 
there was less cellular viability with increased 
PERK phosphorylation and upregulation of 
downstream genes, such as ATF4 and 
CHOP. Moreover, knock-down of PERK in those 
hepatocyte lines reduced palmitate-induced cell 
death [8]. It is well-established that UPR induc-
tion contributes to ROS overproduction [96]. 
However, ER stress-induced ROS generation can 
be mediated by saturated fatty acids. Egnatchik 
et al. [18] showed that palmitate was also able to 
compromise the capability of ER to maintain 
Ca2+ stores in primary hepatocytes, resulting in 
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stimulation of mitochondrial oxidative metabo-
lism, ROS generation and UPR activation. In 
addition, increase levels of phosphatidylcholine 
within ER membrane from ob/ob mice hepato-
cytes inhibited sarco/endoplasmic reticulum cal-
cium ATPase (SERCA) activity, depleting ER 
Ca2+ stores and causing ER stress [4].

In pancreatic β-cells, saturated fatty acids 
were shown to be more potent UPR inducers than 
unsaturated fatty acids [15]. Saturated fatty acids- 
activated UPR in pancreatic β-cells has been 
characterized by increased splicing of Xbp1, as 
well as increased transcriptional levels of Atf4 
and Chop [49, 51, 54]. Palmitate-induced lipo-
toxicity promotes changes in ER membrane 
rigidity and fluidity subsequent to alterations of 
its phospholipid composition [68], a mechanism 
shown to activate UPR sensors, such as IRE-1α 
and PERK, via their transmembrane domains [3, 
103]. Noteworthy, chemical chaperones, such as 
4-phenylbutyric acid (4-PBA) [12] or taurourso-
deoxycholic acid (TUDCA) [10], were able to 
reduce ER stress in pancreatic β-cells exposed to 
palmitate. High-density lipoprotein (HDL) has 
also been described as a potential inhibitor of ER 
stress in pancreatic β-cells. Treatment of these 
cells with HDL attenuated ER stress-mediated 
apoptosis induced by thapsigargin, a SERCA 
inhibitor. Moreover, HDL still prevented 
palmitate- induced UPR activation and β-cell 
death through restoration of ER capacity to per-
form protein folding and trafficking [80].

Lipid metabolism is very important to the 
heart since, unlike other tissues, adult cardiomy-
ocytes use fatty acids as main energy source [27]. 
However, TAG accumulation in the heart is 
regarded as a hallmark of cardiac lipotoxicity that 
can lead to heart failure [65, 72]. Lipotoxicity has 
been suggested as a mediator linking ischemia to 
cardiomyocyte ER stress [5]. This hypothesis 
was corroborated by Perman et  al. [78], who 
demonstrated that induction of hypoxia and isch-
emia in HL-1 cardiomyocytes and mice hearts, 
respectively, lead to ER stress in a lipid- dependent 
manner mediated by higher VLDL receptor 
expression. Moreover, palmitate also triggered 
UPR in AC16 cells, a human cardiomyocyte cell 
line [76]. In parallel, it has been recently shown 
that Nox4, an integral UPR component, activates 

an ATF4-mediated pathway that switches cardiac 
substrate metabolism from glucose oxidation to 
fatty acid oxidation as a manner to make the heart 
capable of resisting pathological remodeling in 
the face of chronic stress [69]. On its turn, the 
role of lipotoxicity-induced ER stress in skeletal 
muscle cells is paradoxical. Palmitate induces 
UPR and reduces viability of cultured human 
myotubes [79]. Also, high-fat diet fed mice mark-
edly increased the transcriptional levels of Grp78, 
Xbp1s, and Atf4 in skeletal muscle [16]. In human 
studies, TUDCA [50] and 4-PBA [117] improved 
skeletal muscle insulin sensitivity in obese indi-
viduals, however TUDCA did not change ER 
stress markers when compared with placebo [50]. 
Moreover, skeletal muscle samples from high-fat 
diet fed humans showed increased lipid content 
but no UPR marker expression [17].

Despite the variable extent of lipotoxicity- 
induced UPR in different tissues, alteration of 
phospholipid composition within ER membrane 
seems to be a common mechanism in many tis-
sues, such as liver [4] and pancreas [68]. These 
changes in the integrity and fluidity of the mem-
branes is part of a phenomenon called lipid 
bilayer stress, which encompasses any increase 
of lipid saturation degrees, which include 
increased phosphatidylcholine/ phosphatidyleth-
anolamine ratio or sterol levels [26]. It has been 
shown that IRE-1α and PERK lacking their lumi-
nal sensing domains, and thus unable to be acti-
vated by misfolded proteins, still trigger UPR 
upon lipid bilayer stress [103]. Thus, lipid bilayer 
stress has been emerged as an UPR activating 
mechanism independently from misfolded pro-
teins and potentially responsible for lipotoxicity- 
induced ER stress [38].

5.5  Closing Remarks 
and Perspectives

The UPR is a central network mechanism for cel-
lular stress adaptation, however far from a global 
nonspecific all-or-nothing response. Such a com-
plex signaling network is able to display consid-
erable specificity of responses, with activation of 
specific signaling branches trimmed for distinct 
types of stimuli. In this context, hijacking of 
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these mechanistic cascades for other physiologi-
cal functions has been increasingly evident, gen-
erating a frontier zone in which the UPR serves in 
part to adapt cells to stress, while in parallel 
exerting several functions including in particular 
metabolic regulation. This makes the UPR a fun-
damental mechanism underlying metabolic pro-
cesses and diseases, especially those related to 
lipid and carbohydrate metabolism. The concepts 
discussed along this chapter indicate that several 
metabolic derangements activate UPR compo-
nents and, in turn, the UPR triggers several meta-
bolic adaptations through its component signaling 
proteins (Fig. 5.1). Such interplay occurs at dis-
tinct levels in each cell type such as liver, pancre-
atic β-cells, heart, adipose tissue, macrophages 
and others, and integrate either to the adaptive 
(Fig.  5.1) or to the pro-apoptotic (Fig.  5.2) 
branches of the UPR.

Understanding the precise roles of UPR sig-
naling in metabolic disease is likely to yield new 
diagnostic and therapeutic options. At this time, 
these developments are in progress and comprise 
experimental observations on metabolic effects 
of chemical chaperones or genetic deletion of 
specific UPR components, as discussed in this 
chapter. Further progress is expected as novel and 
more specific tools for pharmacological modula-
tion of the UPR become available, given the 
effects of agents able to antagonize distinct UPR 
branches [47, 90] Recently, targeting of IRE-1α 
with a series of novel specific small molecule 
inhibitors was shown to prevent atherosclerosis 
progression [99]. However, as with all other 
forms of therapy, collateral effects may arise, 
e.g., diabetes and insulin resistance upon PERK 
loss-of-function [114]. Given the rapid advances 
in the understanding of molecular mechanisms 
and implications of the UPR, one should expect a 
rapid progress in those developments.
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Abstract
Arachidonic acid (AA) is a polyunsaturated 
fatty acid that participates in the inflammatory 
response mainly through bioactive-lipids for-
mation in macrophages and also in the phago-
cytic NADPH oxidase 2 (NOX2) activation. 
NOX2 is the enzyme responsible for a huge 
superoxide formation in macrophages, essen-
tial to eliminate pathogens inside the phago-
some. The oxidase is an enzymatic complex 
comprised of a membrane–bound flavocyto-
chrome b558 (gp91phox/p22phox), three cytosolic 
subunits (p47phox, p40phox and p67phox) and a 
Rac-GTPase. The enzyme becomes active 
when macrophages are exposed to appropriate 
stimuli that trigger the phosphorylation of 
cytosolic subunits and its migration to plas-
matic membrane to form the active complex. 
It is proposed that AA stimulates NOX2 activ-
ity through AA interaction with different com-
ponents of the NADPH oxidase complex. In 
inflammatory conditions, there is an increase 
in reactive oxygen and nitrogen species that 
results in the production of nitrated derivatives 
of AA, such as nitroarachidonic acid 
(NO2-AA). NO2-AA is capable to inhibit 

NOX2 activity by interfering with p47phox 
migration to the membrane without affecting 
phosphorylation of cytosolic proteins. Also, 
NO2-AA is capable to interact with protein 
disulfide isomerase (PDI), which is involved 
on NOX2 active complex formation. It has 
been demonstrated that NO2-AA forms a 
covalent adduct with PDI that could prevent 
the interaction with NOX2 and it would 
explain the inhibitory effects of the fatty acid 
upon NOX2. Together, current data indicate 
that AA is an important activator of NOX2 
formed in the early events of the inflammatory 
response, leading to a massive production of 
oxidants that may, in turn, promote NO2-AA 
formation and shutting down the oxidative 
burst. Hence, AA and its derivatives could 
have antagonistic roles on NOX2 activity 
regulation.

Keywords
Arachidonic acid · NADPH oxidase · 
Nitro-arachidonic acid · Macrophages · 
Reactive oxygen species

6.1  Introduction

Macrophages participate in a variety of processes 
including defense against pathogens, tissue 
homeostasis and remodeling. To correctly fulfill 
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this heterogeneous functional repertoire, macro-
phages have a notable plasticity and adopt vari-
ous activation states. Environmental signals 
induce changes that provide macrophages with 
enhanced antimicrobial activity or cells more 
susceptible to infections. In the literature macro-
phages have been classified in two categories, 
M1 and M2, where M1 represent classically pro- 
inflammatory activated macrophages and M2 
alternatively-activated macrophages, neverthe-
less M2 designation includes different types of 
phenotypes with diverse functions. Precise regu-
lation of macrophage activation is indispensable 
for the control of infection and preservation of 
tissue homeostasis [1].

Classically-activated effector macrophages 
are recruited during cell-mediated immune 
responses. The combination of interferon gamma 
(IFN-γ), secreted by innate and adaptive immune 
cells, interleukin 1 (IL-1) and tumor necrosis fac-
tor α (TNF-α), induced by Toll-Like Receptor 
(TLR) ligand, results in an enhanced microbici-
dal capacity with high levels of pro-inflammatory 
cytokines production, activation of arachidonic 
acid (AA) metabolism, nitric oxide synthase 
induction and NADPH oxidase priming [2, 3]. 
The macrophage-pathogen interaction through 
TLR triggers two central effector responses: 
cytosolic phospholipase A2 (PLA2) activation 
with AA release from membrane phospholipids 
and NADPH oxidase 2 (NOX2) assembly and 
activation with a huge production of superoxide 
anion inside the phagosome. Both responses gen-
erate diverse inflammatory mediators and appar-
ently act in independent paths.

NOX2, the isoform of NADPH oxidase found 
primarily in professional phagocytic cells such as 
macrophages and neutrophils [4, 5], reduces 
molecular oxygen to superoxide (O2

•−) at 
expenses of NADPH oxidation inside phagocytic 
vacuole. Expression of inducible nitric oxide 
synthase (iNOS) in immunostimulated macro-
phages also leads to an overproduction of nitric 
oxide (•NO) that plays an important role as cyto-
toxic tool against tumor cells and invading patho-
gens. •NO reacts with O2

•− in a diffusion-controlled 
reaction to yield the strong oxidant peroxynitrite 
[6, 7]. Peroxynitrite is a short half-lived species 

that react with several biological targets includ-
ing thiols and transition metal centers. An impor-
tant target for peroxynitrite in biological milieu is 
carbon dioxide (CO2) [8]. Its reaction produces 
nitrosoperoxycarboxylate, which decomposes 
generating two potent short-lived oxidants that 
can oxidize and nitrate proteins and nucleic acids, 
i.e. carbonate radical (CO3

•−) and nitrogen diox-
ide (•NO2). Peroxynitrite dependent modification 
is not limited to proteins or DNA, fatty acid pres-
ent in membranes are also susceptible to oxida-
tion and nitration. There is evidence that 
nitro-fatty acids are formed in vivo and its con-
centration increases during inflammatory dis-
eases [9]. Products of fatty acid nitration, such as 
nitroarachidonic acid (NO2-AA), have the poten-
tial to act as biomarkers and signaling molecules 
[10–12].

In an inflammatory process, macrophages 
activation results therefore in the simultaneous 
formation of superoxide, nitric oxide, peroxyni-
trite and AA, by activation of different routes. In 
this chapter we explain the mechanisms of each 
of these processes as well as the interactions 
between them. The formation of AA helps and 
amplifies the activation of NOX2, increasing 
superoxide and peroxynitrite, leading to the 
occurrence of oxidized and nitrated products of 
AA. In particular, NO2-AA is a potent inhibitor 
of both the assembly of NADPH oxidase and the 
induction of nitric oxide synthase [13], modulat-
ing inflammatory activation.

6.2  Arachidonic Acid 
Metabolism in Macrophage 
Activation

AA is a polyunsaturated fatty acid with four dou-
ble bonds (20:4, Δ5,8,11,14) which is metabolized 
by different enzymatic pathways generating a 
variety of bioactive lipids, with antagonists 
effects [14]. In macrophages, PLA2 activation 
releases AA from plasmatic membrane, which 
has an important role in the inflammatory 
response, involving prostaglandins synthesis and 
interaction with NOX2. Following receptor- 
mediated activation of phagocytes,  phospholipase 
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Cβ catalyzes the hydrolysis of phosphatidylinosi-
tol biphosphate (PIP2), releasing inositol triphos-
phate (IP3) and diacylglycerol (DAG). IP3 
promotes the opening of calcium channels in the 
endoplasmic reticulum (ER) leading to a tran-
sient increase of cytosolic calcium concentration, 
which -along with DAG- triggers the activation 
of PKC.  The calcium influx also promotes the 
release of AA from the plasma membrane by the 
action of the PLA2 [5], which is a precursor for 
the generation of pro- inflammatory mediators 
[15].

In macrophages, free AA can be metabolized 
for cyclooxygenase (COX) and lipoxygenase 
(LOX) pathways [14–16]. The COX pathway 
involves COX-1 and COX-2, along with down-
stream enzymes that mediate the production of 
prostaglandins (PGE2, PGD2 and PGF2α), pros-
tacyclin (PGI2), and thromboxanes (TXA2, 
TXB2). The COX-1, is an enzyme constitutively 
expressed in all tissues and COX-2 is an induc-
ible isoform present in macrophages and it is up- 
regulated by inflammatory stimuli [17]. LOX 
pathway implies LOX-5, LOX-8, LOX-12, and 
LOX-15 enzymes which produce leukotrienes 
(LTB4, LTC4, LTD4 and LTE4), lipoxins (LXA4 
and LXB4 formed upon LXA4 degradation) and 
8–12- 15- hydroperoxyeicosatetraenoic acid 
(HPETE) [18, 19]. Most of these molecules 
(prostaglandins, leukotrienes) are pro- 
inflammatory mediators while lipoxins are 
involved in resolution of inflammation [14].

AA derivatives modulate the intensity and 
duration of inflammatory responses by means of 
pro and anti-inflammatory effects as well as coor-
dinating important cellular responses [20]. The 
profile of bioactive lipids derived from AA at 
sites of inflammation is regulated by stimuli pres-
ent in the immune response (IL-1, TNF-α, LPS, 
etc.) [17, 21], being specific to the enzymatic 
content of each cell type. For example, resting 
macrophages produce TXA2  in excess over 
PGE2, however, activation with bacterial lipo-
polysaccharide (LPS) switches the profile to 
favor PGE2 production [20].

The importance of AA in macrophage activa-
tion derives from its metabolism through COX-2, 
but also from NOX2 modulation through direct 

interactions with the enzyme, which is discussed 
further on this chapter [22–24].

6.3  NADPH Oxidase 2 Activation

NOX2, a phagocytic isoform of NADPH oxidase, 
is responsible for the NADPH-dependent univa-
lent reduction of oxygen to superoxide anion in 
the phagosome promoting a toxic environment 
[5]. NOX2 is an enzymatic complex containing 6 
subunits: two transmembrane proteins (NOX2 
and p22phox) that form the heterodimer flavocyto-
chrome b558, three cytosolic regulatory proteins: 
p47phox, p40phox and p67phox and a Rac-GTPase 
[25]. The flavocytochrome b558 complex consti-
tutes the catalytic nucleus of the enzyme allow-
ing the electron transfer across the membrane, 
from NADPH to oxygen (O2), through a series of 
cofactors (FAD and 2 haem groups) [26, 27]. 
During superoxide formation, NADPH provides 
two electrons that are translocated across the 
plasma membrane to reduce O2 generating two 
protons in the cytoplasm, what could lead to a 
drop in cytosolic pH. For that, there are proton 
extrusion mechanisms to prevent this acidifica-
tion, being voltage-gated proton channel HV1 the 
most important path responsible for the proton 
extrusion during NOX enzyme catalysis [28, 29].

In resting macrophages, the NOX complex is 
disassembled and inactive. After activation, the 
cytosolic components undergo a series of cova-
lent modifications and conformational changes 
that induce their translocation towards the mem-
brane where they associate with NOX2 and 
p22phox forming the full complex and producing 
the radical O2

•⎯ [30] (Fig. 6.1). To prevent the high 
toxicity of reactive oxygen species under physi-
ological conditions, the NADPH oxidase activity 
is highly regulated spatially and temporally, and 
NOX2 activation depends on specific protein 
interactions of the different subunits to form the 
enzymatic complex.

NOX2 activation mechanism involves phos-
phorylation of cytosolic subunits, lipid metabo-
lism activation and nucleotide exchange on RAC 
protein [31]. This set of events is triggered upon 
microorganism recognition and phagocytosis, 
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which leads to the activation of phospholipase Cβ 
and phosphatidylinositol biphosphate (PIP2) 
hydrolysis. The second messengers formed 
through this mechanism (inositol triphosphate, 
IP3 and diacylglycerol, DAG) activate protein 
kinase C (PKC), a key modulator of NOX2 activ-
ity, which promotes phosphorylation of cytosolic 
subunits. Some pharmacological NOX2 activa-
tors, such as phorbol myristate (PMA) mimic 
DAG actions activating PKC.

p47phox remains inactive in resting cells, but 
after phosphorylation events it interacts with 
other cytosolic subunits, p40phox and p67phox, and 
migrate to plasmatic membrane (Fig.  6.1). For 
that to occur, p47phox undergoes important confor-
mational changes releasing the blockade of two 
SHC homology 3 (SH3) domains from the inter-
action with an autoinhibitory region (AIR) [32, 
33]. PKC is the main kinase responsible for AIR 
phosphorylation and disruption of the inhibited 
conformation [34–36], although several kinases 
may modify p47phox in the same way [37–40] 
(Figs. 6.1 and 6.2). Once exposed, SH3 domains 

interact with a proline rich region (PRR) present 
in the membrane-bound subunit p22phox initiating 
full NOX2 complex assembly (Fig. 6.2) [41, 42]. 
p47phox translocation to plasmatic membrane may 
depend on the interaction of its phox homology 
domain (PX) with a citoesqueleton protein, moe-
sin [43–47]. The same domain mediates p47phox 
anchorage within the lipid bilayer involving the 
interaction with phosphorylated phosphatidylino-
sitols [48]. The other subunits also migrate to 
plasmatic membrane and phosphorylation of 
p40phox and p67phox seems to be necessary for 
NOX2 activation [49, 50]. A PRR present in 
p47phox interacts with a SH3 domain of p67phox 
[51], while p40phox and p67phox interact with each 
other through PB1 domains (Fig.  6.2) [52, 53]. 
Importantly, the translocation of p40phox and 
p67phox takes place only after p47phox activation 
and migration [54].

The other important event in NOX2 assembly 
is activation of the GTPase protein Rac. This pro-
tein remains bound to GDP and a Rho dissocia-
tion inhibitor in resting cells. Stimuli for NOX2 

Fig. 6.1 Activation of 
phagocytic NADPH 
oxidase. Several 
agonists stimulate 
signaling pathways that 
lead to the activation of 
PKC, responsible for 
p47phox phosphorylation. 
Once phosphorylated, 
the cytosolic subunits 
interact and migrate to 
the membrane where 
they form the active 
complex with NOX2 
and p22phox. In addition, 
activation induces the 
exchange of GDP by 
GTP on Rac, which also 
migrates to the 
membrane during the 
process of activation of 
the enzyme [80]
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activation promote GDP exchange on Rac pro-
tein contributing to full complex assembling. 
Rac-GTP (but not Rac-GDP) interacts with a tet-
ratricopeptide region (TPR) of p67phox [55, 56] 
(Fig. 6.2).

The whole process of NOX2 assembly leads 
to an important event, which is the interaction 
of the activation domain (AD) on p67phox with 
the flavin region of flavocytochrome b558, trig-
gering the electron transfer from NADPH to 
FAD, the rate limiting step of superoxide for-
mation [57, 58].

6.4  Activation of NOX2 
by Arachidonic Acid

Among the well described actions of AA in the 
inflammatory response, it has been shown to be 
involved in the activation of NOX2 [22–24] in 
phagocytic cells [59] and in cell-free system [23, 

60]. Reports have demonstrated that in the pres-
ence of PLA2 inhibitors, superoxide production is 
blocked in phagocytic cells, and in the same line, 
PLA2-deficient phagocytic cells do not produce 
superoxide [61–63]. Those observations impli-
cate the requirement for PLA2 and AA release for 
the activation of the assembled NOX2  in 
neutrophils.

The proposed activation mechanism involves 
AA interaction with different components of the 
NADPH oxidase complex. It has been demon-
strated that a conformational change occurs in 
flavocytochrome b558 upon interaction with AA 
leading to its activation [64–66]. Besides, there is 
evidence of an enhanced NADPH oxidase stimu-
lation due to AA-mediated activation of the Hv1 
channel of NOX2, modulating the membrane 
potential and efflux of the H+ ions generated 
along with the superoxide by NADPH oxidase 
[67, 68]. On the other hand, in vitro experiments 
reported an interaction of AA with regulatory 

Fig. 6.2 Interaction of the NOX2 subunits. p47phox has 
one PX domain, two SH3 domains, one AIR domain and 
one PRR domain. The AIR domain interacts with the SH3 
domains of the same p47phox in the resting state (autoinhi-
bition). During activation, a conformational change in 
p47phox exposes the SH3 domains in p47phox to interact 
with p22phox. Likewise, the PRR domain of p47phox inter-

acts with the SH3 domain of p67phox. In addition, p67phox 
forms a complex with p40phox by interaction between PB1 
of each protein. Rac-GTP is in contact with the TPR 
region of p67phox. Finally, when the activation domain 
(AD) of p67phox is activated, it interacts with NOX2, which 
is necessary for the regulation of O2

•⎯ production
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proteins [69]. The most studied case is interac-
tion with p47phox. AA can alter the intramolecular 
bonds in p47phox between the polybasic domain 
and the SH3 tandem – mimicking the phosphory-
lation events – and unmasking the SH3 regions 
that interact with p22phox [70] (Fig. 6.2), a crucial 
event in activation of the NOX2 [41, 42]. 
Furthermore, AA elicits GDP-to-GTP exchange 
on Rac necessary for NOX2 activation [71] and 
induces the interaction between the p67phox-Rac- 
GTP complex and NOX2 on the C-terminal cyto-
solic region, which also is required for superoxide 
production [71].

These observations suggest that AA acts as a 
signaling intermediate for the NADPH oxidase 
activation by functioning at multiple steps in 
stimulated cells. Actually, AA is widely used as 
an anionic amphiphile (like SDS or LDS) to acti-
vate NADPH oxidase cell free system [72, 73]. 
Interestingly, it has been shown that trans-AA 
isomers are unable to activate the NADPH oxi-
dase complex [74]. However, other derivatives of 
AA may also have different effects on NOX2 
activity.

6.5  Inhibition of NOX2 
by Nitroarachidonic Acid

In an inflammatory environment, nitrogen- 
derived species (peroxynitrite and peroxynitrite- 
derived radicals) [75, 76] could react with 
unsaturated fatty acids present in biological 
membranes to form nitro-, nitrite- and nitroepoxy- 
derivatives, generating a complex mixture of oxi-
dized and nitrated lipid products. A nitrated fatty 
acid of relevance in inflammation is the nitrated 
derivative of AA, the nitroarachidonic acid 
(NO2-AA) [13].

In recent years, several important biological 
effects of NO2-AA have been demonstrated [13, 
77–79]. It exerts anti-inflammatory protective 
actions, such as the negatively regulation of pro- 
inflammatory cytokines secretion induced by 
LPS, the decreased expression of iNOS and the 
irreversible inhibition of COX-1 and -2 in addi-
tion to the activation of the Nrf2 pathway, con-
tributing to the physiological shutdown of the 

inflammatory response in macrophages [11, 13, 
79–82].

NO2-AA has been reported to inhibit NOX2- 
dependent superoxide production in activated 
macrophages in a cell line and in primary macro-
phages in a dose -and time- dependent manner 
[83]. The inhibition power of NO2-AA (IC50 of 
4.1 μM) is similar to that of other common NOX2 
inhibitors (Table  6.1). The observed in vitro 
effects were confirmed in an in vivo inflamma-
tory model, in which subcutaneous injection of 
NO2-AA in mice led to a decrease in NOX2 
activity in thioglycolate-elicited macrophages 
[83]. NO2-AA treatment did not promote any 
changes in the phosphorylation levels of the cyto-
solic subunits; however, it led to a reduction in 
cytosolic subunits migration towards the mem-
brane, and therefore to an inhibition of the forma-
tion of the active complex [83]. The exact 
mechanism of migration inhibition is not eluci-
dated yet. Since nitroalkenes have a nitro group 
bound to a double bond, which gives it electro-
philic properties [84–86], a possible mechanism 
of inhibition of NOX2 could involve the forma-
tion of a covalent Michael adduct between 
NO2-AA and critical nucleophilic residues (e.g. 
histidines or cysteines) of some component 
involved in the activation of NOX2, preventing 
then the formation of the active complex.

Recently, some works explore the role of pro-
tein disulfide isomerase (PDI) activity on NOX2 
active complex formation [98–101]. PDI is a 
highly conserved redox chaperone, which is 
found mainly in the endoplasmic reticulum, 
where it assists protein folding through thiol oxi-
dation and disulfide bonds formation with cyste-
ine residues at the active site of the enzyme [102]. 
PDI exhibits a positive effect on the activity of 
NOX2 by controlling the migration of p47phox to 
the membrane and interacting with its cytosolic 
components [98]. Given the role that it seems to 
play in the activation of NOX2 and the presence 
of critical cysteine residues for enzymatic activ-
ity, PDI is a potential target for NO2-AA, which 
could explain the inhibitory effects on NOX2 
without affecting the components of the enzy-
matic complex. Both the reductase and chaper-
one activities of PDI are inhibited by NO2-AA in 
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a dose and time- dependent manner, being a 
reversible effect [103]. Interestingly, NO2-AA 
forms a reversible covalent adduct with a cyste-
ine residue present in the active site of PDI in 
vitro, which could explain the inhibitory effect 
[103]. The adduct formation between NO2-AA 
and PDI could prevent its interaction NOX2 sub-
units affecting the correct assembly of the enzyme 
(Fig. 6.3).

Therefore, NO2-AA is capable to inhibit 
NOX2 activity in activated macrophages by mod-
ulating the active complex formation in the plas-
matic membrane without affecting the 
phosphorylation of the cytosolic subunits. This 
effect may be due to NO2-AA-dependent cova-
lent modification of PDI, preventing its interac-
tion with p47phox, which has been related to NOX2 
modulation (Fig. 6.3).

6.6  Summary

AA participates in the inflammatory response 
mainly through bioactive-lipids formation but 
also activating the phagocytic NADPH oxidase 2. 
The latter depends on direct interaction of AA 
with different subunits of NOX, as well as with 
kinases that promote full NOX2 complex 
assembling.

It is possible to hypothesize that there is a bal-
ance of AA and NO2-AA with antagonistic roles 
as modulators of NOX2 activity. AA is formed in 
the early events of cell activation and promotes or 
amplifies the activation of NOX2. The important 
increase in oxidant formation after these events, 
could lead to NO2-AA formation, which in turn, 
would inhibit superoxide production. Therefore, 
AA and its derivatives may have an important 
role in modulating the NOX2 activity.

Table 6.1 Most relevant reported inhibitors of NADPH oxidase

Inhibitor Description Mechanism
IC50, Ki cell 
free assay

IC50 intact 
cells Comments Refs

Diphenylene- 
iodonium 
(DPI)

Iodonium 
compound

Generate 
phenyl radical 
that reacts with 
flavins

5.6 μMa 0.9 μMb Non-specific. Inhibits 
mitochondrial complex 
I, xanthine oxidase, 
NOS and others.

[87, 
88]

Nox2 ds-tat Peptide containing 
a fragment 
analogue to B-loop 
of Nox2

Blocks the 
interaction 
between p47phox 
and Nox2

0.74 μMc ND No inhibition of Nox1 
and Nox4

[89, 
90]

Nitro- 
arachidonic 
acid

Nitrated form of 
arachidonic acid

Blocks NADPH 
oxidase 
assembly

ND 4.1 μMd Reacts with 
nucleophiles

[83]

VAS2870 Triazolo- 
pyrimidine

NK 10.6 μMe 0.08 μMf Also inhibits Nox1 and 
Nox4 and exerts 
off-target thiol 
alkylation

[91–
94]

ML171 2-acetyl- 
phenotiazine

NK 5 μMg >10 μMh Potent inhibitor of 
Nox1

[95]

GKT137831 Pyrazolo- 
pyrimidine

NK 1.7 μMi ND Inhibits other Nox 
isoforms (1 and 4)

[96, 
97]

aKi, 6.2 μg of neutrophil membrane protein
bRat peritoneal macrophages stimulated with PMA
cIC50, COS-Nox2 cells, 5 × 105 cells lysate
dJ774A-1 macrophages, stimulated with PMA
eIC50, 100 μg of VSMC membrane protein
fHuman neutrophils stimulated with PMA
gIC50, HEK293 Cells expressing NOX2
hHuman neutrophils stimulated with fMLP
iKi, Hepatic stellate cells expressing NOX2
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Abstract
Modern society has changed its diet composi-
tion, transitioning to a higher intake of satu-
rated fat with a 50% increase of cardiovascular 
risk (CVD). Within the context of increased 
CVD, there is an induction of a prothrombotic 
phenotype mainly due to increased platelet 
reactivity as well as decreased platelet 
response to inhibitors. Platelets maintain hae-
mostasis through both blood components and 
endothelial cells that secrete inhibitory or 
stimulatory molecules to regulate thrombus 
formation. There exist a correlation between 

platelets’ polyunsaturated fatty acid (PUFA) 
and the increase in platelet reactivity. The aim 
of this chapter is to review the metabolism of 
the main PUFAs involved in platelet function 
associated with the role that their enzyme- 
derived oxidized metabolites exert in platelet 
function and fate. Finally, how lipid metabo-
lism in the organism affect platelet aggrega-
tion and activation and the pharmacological 
modulation of these processes will also be 
discussed.

Keywords
Platelets · Arachidonic acid · Eicosanoids · 
Thrombosis · Dyslipidemias

7.1  Introduction

With increased industrialization, modern society 
has changed its diet composition, transitioning to 
a higher intake of saturated fat [1]. This coupled 
with an array of genetic mutations, prone humans 
to develop dyslipidemia, a disorder characterized 
by high levels of circulating lipids such as low- 
density lipoprotein (LDL), total cholesterol (TC) 
or triglycerides and/or decreased levels of high- 
density lipoprotein (HDL). The last survey con-
ducted by the world health organization (WHO) 
in 2008 estimated the prevalence of dyslipidemia 
(characterized by TC > 5 mmol/L) to be 23.1% in 
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Africa, 53.7% in Europe, with a global preva-
lence of 38.9% [2]. Such high prevalence devel-
oped onto a public health debate, given that a rise 
in 2 mmol/L in TC has been shown to increase 
cardiovascular risk (CVD) by 50% [3], while a 
more recent meta-analysis questioned this 
assumption [4]. Within the context of increased 
CVD, it is well established that dyslipidemia 
induces a prothrombotic phenotype mainly due 
to increased platelet reactivity as well as 
decreased platelet response to inhibitors [5–8].

Platelets are fragments of megakaryocytes 
circulating within the bloodstream to block leak-
ages  – an evolutionary adaptation required for 
mammal survival. These cells maintain haemo-
stasis through both blood components and endo-
thelial cells that secrete inhibitory (e.g. nitric 
oxide) or stimulatory (e.g. thromboxane) mole-
cules to regulate thrombus formation, which 
involves the exposure of sub-endothelial colla-
gen and fibrinogen after endothelial injury. 
Platelets will then bind to both collagen and 
fibrinogen through glycoprotein (GP) VI and 
GPIb-V-IX receptors, respectively culminating 
in platelet adhesion, secretion of stimulatory 
molecules such as adenosine diphosphate (ADP) 
and aggregation to other platelets  – a process 
deemed irreversible through binding to the plate-
let fibrinogen receptor αIIbβ3 [9–11]. While 
these processes are important to maintain hae-
mostasis in physiological environments, it has 
been described an up-regulation of stimulatory 
signals as well as down-regulation of inhibitory 
ones in chronic diseases such as dyslipidemia 
and atherosclerosis [12]. Therefore, increased 
platelet activity has been perceived as a malad-
aptation implicated in chronic non-communica-
ble diseases, opening up perspectives of new 
scientific discoveries – according to Prof Barry 
Coller, this is the “Golden Age of Platelet 
Research” [13].

The rise in platelet reactivity is due to the 
actions of different lipids on platelet function, 
which will be discussed in the following sections 
of this chapter. We will review the metabolism of 
the main polyunsaturated fatty acid (PUFA) 
involved in platelet function, arachidonic acid 
(AA), associated with the role that its 

 enzyme- derived oxidized metabolites exert in 
platelet function and fate. Finally, how lipid 
metabolism in the organism affect platelet aggre-
gation and activation and the pharmacological 
modulation of these processes will also be 
discussed.

7.2  Overview of Arachidonic 
Acid Metabolism

Arachidonic acid (AA, all-cis-5, 8, 11, 
14- eicosatetraenoic acid) is an omega-6 PUFA. It 
is an essential constituent of cell membrane, nec-
essary for membrane fluidity, flexibility and 
function in all cell types. The presence of its cis- 
four double bonds gives the compound a certain 
degree of flexibility to interact with proteins or to 
react against molecular oxygen, forming a range 
of bioactive oxygenated molecules via enzymatic 
and non-enzymatic mechanisms [14–18]. 
Esterified AA is usually localized in the glycerol 
backbone sn-2 position, constituting an impor-
tant part of phospholipid-content in the mem-
branes and cytosol of mammalian cells and 
tissues. In platelets, up to 25% of phospholipid 
fatty acids are AA [14–18], reaching levels near 
to 5  mM in resting platelets [19]. Arachidonic 
acid cellular concentration may influence both 
normal cellular functions and the development of 
platelet diseases. More important, it has been 
proposed that a low dietary intake of AA decrease 
the production of pro-inflammatory eicosanoids, 
which contributes to processes resolution in 
chronic inflammatory diseases [15, 17]. However, 
our body’s AA needs are higher than the concen-
tration found in human diet. Thus, our tissues 
depend on endogenous formation of AA from its 
precursor, linoleic acid (LA 18: 2n-6), in a pro-
cess regulated by the action of enzymes such as 
desaturases and elongases. The activity of Δ6 and 
Δ5 desaturases (d-5-d) converts LA to gamma- 
linolenic acid (GLA, 18: 3), dihomo-GLA 
(DGLA, 20:3) and AA [15, 17].

Arachidonic acid is released from its esteri-
fied form by the action of phospholipase A2 
(PLA2) complex, which mediates the one-step 
hydrolysis of the AA present at the sn-2 position 
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on phospholipid backbone [14, 20–23]. Cytosolic 
calcium  (Ca+2)-dependent group IV PLA2 
(cPLA2α) catalyzes that hydrolysis to generate a 
free fatty acid and a lysophospholipid. Secretory 
PLA2 (sPLA2), which is induced by the action of 
cPLA2, controls magnitude and duration of free 
AA release, as well as paracrinely propagates the 
inflammatory response to neighboring cells [24–
26]. Lastly, cytosolic Ca+2-independent PLA2 
plays a role on cellular homeostasis through gen-
eration of SPM (specialized pro-resolvins medi-
ators) and reacylation of free AA in membranes 
as well [16, 27]. Nevertheless, there are other 
phospholipases equally able to release AA: 
phospholipase C (PLC) and phospholipase D 
(PLD). PLC participates in the formation of dia-
cylglycerol (DAG) by the action of diacylglyc-
erol lipase and lipid products containing AA by 
the action of monoacylglycerol lipases [15, 20, 
26, 27]. Similarly, phosphatidic acid or DAG are 
formed from posphatidylcholine by PLD.  The 
former can be further catalyzed by phosphatidate 
phosphohydrolase to form DAG.  Then, DAG-
lipase hydrolyzes DAG to generate AA.  Upon 
stimulation, Gq protein-coupled receptor acti-
vates phospholipase C that cleaves phosphati-
dylinositol 4,5 bisphosphate (PIP2) to inositol 
1,4,5 triphosphate (IP3) and diacylglycerol 
(DAG). The presence of DAG and Ca2+ activates 
protein kinase C and IP3 opens ER Ca2+ channel 
[28–30]. The increase in intracellular Ca2+ ions 
levels guides the PLA2 enzyme translocation to 
the perinuclear membrane where exerts the 
explained release of AA from the membrane to 
let the AA-metabolizing enzymes their substrate 
[14, 20–23].

Free AA can undergo four possible enzymatic 
pathways: prostaglandin endoperoxide H syn-
thase (PGHS), lipoxygenase (LOX), cytochrome 
p450 (CYP 450) and anandamide pathway, which 
create bioactive 20-carbon oxygenated PUFA 
generally denominated eicosanoids. These bioac-
tive lipids act as local hormones and/or signaling 
molecules produced both in response to basal 
metabolism as well as in inflammatory sites upon 
regulation by normal immune response stimuli 
(IL-1, TNF-alpha, lipopolysaccharides, etc.). The 
metabolic fate subsequent to AA release into the 

cytosol depends on characteristics of each tissue 
type, although on different tissues the same pre-
cursor often gives rise to products with antago-
nistic function, e.g. PGE2 [14, 17]. 
Cyclooxygenase (COX), more precisely known 
as Prostaglandin Endoperoxide  H syn-
thase (PGHS), converts AA first into PGG2, via a 
COX function and then to PGH2 following a per-
oxidase reaction [31]. Two different PGHS iso-
forms (PGHS-1 and PGHS-2) are involved in the 
PGHS pathway to generate prostaglandin H2 
(PGH2), an intermediate hub whose metaboliza-
tion by downstream enzymes leads to different 
prostaglandins: PGE2, PGD2 and PGF2α, prosta-
cyclin (PGI2), or thromboxaneA2 (TXA2). LOX 
pathway consists of AA oxidation by the enzyme 
isoforms LOX-5, LOX-8, LOX-12, and LOX-15 
to generate their products, leukotrienes (LTA4, 
LTB4, LTC4, LTD4 and LTE4), lipoxins (LXA) 
and 8-, 12- or 15- hydroperoxyeicosatetraenoic 
(HpETE) acids or their corresponding reduced 
derivatives hydroxyeicosatetraenoic (HETE) 
acids. CYP 450 pathway involves two enzymes, 
CYP450 epoxygenase and CYP450 hydroxylase 
giving rise to epoxyeicosatrienoic acid (EETs) 
and 20-HETE, respectively. Finally, anandamide 
pathway comprises the FAAH (fatty acid amide 
hydrolase) to produce the endocannabinoid, 
anandamide [14–17, 20, 32–37].

Cell–cell interaction is important for eico-
sanoids synthesis since a donor cell has to trans-
fer its unstable intermediate, e.g. PGH2, to a 
recipient cell to trigger eicosanoid biosynthesis 
in the latter. The single donor cell should have all 
the enzymes necessary to produce the different 
eicosanoids while the recipient cell does not nec-
essarily have all the required enzymes for AA 
release. Thus, for inflammation initiation, the 
complete set of enzymes to initiate eicosanoids 
production must be present in at least two cells in 
the injured tissue. The AA intermediate metabo-
lites are lipophilic and require a group of special 
proteins called fatty acid binding proteins 
(FABP), specific for each cell type, which are 
responsible for the increase of AA intermediates 
export via their stabilization and lengthening 
their half-life time to allow them to exert their 
biological activities. The major action of AA 
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metabolites is promotion of acute inflammatory 
response, characterized by the production of pro- 
inflammatory mediators, e.g. PGE2 and PGI2, 
 followed by a second phase in which lipid media-
tors with pro-resolution activities may be gener-
ated [14–17, 20, 32–37] Resolution of 
inflammation is no more considered a passive 
process, but rather an active programmed 
response regulated by mediators with pro-resolv-
ing capacity.

7.3  Arachidonic Acid 
Metabolism in Platelets

The activation or inhibition of platelets can be 
modulated by many agents with a central role 
being played by eicosanoids, being TxA2 and 
PGI2 the main eicosanoids affecting platelets’ 
function [38].

Arachidonic acid  is metabolized to PGH2 in 
the cytosol of platelets and for this, PLA2 activity 
is necessary to release AA from platelet mem-
brane [39, 40]. PGH2 in platelets undergoes fur-
ther transformations catalyzed by Tx synthase, 
PGD isomerase or PGE synthase to form TxA2, 
PGD2 or PGE2 respectively (Fig. 7.1). In addition 
to the wide variety of eicosanoids formed by the 
COX pathway [41], 11-HETE and 15(S)-HETE- 
but not 5-HETE- are produced when AA is 
inserted at the active site of COX-1 in a different 
structural arrangement than the one necessary for 
PGH2 synthesis [42]. Both products can be 
formed at similar levels to TxA2 whose formation 
is associated with an increase in AA levels, e.g. at 
platelet hyperactivation where high concentra-
tions of AA are released from platelet mem-
branes. The participation of COX in 11-HETE 
and 15(S)-HETE formation was also demon-
strated by the lack of decrease in 12-HETE when 
using only aspirin thus LOX is not the enzyme 
involved in these products formation [42]. 
Reduction of 12-HETE was only observed when 
both PGHS and P2Y12 inhibitors were used con-
firming the former proposal [42].

Platelets mainly express PGHS-1, but traces 
of PGHS-2 have been detected, possibly carried 
over from megakaryocytes, the platelet precursor 

cells, or as a result of the transcription of residual 
mRNA into protein [22, 33, 43]. In addition to 
PGHS, AA can also be oxidized by the non-heme 
iron-containing enzymes LOXs. Different iso-
forms of LOXs are found depending on the car-
bon where the hydroperoxyl (-OOH) group is 
added. Platelets present 12-LOX which inserts 
oxygen primarily at C-12 of AA forming the 
1 2 S - h y d r o p e r o x y - 5 Z , 8 Z , 1 0 E , 1 4 Z - 
eicosatetraenoic acid [12(S)HpETE] [44]. The 
highly reducing environment present in the plate-
let rapidly reduce 12(S)-HpETE to its hydroxyl 
derivative 12-HETE [44]. The biological activity 
of 12-HETE in platelets in vivo remains under 
discussion; some authors suggest a pro- 
thrombotic activity by acting at vascular hyper-
tension (Fig.  7.2) while others propose an 
anti-aggregant and anti-inflammatory action by 
decreasing the release of AA from the membrane 
and regulating integrin activation (Fig. 7.3). The 
pro-inflammatory leukotrienes precursor, being 
able to affect platelet activation during an inflam-
matory process, is formed by the 5-LOX present 
in neutrophils. One important difference between 
the AA-metabolizing enzymes due to their capac-
ity to be inhibited is that while aspirin or other 
nonsteroidal anti-inflammatory drugs (NSAIDs) 
inhibit PGHS  activity [45, 46], LOX remain 
active in their presence being able to oxidize AA 
to HpETEs.

7.3.1  Role of Distinct Eicosanoids 
in Platelets

7.3.1.1  Thromboxane A2 (TxA2)
The most directly important prostanoid for 
platelet function is the PGHS-1-generated 
TxA2, which is synthesized by activated plate-
lets acting in an autocrine and paracrine manner 
to induce thrombosis. On platelets, TxA2 binds 
to the thromboxane prostanoid (TP) receptor 
and initiates an amplification loop leading to 
further platelet activation, aggregation and 
TxA2 formation. In the vasculature, TxA2 
induces vasoconstriction and the proliferation 
of vascular smooth muscle cells (Fig. 7.2) [21, 
38, 47, 48].
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7.3.1.2  12-Hydroxy-Eicosatetraenoic 
Acid (12-HETE)

12-HETE is the major 12-LOX-catalysed metab-
olite and the most abundant eicosanoid produced 
by platelets upon stimulation [41, 42], although 

its effects on platelet function are not completely 
understood. There are studies reporting that inhi-
bition of 12-LOX led to decreased platelet aggre-
gation correlated with a significant reduction of 
12-HETE levels in response to collagen [49].  

Fig. 7.1 Arachidonic acid metabolism in platelets. 
Arachidonic acid is esterified at the platelet membrane 
and released to the cytosol due to the activity of PLA2. 
Then, AA is the substrate for PGHS-1 forming PGH2 
which then is the substrate for the subsequent formation 
of TxA2, PGE2 or PGD2. If AA is oxidized by LOX, then 
12-HETE is formed. When an increase of vasculature 

RNS formation or the appearance of an inflammatory pro-
cess occur, AA is nitrated to NO2-AA which inhibit 
PGHS-1 thus decreasing the pro-aggregant TxA2 forma-
tion [40]. The increase of non-oxidized AA in the cytosol 
led to a subsequent oxidation of the fatty acid by the 
12-LOX thus increasing the levels of 12-HETE [47]
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A recent review concluded that 12-HETE can 
exert both pro- and anti-aggregant effects 
(Figs.  7.2 and 7.3) on platelets, depending on 
12-HETE concentration, stereospecificity and 
co- incubation with different agonists [50].

7.3.1.3  Prostacyclin (PGI2)
Endothelium-produced PGI2 binds to the 
Gs-coupled PGI2 receptor (IP) on platelets and 
generally reduces platelet reactivity, which can 
be critical to minimizing the risk for athero-
thrombotic events [51, 52]. Binding of PGI2 to 
the IP receptor, results in the activation of ade-
nylate cyclase and a subsequent rise in cAMP 
levels in platelets [51, 52]. This stimulates phos-
phorylation of PKA, which suppresses various 
signaling pathways involved in platelet function 
such as adhesion, aggregation and granule 
secretion.

7.3.1.4  Prostaglandin D2 (PGD2)
PGD2 is well established as a macrophage prod-
uct but, in lesser amounts, is also synthesized by 
platelets. By interaction with platelet DP1 recep-
tors, PGD2 increases adenylyl cyclase activity 
and so, like PGI2, inhibits platelet activation [53, 
54] (Fig. 7.3).

7.3.1.5  Prostaglandin E2 (PGE2)
PGE2 is released by endothelial cells (ECs) and, 
to some extent, by activated platelets. It acts on a 
range of prostanoid receptors, EP1  – EP4, that 
differently modulate second messengers, such as 
cAMP and free Ca2+, within platelets and exert 
contrasting effects on platelet function [55]. The 
effects on platelets of PGE2 acting through EP 
receptors are concentration dependent. At low 
concentrations (0.1–10  μM), PGE2 binds to 
Gi-coupled receptors (EP3) to enhance 
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 aggregation (Fig. 7.2), whereas at higher concen-
trations (100 μM), it activates Gs-coupled recep-
tors (EP2, EP4) to inhibit aggregation [56–58] 
(Fig. 7.3). Stimulation of EP3 receptors by PGE2 
decreases cAMP levels, thus favoring platelet 
aggregation, but the full effect is only seen in the 
presence of another platelet agonist [58]. On the 
other hand, the increased cAMP levels which 
accompany EP4 receptor activation correlate 
with suppressed platelet aggregation [57]. In 
addition to PGE2, PGF2α and PGD2 can also bind 
to EP3 and EP4 receptors but with lower affinity 
and reversible effects [57, 58]. As well as the 
well-characterized effects of PGE2 mediated 
through EP3 and EP4 receptors, EP1 receptors 
are also expressed on platelets [56, 59]. Although 
the signal transduction pathway is not clear, stud-
ies in several cell lines expressing EP1 receptors 
suggest that its activation increases Ca2+ influx 
and might thereby stimulate platelet aggregation 

[60]. While PGE2 seems to both inhibit and 
potentiate platelet aggregation in vitro, a study by 
Gross et  al. has elegantly shown that, in vivo, 
PGE2 is produced by the vessel wall or after the 
rupture of a plaque. Under these conditions, 
PGE2 activates the EP3 receptors on platelets and 
clearly enhances, rather than reduces, thrombus 
formation in the arterial vessel wall [61].

7.4  Diversion of Normal AA 
Metabolism in Platelets: 
Formation of NO2-AA

Regarding AA metabolism in platelets and its 
oxidation by PGHS and/or LOXs, the participa-
tion of nitric oxide (•NO) and reactive nitrogen 
species (RNS) during platelet activation has been 
widely demonstrated. PGHS is a target for •NO 
and peroxynitrite, modulating prostaglandins as 
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well as TxA2 synthesis [62, 63]. Inflammatory 
processes and PUFAs are linked by eicosanoids, 
which represent mediators and regulators of 
inflammatory processes. Many of the reported 
protective, anti-aggregant and signaling actions 
of •NO are due to its interaction with 
 iron- containing enzymes. In fact, the heme-con-
taining enzyme PGHS is a target for •NO, modu-
lating prostaglandin synthesis [62]. Nitric oxide 
can act as a reducing co-substrate of the peroxi-
dase (POX) activity of the enzyme favoring the 
catalytic cycle of POX [39] or as a precursor of 
peroxynitrite which may also be a POX substrate 
or an inhibitor of the enzyme by tyrosine nitration 
at the enzyme active site. Indeed, •NO enhanced 
COX inactivation by peroxynitrite [62]. During 
COX catalysis, AA is oxidized being formed ara-
chidonyl radicals which are potential targets for 
•NO or RNS reactivity thus influencing enzyme 
activity. Our reports suggest that during COX 
catalysis, those AA-derived radicals can be 
“sequestered” by RNS to form nitrogen- 
containing AA products decreasing enzyme sub-
strates thus diminishing enzyme activity [62].

We have extensively described the synthesis 
of the nitrated derivative of AA, which we pro-
pose that besides being formed by acidic gastric 
nitration, can be a byproduct of COX activity in 
the presence of RNS. Nitroarachidonic acid 
(NO2-AA) can be formed in biological mem-
branes from AA, as explained above the most 
abundant fatty acid present in the 2-carbon posi-
tion of phospholipids, to exert biological effects 
upon PLA2 cleavage. One of the currently 
accepted mechanisms for RNS (e.g. •NO2)-
mediated oxidation and nitration for AA involve 
different routes including hydrogen atom 
abstraction and addition reactions [64]. Reaction 
of •NO2 with PUFAs leads to the generation of 
isomerized, oxidized and/or nitro-allylic, 
nitroalkene, dinitro, or nitro-hydroxy lipid deriv-
atives. An arachidonyl carbon-centered lipid 
radical and nitrous acid (HONO) are formed, 
and under anaerobic conditions or when O2 ten-
sion is low, a second molecule of •NO2 reacts 
with the carbon-centered radical generating a 
nitroalkane (the -NO2 moiety is bound to a dou-
ble bond) [64, 65].

As AA is the substrate for PGHS activity, we 
evaluated if nitration of the carbon chain of AA 
can exert any effects on PGHS normal activity of 
oxidizing AA. When analyzed in vitro, NO2-AA 
inhibited both POX and COX activities of 
PGHS-1 while only affected POX in PGHS-2 
[40], while nitration of other fatty acids was 
unable to modify PGHS activity. The mechanism 
of inhibition involves the release of heme as a 
result of NO2-AA reaction with the protein [40]. 
Not only in vitro the effects of NO2-AA on PGHS 
were analyzed. The capacity of NO2-AA to mod-
ulate PGHS-1 activity was also evaluated in 
human platelets [40, 47] being a potent inhibitor 
of thrombin-mediated platelet aggregation with 
an inhibitory concentration 50 (IC50) of 1.3 μM 
(refs. [40, 47]). Inhibiton of PGHS in platelets 
lead to a decrease in TxA2 synthesis with a con-
comitant divertion of AA to the LOX pathway, 
thus AA is mainly oxidized by LOX forming 
12-HETE [40, 47]. Importantly, platelet aggrega-
tion and activation was modulated by NO2-AA in 
response to several membrane receptors activa-
tion, i.e. protease activated receptors -PARs- for 
thrombin, P2Y receptors for ADP and TxA2 
receptors for AA, by either TxA2 positive retroal-
imentation after its synthesis or through direct 
stimulation of protein kinase C (PKC), indicating 
that NO2-AA acts downstream membrane recep-
tors to exert its antiplatelet effects [47].

The PKC family is centrally involved in plate-
let activation and aggregation. As explained pre-
viously, stimulation of PLC led to the generation 
of IP3 and DAG where the latter activates at the 
platelet membrane the cytosolic PKC isoforms 
(cPKC), which act in a synergistic manner with 
Ca2+. While NO2-AA did not mobilize Ca2+, it 
was able to inhibit α-granule secretion [47]. The 
effect of the nitroalkene on PKCα was analyzed 
in non-activated and thrombin activated plate-
lets. PKCα was diffusively distributed in the 
cytosol of untreated platelets and migrated to the 
plasma membrane after thrombin-stimulation in 
a process that was abolished by NO2-AA in addi-
tion to a prevention of platelet shape change and 
cytoskeletal reorganization, characteristics of 
platelet activation [47]. It has been reported that 
the bioactive signaling activities of nitroalkenes 
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are due to their capacity to perform Michael-
addition reactions with nucleophilic Cys of His 
residues. cPKC isoforms contain Cys rich motifs 
that are duplicated as a tandem domain which 
are critical for its interaction with membrane 
phospholipids, suggesting that PKC inhibition 
could be mediated by electrophilic modifications 
of the enzyme. In addition, NO2-AA modulation 
of PKC route has been shown by its capacity to 
inhibit platelet responses downstream to PKC 
activation (α-granule secretion, Erk2 phosphory-
lation, PKC translocation to the membrane) 
while not affecting upstream responses (e.g. Ca2+ 
mobilization). Moreover, when platelet activa-
tion is directly activated by the PKC activator 
PMA, NO2-AA inhibited platelet aggregation. 
These observations provide a possible novel 
mechanism for platelet regulation under condi-
tions where AA acts as a mild agonist for hemo-
stasis, but adopts potent anti-platelet properties 
at inflammatory environments associated with 
increased •NO and RNS production when trans-
formed into NO2-AA [47].

7.5  How Lipoproteins Modulate 
Platelet Function

7.5.1  Native and Oxidized LDL 
in Cardiovascular Disease

High levels of LDL are more prone to be altered 
by reactive oxygen species (ROS), which are nor-
mally present in physiological processes acting 
as second messengers, but also induce oxidative 
stress in conditions such as ageing, smoking, dia-
betes mellitus, metabolic syndrome and dyslipid-
emia. ROS act on PUFAs (free or ester-bound) on 
the LDL particle, leading to hydroperoxides for-
mation, which in turn, breaks down to form reac-
tive particles as malondialdehyde (MDA) and 
4-hydroxy-nonenal (4-HNE). MDA and 4-HNE 
react with lysine residues at the Apo lipoprotein 
B in LDL, together with amine groups in some 
phospholipids such as phosphatidylethanolamine 
and phosphatidylserine, forming Schiff-bases, 
generating neoepitopes. These processes produce 
oxidized LDL (OxLDL) particles, which are 

highly immunogenic. In fact, IgG autoantibodies 
against OxLDL have been found, although their 
role in atherogenesis and atherotrombosis 
remains to be elucidated [66].

Oxidized LDL has been associated to athero-
matous plaque formation through four mecha-
nisms that complement each other: endothelial 
dysfunction, foam cell formation, smooth mus-
cle cell migration and proliferation, and induc-
tion of platelet adhesion and aggregation. 
Endothelial dysfunction occurs when its antico-
agulant and vascular regulatory properties are 
compromised and a pro-inflammatory phenotype 
is produced. OxLDL can be formed and retained 
in subendothelial space, where it can induce 
adhesion molecules as ICAM-1 and VCAM-1 
and the secretion of chemotactic protein MCP-1 
and mCSF, favoring monocyte recruitment. 
Also, OxLDL is associated with a decrease in 
•NO production, leading to endothelial dysfunc-
tion, facilitating the atheromatous plaque forma-
tion [67]. One of the main mechanisms is that 
OxLDL up-regulates arginase I expression in the 
vascular wall without altering eNOS expression, 
which contributes to endothelial dysfunction by 
reducing l-arginine availability to eNOS for •NO 
production [68].

The oxidation of LDL particles increases their 
uptake by macrophages, so OxLDL is considered 
highly atherogenic by inducing foam cells forma-
tion in the first steps of the atherosclerotic lesion. 
Indeed, macrophages of the sub-endothelial 
space express scavenger receptors, which have a 
high affinity for OxLDL (in contrast to normal 
LDL) and they are not downregulated, leading to 
a massive fat accumulation. In turn, the foam 
cells present pro-inflammatory and pro-oxidative 
features that promote more LDL oxidization in 
the sub-endothelial space, and the recruitment of 
more monocyte to form macrophages and then, 
foam cells. Finally, the excessive intracellular 
accumulation of oxLDL induces the apoptosis or 
necrosis of foam cells, forming an important 
amount of cell debris that constitute the core of 
atherosclerotic plaque [67].

The vascular smooth muscle cells migrate 
from tunica to intima and proliferate in sub- 
endothelial space, as part of the process of ath-
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eromatous plaque formation. OxLDL can favor 
this, due to its capacity to induce platelet-
derived growth factor (PDGF) and fibroblast 
growth factor (FGF) release form endothelial 
cells and macrophages. Also, OxLDL induces 
LOX-1 expression, a scavenger receptor also 
present in macrophages, allowing the entry of 
OxLDL in smooth muscle cells, forming new 
foam cells, this time derived from smooth mus-
cle [69].

7.5.2  Native and Oxidized LDL 
in Platelet Function

Relevant to dyslipidemia, several groups have 
described an increase in platelet activation after 
platelet exposure to native (nLDL) and oxLDL 
[5, 70, 71]. Given the pro-oxidant environment 
that develops in dyslipidemia and associated met-
abolic diseases, the accepted hypothesis is that 
LDL is partly oxidized into oxLDL, which is the 
main molecule responsible for potentiating plate-
let response. It has been shown the importance of 
platelets in atheromatous plaque formation, and 
OxLDL also have a role in it. As mentioned 
above, OxLDL induces an endothelial dysfunc-
tion, which in turn favors platelet activation. But 
also, OxLDL have direct effects on platelets that 
lead to activation and thrombus formation in the 
aterothrombosis context. We will review this last 
aspect with more detail next.

Studies demonstrated that specific oxidized 
phospholipids that accumulate in plasma in dys-
lipidemia promote platelet activation by interact-
ing with different scavenger receptors: CD36, 
lectin-like oxidized LDL receptor-1, scavenger 
receptor class B type I (SR-BI), Toll-like receptor 
2 (TLR2), scavenger receptor that binds phos-
phatidylserine and oxidized lipoprotein/chemo-
kine (C-X-C motif) ligand [71–75]. Although it 
was known for some time that platelets possessed 
CD36, a class B scavenger receptor that binds to 
several unrelated molecules, such as thrombos-
pondin- 1 and -2, [76, 77] as well as oxLDL [78], 
it was only on the last decade that it was shown 
that CD36 is the main receptor for oxLDL in 
platelets. Upon binding to CD36, oxLDL 

enhances oxidative stress and pro-thrombotic 
phenotype. In fact, Podrez et al. [7] were the firsts 
to describe the importance of CD36 in dyslipid-
emia, showing that genetic deletion of CD36 in 
murine models of dyslipidemia restored arteriole 
and venule occlusion times back to control 
levels.

Less than a year later, the first signalling path-
way for oxLDL-CD36 was described. Chen et al. 
[79] demonstrated for the first time that mitogen- 
activated protein kinase kinase 4 (MKK4) and 
downstream c-Jun N-terminal kinase (JNK)2 
were phosphorylated in oxLDL-exposed plate-
lets. Interestingly, src family kinases Fyn and 
Lyn, which are also important for collagen recep-
tor GPVI signalling, were recruited to the cyto-
plasmic tail of CD36 after exposure to 
oxLDL.  Also, immobilized oxLDL increased 
protein tyrosine kinase Syk activation and intra-
cellular Ca2+ while enhancing thrombus forma-
tion under flow in a collagen-coated surface – an 
effect highly dependent on CD36 signalling [80]. 
Platelet-bound oxLDL was increased in patients 
with acute coronary syndromes, while incubation 
of oxLDL with platelets from healthy individuals 
was able to enhance platelet adhesion to colla-
gen, as well as activate endothelial cells [81]. 
Overall, it seems CD36 and collagen signalling 
pathways are intrinsically connected in the con-
text of dyslipidemia and other metabolic dis-
eases, prompting the discovery of novel 
treatments targeting CD36 and its pathway 
components.

In addition to the strong body of evidence 
showing how oxLDL induce platelet activation, 
platelets may induce LDL oxidation per si, 
prompting a positive feedback loop. For instance, 
supernatant collected from collagen-activated 
platelets was able to enhance copper-induced 
LDL oxidation [82]. More direct evidence 
showed that AA-stimulated but not resting plate-
lets were able to oxidize LDL and HDL in a 
concentration- dependent manner. Moreover, the 
authors ascribed the oxidative stress induced by 
platelets to be due to secretory PLA2, produced 
by activated platelets, that would then induce 
adverse modifications in lipoproteins [83]. 
Another group proposed that activated platelets 
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oxidize LDL in an NADPH oxidase (Nox)2- 
dependent manner, by showing that oxLDL had 
no effect on platelet activation in Nox-2-deficient 
patients and that the addition of a Nox-2 inhibitor 
abrogated the production of oxLDL induced by 
activated platelets [84]. Finally, platelets contrib-
ute to the deleterious actions of oxLDL in other 
cells, such as monocytes, inducing oxLDL- 
dependant monocyte migration and thus contrib-
uting to vascular oxidative stress and 
atherosclerotic plaque instability [85]. Overall, it 
seems there is an intricate positive feedback loop 
in which platelets oxidize LDL that will then 
activate platelets in a continuum that also involves 
other blood cells and possibly the endothelium.

Besides increased oxLDL levels, patients 
with dyslipidemia and associated metabolic 
syndrome tend to produce more microparticles, 
derived from platelets (PMP), endothelial cells 
(EMP) as well as other blood components [86, 
87]. Curiously, EMPs were found to bind to 
platelet surface CD36, since the inhibition of 
CD36 with monoclonal antibodies or the addi-
tion of competitive agonist oxLDL prevented 
EMP binding [88]. However, the majority of 
microparticles in blood is derived from platelets 
[89], which also induce a pro-thrombotic and 
pro-coagulant state due to PMP-induced platelet 
activation and the presence of negatively-
charged phospholipids, like phosphatidylserine 
(PS) [86, 90, 91]. Hypothesizing that PS might 
be a ligand for CD36, Wang et al. [92] demon-
strated that not only oxLDL leads to increased 
production of PMPs, but PMPs per se activate 
platelet through binding of CD36. Therefore, 
CD36 is a receptor for PMP binding and conse-
quent pro-thrombotic outcome, while both con-
tribute to the positive feedback installed in 
metabolic syndrome.

7.5.3  Native and Oxidized HDL 
in Platelet Function

Although LDL and its oxidized form oxLDL dis-
play pro-thrombotic effects through binding to 
CD36, HDL and oxidized HDL (oxHDL) have 
been shown to exert the opposite effect binding to 

a similar receptor. Population studies have shown 
that HDL is inversely correlated to thrombosis 
[93], whereas this observation was corroborated 
in vitro by showing that HDL reduces platelet 
aggregation in response to a variety of agonists, 
such as collagen and ADP [71]. Although HDL 
was firstly described to bind to platelet through 
fibrinogen receptor αIIbβ3 [94, 95], later reports 
refuted these findings using more refined tech-
niques [96], proposing scavenger receptor B1 
(SR-B1) as the binding site of HDL in platelets 
[97]. It is curious to notice that the initial data on 
SR-B1 knockout mice showed increased platelet 
activation, with elevated P-selectin binding at 
resting and increased adherence to immobilized 
fibrinogen, due to dyslipidemia and platelet cho-
lesterol overload [73]. However, in ApoE−/− 
dyslipidemic mice, bone marrow transfusion 
from SR-B1−/− mice resulted in resistance to 
platelet hyperactivity as well as protected the 
pro-thrombotic phenotype present in these dys-
lipidemic animals [72]. It is now widely accepted 
that SR-B1 is the HDL receptor in platelets and 
that there is an inverse relationship between lev-
els of this receptor and platelet response to ADP 
[98, 99].

Interestingly, oxHDL has been shown to 
inhibit platelet function more potently than 
native HDL [71]. Valiyaveettil [71] showed that 
oxHDL was able to inhibit platelet aggregation 
induced by collagen, ADP and thrombin  – an 
effect that was dependent on platelet 
SR-BI. Another study using HDL from diabetic 
patients have found that glycoxidized HDL was 
also able to inhibit platelet aggregation induced 
by collagen [100]. However, others have shown 
that the oxidation of HDL by hypochlorite pro-
duces a different form of oxHDL that is seem-
ingly more oxidized and able to potently activate 
platelets through binding to CD36 [101, 102]. 
Hence, it seems that the degree of HDL oxida-
tion determines whether these lipoproteins will 
exert an anti- or pro- thrombotic effect [103]. It is 
still elusive which form of oxHDL is predomi-
nant in dyslipidemia and whether or not oxHDL 
functions as a negative loop for the already 
established oxLDL- platelet positive feedback 
system.
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7.6  Dyslipidemias and Platelet 
Activation

There is evidence that distinct dyslipidemias (See 
Box 2 for dyslipidemias definition, classification 
and diagnosis) are associated with increased 
platelet activity. Hyperactive platelets with 
increased platelet cholesterol may contribute to 
accelerated atherogenesis associated with coro-
nary artery disease. Plasma cholesterol levels 
appear to have a critical role in modulating plate-
let activity because hypercholesterolemia 
increases platelet activation (GPIIb/IIIa, 
P-selectin and phosphatidylserine expression), 
platelet FXa generation and platelet tissue factor 
activity, more potently than hypertriglyceride-
mia. Thus, plasma membrane cholesterol accu-
mulation in platelets could potentially alter the 
membrane structure and affect signaling via sur-
face receptors [104–108]. As compared with 26 
normal subjects, platelets from patients with the 
Type II hyperlipoproteinemia aggregated in 
response to 1/25 the mean concentration of epi-
nephrine, one third the concentration of collagen, 
and one third the concentration of ADP. In con-
trast, platelets from type IV hyperlipoprotein-
emia showed normal sensitivity to ADP and 
collagen, and normal secretion. This suggest that 
platelet activation is associated with the throm-
botic complications of type II hyperlipoprotein-
emia [6].

Low-density lipoprotein particles sensitize 
platelets via binding of apoB-100 to a receptor 
on the platelet membrane and via transfer of lip-
ids to the platelet membrane. Oxidative modifi-
cations of LDL (oxLDL) generate a 
platelet-activating particle, and this interaction 
might contribute to the development of the ath-
erosclerotic plaque. Preincubation of isolated 
platelets with oxLDL, but not with native LDL, 
resulted in enhanced platelet adhesion to colla-
gen and activated endothelial cells. The oxLDL 
has been shown to promote platelet activation 
by interact with different scavenger receptors: 
class A scavenger receptor, CD36, lectin-like 
oxidized LDL receptor-1, scavenger receptor 
class B type I (SR-BI), Toll-like receptor 2 

(TLR2), scavenger receptor that binds phospha-
tidylserine and oxidized lipoprotein/chemokine 
(C-X-C motif) ligand. Also, oxidized choline 
glycerophospholipids are markedly increased in 
plasma of hyperlipidemic mice and in plasma of 
subjects with low HDL level, and promote 
platelet activation and hyperreactivity [7, 81, 
109, 110].

7.6.1  Dyslipidemias: Definition, 
Classification and Diagnosis

Dyslipidemias are a group of abnormalities in the 
lipid metabolism that leads to altered blood levels 
of triglycerides, lipoproteins or phospholipids. 
More frequently, dyslipidemias are associated 
with high levels of blood lipids, although an 
altered lipoprotein pattern is also important and 
not only the total lipids levels in blood. 
Dyslipidemias can be classified regarding their 
causes: Genetic (familial) or Acquired (second-
ary). Most of dyslipidemias are hyperlipidemic, 
and between them, most are caused by a combi-
nation of genetic polymorphism and dietary and 
lifestyle factors. An iconic example of this is the 
apolipoprotein E2/E2 polymorphism, which is 
present in 1/200–1/500 frequency, but its dyslip-
idemia associated is present only in 1/5000, 
because it needs the association with certain life-
styles (sedentary, hypercaloric diets) and other 
disorders, such as obesity, diabetes and/or hypo-
thyroidism. On another hand, only a 2% of hyper-
lipidemic disorders can be associated with 
identifiable mutations (as a strong genetic cause) 
and they are the most difficult to treat and with a 
high cardiovascular risk. Acquired dyslipidemias 
are hyperlipemic also, and they commonly asso-
ciate with diabetes mellitus, hypothyroidism, 
nephrotic syndrome and use of drugs (thiazide 
diuretics, beta adrenergic blockers, glucocorti-
coids, etc.) [111].

Other important classification is based on the 
type of lipid and lipoprotein elevated in plasma, 
and it is applied to familial dyslipidemias 
(Table  7.1) [112]. A third classification 
(Table 7.2) can be made based on clinical phe-
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Table 7.1 Frederickson classification of familial dyslipidemias

Dyslipidemia
Frederickson 
classification

Lipid 
elevated Lipoprotein altered Genetic cause

Familial 
hyperchylomicronemia

Type I TG Chylomicrons elevated Autosomal recessive: LPL, 
ApoC2, Apo A-V, LMF-1 or 
GPIHBP1 mutated

Familial 
hypercholesterolemia

Type IIA TC LDL elevated Autosomal codominant in 
heterozygous form: LDL 
receptor, ApoB or PCSK9 
mutated in one allele.
Homozygous form: two alleles 
mutated of these genes.

Familial combined 
Hyperlipoproteinemia

Type IIB TC and TG VLDL and LDL elevated Polygenic

Dysbetalipoproteinemia Type III TC and TG IDL elevated Homozygous for Apo E2/E2
Heterozygous for mutations in 
APO E

Primary 
hypertriglyceridemia

Type IV TG VLDL elevated No determined

Mixed 
hypertriglyceridemia

Type V TC and TG VLDL and chylomicrons 
elevated

Polygenic

TG Triglycerides, TC Total Cholesterol

Table 7.2 Clinical classification of dyslipidemias

Dyslipidemia Genetic
Secondary or 
associated to Environmental factors associated

Hypercholesterolemia 
(High TC)

Familial hypercholesterolemia Hypothyroidism Diet rich in saturated fats and 
cholesterol

Familial combined 
hypercholesterolemia

Cholestasis Drugs: androgens, progestogens, 
anabolic

Polygenic hypercholesterolemia Nephrotic syndrome
Hypertriglyceridemia 
(High TG)

Familial combined Obesity Diet rich in high glycemic index 
carbs

Hypercholesterolemia Diabetes mellitus High alcohol consume
Lipoprotein lipase deficiency Renal insufficiency Drugs: estrogens, beta blockers, 

diureticsPrimary hypertriglyceridemia Metabolic syndrome
Nephrotic syndrome

HDL-C deficiency Apo A deficiency Obesity Diet rich in saturated or trans fatty 
acids

ABCA1 mutations Diabetes mellitus Diet rich in high glycemic index carbs
Sedentary lifestyle
Smoking
Drugs: beta blockers, diuretics

Mixed hyperlipidemia 
(high TG and TC)

Polygenic Hypothyroidism Diet rich in saturated fats and 
cholesterol

Cholestasis Drugs: androgens, progestogens, 
anabolic

Nephrotic syndrome Diet rich in high glycemic index carbs
Obesity High alcohol consume
Diabetes mellitus Drugs: estrogens, beta blockers, 

diureticsRenal insufficiency
Metabolic syndrome

TG Triglycerides, TC Total Cholesterol
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notype independently of causes, and includes 
the most frequently dyslipidemia manifestation: 
the genetic and environmental factors combina-
tion. In  general, this classification takes into 
account not only elevations in LDL, VLDL or 
Chylomicrons, but also HDL decrease, and 
some of them can be associated to other pathol-
ogies [113].

The diagnosis is based mainly on clinical tests 
for a lipid profile, searching for abnormal levels of 
triglycerides, LDLc (LDL cholesterol), VDLc 
(VLDL cholesterol), or HDLc (HDL cholesterol). 
Usually, low levels of LDLc and/or triglycerides 
are not considered of clinical importance by 
themselves. A decrease below normal levels of 
LDLc and triglycerides are usually considered as 
secondary to other disorders as liver disease, mal-
absorption syndromes, hyperthyroidism, etc. On 
the other hand, high levels of HDLc as an abnor-
mal condition, constitutes a very rare genetic dis-
order with not well elucidated cardiovascular risk. 
For these reasons, we will focus on hyperlipid-
emic disorders [114]. The only clinical manifesta-
tion that helps to think specifically in 
hyperlipidemia is the presence of xanthomas, but 
they are observed mainly in genetic dyslipidemias 
with low frequency. In these patients, hepato-
splenomegaly, lipemia retinalis and family his-
tory of pancreatitis (when triglycerides are 
elevated) can be present. Independently of the 
dyslipidemic origin, of special concern in all of 
them is the cardiovascular risk associated, and its 
determination and management is one of the main 
goals in dyslipidemia treatment [114]. To evaluate 
the cardiovascular risk in a dyslipidemic patient is 
important to consider: clinical manifestations of 
atherosclerosis (coronary, cerebral or peripheral), 
age (>45 years in males, >55 in females), family 
background with atherosclerosis in young, smok-
ing, hypertension, diabetes mellitus and HDLc 
<40 mg/dl. Of course, the blood levels of triglyc-
erides and total cholesterol are important, but of 
special relevance for cardiovascular risk, are the 
LDLc levels. A large amount of evidence support 

the idea that high levels of LDL in blood, in con-
cert with an elevated oxidative stress in the organ-
ism, leads to a high risk to the development of 
atherosclerotic and atherotrombotic events [115].

7.7  Closing Remarks 
and Perspectives

Platelets are central workers in the cardiovascular 
function and hemodynamics, acting as watchers 
of changes within the bloodstream. As shown in 
this chapter, lipids play an essential role on 
 platelet metabolism and reactivity, modulating its 
response in accordance to the serum lipid profile. 
Although the focus has been placed on the circu-
lating levels of distinct lipoproteins, with LDL 
particles augmenting and HDL particles decreas-
ing platelet reactivity (Fig. 7.4), the immunologi-
cal essence of platelet lipid metabolism increases 
its importance in disorders characterized by low- 
grade inflammation. Of importance, metabolic 
syndrome allies pro-thrombotic and pro- 
inflammatory statuses with dyslipidemia, 
whereas constitutes itself an independent risk 
factor for cardiovascular disease [116, 117]. We 
have previously revised the relationship between 
platelet hyperactivity and metabolic syndrome, 
suggesting the redox-sensing protein disulfide 
isomerase as a central actor [118]. 
Notwithstanding, the role of lipids in platelet 
biology has been recently widened with the 
application of lipidomic approaches [119]. A 
study just released by Peng, Geue [120] showed 
how changes in the platelet lipidome may modu-
late platelet function, uncovering novel therapeu-
tic targets and agents. On this matter, the NO2-AA 
might be additionally proposed as a potential tar-
get/agent in metabolic syndrome-derived platelet 
hyperactivity, since its formation depends on 
both redox and inflammatory processes. Thus, 
the tale of lipid role on platelet function and dys-
function seems to be an open novel with many 
interesting chapters to be written.
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Abstract
Ischemic heart disease is the main cause of 
morbidity and mortality in the developed 
world. Although reperfusion therapies are 
currently the best treatment for this entity, the 
restoration of blood flow leads, under certain 
circumstances, to a form of myocardial dam-
age called reperfusion injury. Several studies 
have shown that age, sex, smoking, diabetes 
and dyslipidemia are risk factors for cardio-
vascular diseases. Among these risk factors, 

dyslipidemias are present in 40% of patients 
with ischemic heart disease and represent the 
clinical factor with the greatest impact on the 
prognosis of patients with cardiovascular dis-
eases. It is known that during reperfusion the 
increase of the oxidative stress is perhaps one 
of the most important mechanisms implicated 
in cell damage. That is why several research-
ers have studied protective mechanisms 
against reperfusion injury, such as the isch-
emic pre- and post- conditioning, making 
emphasis mainly on the reduction of oxida-
tive stress. However, few of these efforts have 
been successfully translated into the clinical 
setting. The controversial results in regards to 
the relation between cardioprotective mecha-
nisms and dyslipidemia/hypercholesterol-
emia are mainly due to the difference among 
quality, composition and the time of adminis-
tration of hypercholesterolemic diets, as well 
as the difference in the species used in each of 
the studies. Therefore, in order to compare 
results, it is crucial that all variables that 
could modify the obtained results are taken 
into consideration.
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8.1  General Overview

Cardiovascular disease (CVD) was the most 
common underlying cause of death in the world 
in 2017, accounting for an estimated 17.3 million 
of 54 million total deaths, or 31.5% of all global 
deaths [1]. Also, the World Health Organization 
report stated that CVD caused 15 million deaths 
annually with 85% of these occurring in low- and 
middle-income countries [2], between the ages of 
30 and 69 years. Metabolic risk factors contribute 
to four key metabolic changes that increase the 
possibility of myocardial infarction: raised blood 
pressure, overweight/obesity, hyperglycemia and 
dyslipidemia. Although epidemiological studies 
have been crucial to determine risk factors asso-
ciated to coronary disease, the effect of choles-
terol content in the diet on the development of 
coronary atherosclerosis was known much ear-
lier. In this sense, Anitschkow and Chalatow 
described in 1913 for the first time that rabbits, 
fed with an cholesterol-enriched diet developed 
hypercholesterolemia, and that this increase in 
plasma cholesterol levels contributed to the onset 
of atherosclerosis [3]. Given the relevance and 
the prevalence of this risk factor, it is interesting 
to perform an update on the behavior of isch-
emia/reperfusion injury (I/R) and the myocardial 
protection mechanisms in the presence of comor-
bidities such as hypercholesterolemia/
dyslipidemia.

The treatment, which has shown to be more 
effective for ischemic heart disease, are reperfu-
sion therapies that decrease infarct size and mor-
tality due to acute myocardial infarction, but this 
reperfusion therapies, under certain circum-
stances developed damage. Reactive oxygen spe-
cies (ROS) are one of the key signals that 
participate and produce injury in myocardial 
I/R. Regarding oxidative stress, it has been dem-
onstrated that thioredoxin-1 (Trx-1) plays a cen-
tral role as a regulator redox status in the heart 
[4–6]. Among the endogenous antioxidant mech-
anisms, Trx-1 system is an important component 
that participates in cellular defense against myo-
cardial damage and it was shown to confer pro-
tection against I/R injury [5, 7–10]. Recently we 
have reported that ischemic postconditioning 

(PostC) prevents the degradation of Trx-1. 
Therefore, this protein could be involved in this 
cardioprotective mechanism [9]. On the other 
hand, it is known that dyslipidemia and lipid 
metabolism disorders produce an increase in 
ROS, which positively correlates with dyslipid-
emia [11], causing an exacerbation of the damage 
produced by I/R injury [12]. Taken all this 
together, in this chapter, we will focus on the 
study of hypercholesterolemic/dyslipidemic 
models that were established with enriched diets 
in order to understand and compare the diversity 
of results.

8.2  Effects of Dyslipidemia/
Hypercholesterolemia 
in Myocardial Function

In epidemiological studies, there is a well- 
recognized relationship between total serum cho-
lesterol concentration and the morbi-mortality 
due to myocardial infarction [13]. In addition, 
hypercholesterolemia has been shown to exert 
myocardial effects independent of the develop-
ment of atherosclerosis in both clinical [14, 15] 
and preclinical studies [16, 17]. These myocar-
dial effects include impaired cardiac performance 
and contractile dysfunction [18, 19], aggravated 
CVD [20], and diminished adaptation to isch-
emic stress [21, 22]. Results in animal models 
and some human clinical trials suggest a direct 
effect of cholesterol on the heart leading to 
impaired diastolic function and in some cases 
systolic function [16, 17, 19, 23, 24]. 
Hypercholesterolemia could be asymptomatic or 
its symptoms may not be pronounced initially, 
thus the myocardial ventricular dysfunction may 
not be detected for a long time although it follows 
a clear progression to heart failure [25].

It was demonstrated in a cell culture model 
that the increase in cholesteterol content into the 
membranes, resulted in a decrease of cytosolic 
calcium levels and impaired cardiac myocyte 
contractility [26]. Then, this was confirmed in 
cholesterol-fed rabbits and rats; showing contrac-
tile dysfunction characterized by a decreased 
maximum rate of shortening, decreased rate of 
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relaxation, and increased left ventricular end- 
diastolic pressure [16, 17, 27]. Moreover, in 
hearts isolated from hypercholesterolemic 
apoB100 transgenic mice an impairment of car-
diac performance assessed by the measurement 
of aortic flow was demonstrated [19]. In addition, 
hypercholesterolemia-induced cardiac dysfunc-
tion was further confirmed by echocardiography 
in humans [23]. From the above mentioned, it is 
clear that dyslipidemia/hypercholesterolemia 
produce contractile and diastolic dysfunction in 
experimental animal models and human.

8.3  Reversible Ischemia/
Reperfusion Injury: Stunned 
Myocardium

As far as we know, few studies assessed the 
effects of dyslipidemia in the myocardial stun-
ning. In this regard, Van de Velde et  al. [28] 
administered an emulsion of fatty acids during 
reperfusion and showed an improvement of the 
recovery of the ventricular function and the meta-
bolic status in the stunned myocardium in iso-
lated rabbit hearts. Additionally, Satoh et al. [29] 
showed in dogs subjected to a myocardial stun-
ning protocol, that the treatment with pitavastatin 
reduced plasma cholesterol levels and attenuated 
post- ischemic contractile dysfunction. However, 
we demonstrated in hearts of rabbits fed with a 
1% enriched cholesterol diet during 4 weeks sub-
jected to a myocardial stunning protocol, a sig-
nificant improvement in the recovery of the 
contractile state, as well as attenuation in myo-
cardial stiffness compared with the normocholes-
terolemic group [30]. One important aspect to 
highlight is that when isoproterenol was adminis-
tered to match the pre-ischemic inotropic state 
with normocholesterolemic animals, the protec-
tive effect on post-ischemic ventricular dysfunc-
tion was abolished. Our findings suggest that the 
low inotropic state of the hypercholesterolemic 
rabbit hearts could reduce oxygen consumption 
thus protecting the myocardium and this is repre-
sented in Fig. 8.1.

In regards to our findings, Calabresi et al. [31], 
who administered a HDL cholesterol infusion in 

isolated and perfused rat hearts, described a car-
dioprotective effect in a model of stunned heart 
as we did. In addition, Kalaivanisailaja et al. [32] 
showed that a cholesterol-enriched diet causes an 
increase in free fatty acids and confers cardiopro-
tection against I/R injury. Therefore, this mecha-
nism could also be part of the protection 
evidenced by our experimental model. Also, 
Adameova et al. [33] showed that a 5-day treat-
ment with simvastatin improved post-ischemic 
recovery of myocardial function in the hearts of 
both normal and diabetic-hypercholesterolemic 
rats without normalizing plasma cholesterol 
levels.

In relation to oxidative stress, we previously 
demonstrated in healthy mice that the inactiva-
tion of Trx-1 produces an exacerbation of post- 
ischemic ventricular dysfunction in a stunned 
myocardium protocol. Furthermore, in these 
mice, a more marked myocardial stiffness and 
isovolumic relaxation alterations at the end of 
reperfusion were observed as compared to wild 
type mice. In that study we showed for the first 
time a direct effect of cytosolic Trx-1 on systolic 
and diastolic ventricular function, the signaling 
pathway involved in relaxation impairment and 
their relationship to mitochondrial function. 
Recently we demonstrated using a model of early 
stages of atherosclerosis, that dyslipidemia pro-
duced changes in the redox state and in mito-
chondrial function in hearts from mice fed with a 
high- fat diet (HFD). This was associated with an 
augmentation of Trx-1 expression, but this pro-
tein was showed to be more oxidized, which rep-
resents an inactivation of Trx-1. Therefore, 
although we have not studied the effects pro-
duced by dyslipidemia and its relationship with 
Trx-1 in a model of myocardial stunning, [6, 9], 
we could speculate based on our previous find-
ings that the lack of activity of this antioxidant, 
could at least in part, worsen ventricular dysfunc-
tion in a myocardial stunning protocol.

In summary, the experimental evidence sug-
gests that dyslipidemia, during the early steps of 
atherosclerosis, could decrease the contractile 
state and it is clear that hypercholesterolemia/
dyslipidemia interfere in the recovery of ventric-
ular function in myocardial stunning. All these 
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changes depend on the type of diet administered, 
the time of administration and the species stud-
ied. Therefore, it is difficult to extrapolate or 
compare the different studies where cholesterol- 
enriched diets were used as a tool to develop dif-
ferent stages of hypercholesterolemic or 
atherosclerotic disease.

8.4  Irreversible Ischemia 
Reperfusion Injury: 
Myocardial Infarction

It is very well known that experimental dyslipid-
emia can exacerbate I/R injury and increase 
infarct size. In this sense, Golino et  al. [34], 
showed that hypercholesterolemia per se, (3 days 
of 2% enriched cholesterol diet) significantly 
increased the infarct size. Likewise, Wang et al. 
[35] showed that cholesterol administration 
increased the infarct size and the number of 

apoptotic cells in the ischemic zone related to an 
increased of caspase- 3 activity that could be acti-
vated by intrinsic or extrinsic pathway. In addi-
tion, Szucs et  al. [36] showed that a 2% 
enriched-cholesterol diet (9 weeks) increased the 
infarct size and this was probably related to an 
increase in metalloproteinase type-2 (MMP-2) 
activity during reperfusion compared to the con-
trol diet group. This result suggests an increase in 
oxidative stress and consequently in the per-
oxynitrite formation and MMP-2 activation in 
hypercholesterolemic animals [37]. These find-
ings are in agreement with our previously pub-
lished results, as we also showed that the infarct 
size was significantly larger in the hearts of rab-
bits fed with a 1% enriched-cholesterol diet dur-
ing 4 weeks compared with normocholesterolemic 
animals. Although in our experimental model we 
did not observe atheroma plaques in the coronary 
arteries, we detected a clear endothelial dysfunc-
tion [38]. Also, Lv et  al. demonstrated that 

Fig. 8.1 High-fat diet/cholesterol-enriched diet effects in 
stunned myocardium: High-fat and/or cholesterol- 
enriched diets cause dyslipidemia and hypercholesterol-
emia. This can affect the myocardial function itself by 
reducing inotropism and oxygen consumption. Then the 
myocardium subjected to a brief period of ischemia 
(stunned myocardium) presents a lower baseline systolic 

function (LVDP: left ventricular developed pressure). 
Thus, in hypercholesterolemic animals, there is a decrease 
of the inotropism at basal conditions, and there is an atten-
uation of the stunned myocardium. When contractility of 
the normal and hypercholesterolemic animals is matched 
with isoproterenol addition, the beneficial effect 
disappears
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 diet- induced hypercholesterolemia enhances 
myocardial injury and that a selective Na+/Ca++ 
exchanger inhibitor reduces the infarct size and 
apoptosis in hyperlipidemic animals through the 
activation of K+ ATP channels [39], which could 
be related with mitochondrial transition pore 
modulation. In this sense, we recently demon-
strated in mice fed with HFD, which developed a 
phenotype consistent with early-stages of athero-
sclerosis, the alterations in redox state are enough 
to increase infarct size in this dyslipidemic mice 
[40].

Due to the aforementioned, it is clear that in 
the different models where dyslipidemia is devel-
oped, in the presence or absence of atheroscle-
rotic disease, it causes an increase in oxidative 
stress, and that this phenomenon exacerbates the 
I/R injury increasing infarct size [36, 38, 41].

8.5  Conditioning Therapies

Regarding conditioning therapies, the effects of 
dyslipidemia/hypercholesterolemia effects on 
ischemic preconditioning (PC) and PostC in dif-
ferent animal models are contradictory [13, 20, 
41–44] (Fig. 8.2). In this section, we will discuss 
the findings of different kinds of diets and animal 

models and their effects on ischemic condition-
ing therapies.

8.5.1  Ischemic Preconditioning

A pioneering study that assessed ischemic PC 
effects in animals with hypercholesterolemia was 
carried out by Szilvassy et al. [43] who showed 
that the benefits of PC were abolished in rabbits 
with hypercholesterolemia and atherosclerosis 
(1.5% enriched-cholesterol diet during 8 weeks). 
When these animals were fed again with a nor-
mal diet, and blood lipid levels were returned to 
similar values to those at baseline, the PC protec-
tive effect was restored, even in the presence of 
atherosclerosis. These results indicate that hyper-
cholesterolemia, independently to the develop-
ment of atherosclerosis, interferes with the 
protection conferred by this powerful cardiopro-
tective intervention.

Accordingly, Ferdinandy et  al. [42], showed 
the lack of reduction in the infarct size in rats fed 
with a 2% enriched-cholesterol diet during 
12 weeks, due to an alteration in nitric oxide bio-
availability. These authors also showed that the 
PC effect was abolished due to an increase in 
superoxide anion levels and this phenomenon 

Fig. 8.2 The cardioprotective effects of conditioning 
therapies result in attenuation of ischemia/reperfusion 
injury. Major cardiovascular risk factors, such us dyslipid-

emia/hypercholesterolemia, have influence in the severity 
of ischemia/reperfusion injury and interfere with the car-
dioprotective effect of conditioning
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occurred with a redistribution of both sarcolem-
mal and mitochondrial connexin 43 binding 
capacity in hypercholesterolemic animals [44]. 
Similarly, Tang et  al. [45] showed that the 
increase in the number of PC cycles could enlarge 
infarct size in isolated rabbit hearts subjected to 
I/R after 8  weeks of cholesterol-enriched diet. 
The lack of success in cardioprotective mecha-
nisms was evident also in studies carried out in 
patients. In this sense, Kyriakides et  al. [46] 
described the loss of protective effect assessed 
through ST-segment elevation in patients that 
underwent a PC protocol. They also showed that 
the lack of cardioprotection positively correlated 
to LDL cholesterol plasma levels in patients. In 
addition, remote preconditioning failed to reduce 
myocardial necrosis and apoptosis as well as to 
increase Akt and GSK3β phosphorylation in 
hypercholesterolemic rat myocardium. 
Importantly, this study found that inhibition of 
GSK3β with SB216763 reduced myocardial 
infarct size in healthy and hypercholesterolemic 
hearts, but no additional cardioprotective effect 
was achieved when combined with remote pre-
conditioning. Their results suggest that acute 
GSK3β inhibition may provide a novel therapeu-
tic strategy for hypercholesterolemic subjects 
during acute myocardial infarction, whereas 
ischemic preconditioning is less effective due to 
signaling events that adversely affect GSK3β 
[47].

Although there is enough experimental evi-
dence suggesting that PC cardioprotective effect 
is abolished during hypercholesterolemia, there 
are several studies showing that the beneficial 
effect persists even in the presence of elevated 
plasma cholesterol levels. In this sense, we have 
shown that PC significantly decreased the infarct 
size, without improvements in the ventricular 
function recovery [48], in a model of isolated 
heart in hypercholesterolemic rabbits (1% 
enriched cholesterol diet during 4  weeks). The 
percentage of reduction in the infarct size was 
higher in the hypercholesterolemic animals com-
pared with the normal ones. In regards to our 
findings, Kremastinos et al. [49] used a model of 
rabbits fed with 2% enriched-cholesterol and 6% 
corn oil diet, administered during 8 weeks, and 

showed that PC reduces infarct size in a magni-
tude similar to that observed in normal animals. 
Iliodromitis et al. [50], who used a hypercholes-
terolemic diet during 6 weeks and reported that 
PC reduced infarct size in those rabbits, described 
similar findings.

8.5.2  Ischemic Postconditioning

In regards to PostC, Iliodromitis et  al. [50] 
showed that this cardioprotective intervention did 
not reduce the infarct size in a model of hyper-
cholesterolemic rabbits. In agreement, Kupai 
et al. [51] failed to show the protective effect of 
several PostC protocols (6 cycles of 10 s each) in 
a rat model fed with 2% cholesterol during 
12 weeks.

These authors showed that PostC involves an 
early increase in peroxynitrite-induced nitrative 
stress in the triggering of cardioprotection, and in 
hyperlipidemia condition, the absence of this 
mechanism may contribute to the loss of the ben-
eficial effects. Both groups used 12  weeks of 
hypercholesterolemic diet, and particularly in the 
study carried out by Iliodromitis et al. [50], it was 
shown an advanced stage in atherosclerosis, with 
a significant reduction in the arterial lumen. In a 
different direction, we showed that PostC per-
formed with 2  cycles of reperfusion/ischemia 
(30 s each), reduces the infarct size in rabbits fed 
with a 1% cholesterol enriched-diet during 
4 weeks [38]. It is important to highlight that in 
our model the atherosclerotic lesions in the coro-
nary arteries were absent although a clear endo-
thelial dysfunction could be detected.

Conversely, we recently demonstrated that in 
mice fed with HFD during 12 weeks, cardiopro-
tection afforded by PostC treatment was abol-
ished, even with an increase of Trx-1 protein 
content [40]. This discrepancy regarding PostC 
cardioprotection in different species and experi-
mental protocols is represented in Fig. 8.3. In this 
sense, it had been previously reported that Trx-1 
activity must be intact to induce PostC cardiopro-
tective effects, given that in middle-aged mice, in 
dyslipidemic mice and in dominant negative 
Trx-1 transgenic mice (that overexpress inactive 
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Trx-1), cardioprotective effects of PostC on myo-
cardial infarction and GSK3β phosphorylation 
were abolished [9, 10, 40]. Therefore, these data 
showed that for the well-known activation of the 
RISK pathway by means of a PostC protocol, an 
active and functional Trx-1 is necessary.

Consequently, it is clear that the results in the 
studies that assessed both ischemic PC and PostC 
are controversial. The discrepancy in the results 
could be attributed to the use of different experi-
mental models that involved different animal spe-
cies; different types of diets in terms of cholesterol 
or fat concentration and in the composition (the 
presence or absence of fatty acids), and the dura-
tion of the administration. Particularly, with post-
conditioning PostC there is another variable that 
should be analyzed and that is the number and 
duration of postconditioning cycles used. 
Iliodromitis et  al. employed a postconditioning 
protocol of 6 cycles of 10 s each, and 4 cycles of 
30 s each. This difference in the number of cycles 
as well as in the type of diet could be the cause of 
the discrepancy between the obtained results. In 
our model, we found protection using 2 cycles of 
reperfusion/ischemia in hypercholesterolemic 
rabbits [30], but in dyslipidemic mice, we used 
6 cycles of R/I (10 s each) (Fig. 8.3).

Finally, it is important to mention that caution 
is advisable when trying to compare obtained 
results in models of animals with hypercholester-
olemia. In this sense, it is clear that the mecha-
nisms of cardioprotection in models with 
hypercholesterolemia/dyslipidemia involve a 
series of variables (species, type of diet, duration 
of the diet, presence or not of atherosclerotic dis-
ease, and the protection mechanism protocol 
used) which could justify the discrepancies 
among the obtained results.

8.6  Oxidative Stress 
in Experimental 
Dyslipidemic Models

It is widely known that dyslipidemia and lipid 
metabolism disorders produce an increase of oxi-
dative stress [11], causing an exacerbation of the 
damage produced by I/R [40, 52]. However, the 
exact mechanism involved is not fully under-
stood. Some researches propose that increased 
superoxide production in the hearts of hypercho-
lesterolemic animals is a result of an increased 
NADPH oxidase activity, as it has been shown in 
cholesterol-fed Wistar rats and apoB100 trans-
genic mice [19]. In addition, the activity of 

Fig. 8.3 Ischemic postconditioning effects in high fat or 
cholesterol enriched-diet. Comparison of experimental 
models (rabbits and mice) accompanied by representative 
cross-sections of ventricles from different groups. The 

cross-sections were stained with 2,3,5-triphenyl  tetrazo-
lium chloride. White area: necrotic tissue. Red area: via-
ble tissue
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NADPH oxidase depends on its transcript, NOX, 
and hypercholesterolemia has been shown to 
affect the cardiac gene expression profile at the 
mRNA level. In this sense, Kocsis et  al. [53] 
showed that hypercholesterolemia affects cardiac 
microRNA miR- 25 leading to increased NOX-4 
expression and demonstrated a change in nitrosa-
tive and oxidative stress- associated genes with 
cholesterol-diet (Fig. 8.4).

Another mechanism through which hypercho-
lesterolemia/dyslipidemia generates oxidative 
stress involves mitochondria. Indeed, together 
with peroxisomes, mitochondria represent the 
main subcellular compartments where lipid deg-
radation occurs. Yet, the impact of dietary lipids 
on mitochondrial redox status and reactive oxy-
gen species emission and their downstream 
mediators such as MMPs, caspase 3; and antioxi-
dant systems such as superoxide dismutase, glu-
tathione, and Trx-1, among others has not been 
completely unraveled. We previously explored 
the idea that mitochondrial dysfunction and 
redox imbalance that takes place in the cardio-
myocytes after I/R are exacerbated in mice fed 
with HFD and developing early stages of athero-
sclerosis. In this sense, we showed a significant 
increase of the basal emission of H2O2 in mito-
chondria derived from HFD animals and a shift 
towards an oxidized intracellular environment 

using GSSG/GSH2 ratio [40]. Furthermore, in 
hypercholesterolemic rats, phosphorylation of 
eNOS was decreased compared with controls, 
which may result in a decrease of NO production 
and in the loss of the effects of cardioprotective 
interventions [54, 55]. Recently, it has been 
described both by a computational model and 
through experimental results that lipid oxidation 
and its concentration-dependent uncoupling 
effect, together with a partial lipid-dependent 
decrease in the rate of superoxide generation, 
modulate H2O2 emission as a function of oxygen 
consumption [56]. The authors remarked that 
keeping low levels of intracellular lipid is crucial 
for mitochondria and cells to maintain reactive 
oxygen species within physiological levels com-
patible with signaling and reliable energy 
supply.

It was also demonstrated in patients that oxi-
dant species such as oxidized LDL, malondialde-
hyde, ROS and isoprostanes are emerging as 
leading mediators of the oxidative injury in sub-
jects with familial hypercholesterolemia [57]. 
For this reason, targeting oxidative stress and 
endogenous antioxidant systems may be a prom-
ising therapeutic strategy to reduce atherogenesis 
in patients with dyslipidemia and myocardial 
infarction.

Fig. 8.4 Effects of hypercholesterolemia/dyslipidemia 
on ischemia/reperfusion injury and the relationship with 
oxidative stress. Increasing levels of cholesterol could 
increase oxidative stress modifying NADPH oxidase 

activity (NOX) by high levels of its transcript. Also, mito-
chondrial dysfunction cause high levels of reactive oxy-
gen species (ROS) such as hydrogen peroxide (H2O2) and 
superoxide anion(O −)
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8.6.1  Thioredoxin System

It is known that when lipid metabolism is altered, 
an increase in oxidative stress coexists [11]. In 
relation to the latter, Trx together with glutathi-
one (GSH) are the molecules with the highest 
antioxidant effect known to date (GSH) [10, 40]. 
Trx-1, which is present in mammalian cells, 
including myocytes, stands out in the Trx family; 
and it is located in the cytoplasm, where it fulfils 
its antioxidant functions. In addition to being 
regulated at the transcriptional level, Trx-1 activ-
ity is also regulated through post-translational 
modifications such as S-nitrosylation, oxidation 
and nitration. The first of these has beneficial 
effects since it enhances the protective activity of 
Trx-1 by reducing apoptosis and potentiating its 
antioxidant effect [58]. Oxidation and nitration, 
on the other hand, provoke the inactivation of 
Trx-1, inhibiting its biological function as an 
antioxidant in a reversible and irreversible way, 
respectively [8–10, 40]. In this manner, Trx-1 
mediates the cellular response to the alteration of 
the redox state of the cellular and can act as a 
protector when ROS concentrations reach patho-
logical levels.

In turn, the imbalance of intracellular redox 
state of the cell caused by ROS alters the function 
of multiple cellular mechanisms and is the under-
lying mechanism in the pathophysiology of many 
cardiovascular diseases, such as in I/R injury [30] 
and dyslipidemia status [11]. With respect to dys-
lipidemia and its relationship with Trx, Augusti 
et al. [59] demonstrated in a model of experimen-
tal atherosclerosis in rabbits fed with an athero-
genic diet, that there was an increase in the levels 
of oxidized LDL, lipids and proteins. These 
changes were reversed with astaxanthin, a carot-
enoid that protects fatty acids and biological 
membranes from oxidative damage, through the 
modulation of the thioredoxin reductase-1 activ-
ity (TrxR-1). Similarly, Somacal et al. [60] who 
also worked in atherosclerotic rabbits, observed 
that the administration of the carotenoid BIX, 
protected from deleterious actions of ROS and 
RNS, as evidenced by the reduction of the forma-
tion of atherogenic lesions in the aorta. This hap-
pened at the expense of an increase of antioxidant 

enzymes activity, mainly of TrxR-1. Furthermore, 
it was demonstrated in obese and diabetic rats 
that hypolipidemic drug effects involve  an 
increase in antioxidant levels in plasma, includ-
ing Trx [61]. Augusti et  al. [59] reported that 
patients with hypercholesterolemia show an 
imbalance in the activity of TrxR-1, probably due 
to an increase in oxidative stress, since it is posi-
tively associated with the oxidation of LDL mol-
ecules. Other authors, who showed that the 
presence of different comorbidities such as 
hypercholesterolemia produces an increase in 
oxidative stress and consequently an increase in 
plasma levels of Trx-1, confirmed these findings 
[61]. In accordance, they demonstrated the 
S-acetylation of Trx-1 and TrxR-1 using livers of 
mice fed with HFD for 13  weeks, due to an 
increase in oxidative stress, which produced an 
inactivation of these proteins [58]. With regard to 
what happens at the cardiac level, Liu et al. [62] 
showed exacerbation of the damage caused by an 
increase in infarct size in diabetic animals at least 
in part due to Trx-1 inactivation.

Similarly, we have recently used a model 
compatible with early-stages of atherosclerosis 
and detected an augmentation of oxidative stress 
represented by increased H2O2 production 
(Fig. 8.5a), a shift towards an oxidized intracel-
lular environment using GSSG/GSH2 ratio 
(Fig. 8.5b), and changes in mitochondrial bioen-
ergetics with decreased in oxygen consumption 
rates both in state 4 and state 3 [40]. This mice 
model is characterized by high cholesterol levels 
with normal triglycerides, hepatic enzymes activ-
ity, but with an endothelial dysfunction without 
histological lesions. In our incipient atheroscle-
rosis model, the effects of the high-fat diet used 
could be reversible since no histological damage 
compatible with irreversible lesions in the intra-
myocardial vessels and in the liver was detected; 
also, no changes in liver enzymes between HFD 
and CD were observed. All these data strongly 
suggest that the effect of HFD could be revers-
ible. The changes in the redox state and in mito-
chondrial function observed in hearts of HFD fed 
mice were associated with an augmentation of 
Trx-1 expression (Fig. 8.5c). However, this pro-
tein was shown to be more oxidized (Fig. 8.5d). 
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This result represents an interesting and original 
finding because it supports the idea that a diet 
that causes an initial stage of atherosclerosis is 
able to produce oxidative damage of such magni-
tude as to modify the Trx-1 activity and in this 
way abolish the cardioprotection conferred by 
this powerful antioxidant.

8.7  Conclusion

Finally, we can conclude that the hypercholester-
olemia/HFD, independently of the presence or 
absence of atherosclerosis, modules the ventricu-
lar function under baseline conditions, as well as 
the post- ischemic ventricular dysfunction 
(stunned myocardium). It is also clear that Trx-1, 

in addition to its antioxidant effects, has a benefi-
cial effect on injury due to ischemia and reperfu-
sion (Fig.  8.6). However, results from 
physiological protection mechanisms (PC and 
PostC) are controversial as the beneficial effects 
depend on many variables such as diet composi-
tion, animal species studied, time of administra-
tion of the diet, and the presence or absence of 
atherosclerotic disease. Hence, caution is essen-
tial when we try to compare the obtained results 
in regards of the presence or not of beneficial 
effects of ischemic preconditioning and postcon-
ditioning. In this sense, only those studies that 
were performed using the same animal species, 
with the same diet composition and time of 
administration would be comparable. This dis-
crepancy in the results and the variables taken 

Fig. 8.5 Oxidative stress in high-fat diet fed mice. A: 
H2O2 production; B: Glutathione redox state; C: Trx-1 
expression; and D: Trx-1 redox state. *P  <  0.05 vs. 
CD-baseline; #P  <  0.05 vs. CD-I/R; & P  <  0.05 vs. 
CD-PostC; $ P < 0.05 vs. HFD-Baseline; % P < 0.05 vs. 

HFD-I/R.  CD: control diet; HFD: High-fat diet; I/R: 
Ischemia/reperfusion; H2O2: hydrogen peroxide; PostC: 
ischemic postconditioning protocol. Trx-1 Thioredoxin-1, 
GSSG/GSH2 oxidized glutathione/reduced glutathione 
ratio.  AUDO: Arbitrary units optical density  (Modified 
from Mazo et al. [40]).
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into consideration require a careful analysis when 
those findings are intended to be extrapolated 
into the clinical arena.
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Abstract
Cardiovascular disease (CVD) is the main 
cause of morbidity and mortality in industrial-
ized countries, despite the evolution of treat-
ments and revascularization strategies. 
Obesity, also accompanied by a chronic 
inflammatory process, is an independent risk 
factor for CVD. Abdominal adipose tissue is a 
complex, metabolically very active organ 
capable of producing different adipokines and 
hormones, responsible for endocrine- 
metabolic comorbidities. The epicardial adi-
pose tissue (EAT) has not been as extensively 
studied as the abdominal or subcutaneous adi-
pose tissue. However, recent evidence associ-
ates it with an increased cardiometabolic risk 
due to its apposition with the heart. EAT stores 
triglycerides to provide energy to the myocar-
dium and is characterized by its greater ability 

to release and capture free fatty acids. EAT 
strategic localization allows a singular cross 
talk with cardiomyocytes and vascular wall 
cells. The fact that EAT produces pro- 
inflammatory adipokines as well as metallo-
proteinases and pro-oxidant substances, 
highlights its possible direct impact on plaque 
vulnerability and heart failure, being still nec-
essary further studies of EAT behavior in 
CVD.
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9.1  Introduction

Despite advances in research and clinical care, 
cardiovascular disease (CVD) remains the main 
cause of mortality all over the world [1]. Obesity 
and specifically visceral adiposity are global 
growing health problems closely related with 
CVD [2]. The knowledge that visceral adipose 
tissue (VAT) is involved in chronic inflammation 
was demonstrated in the mid-1990s, when the 
association between obesity and increased levels 
of the well-known pro-inflammatory cytokine 
tumor necrosis factor (TNF)-α was verified [3]. 
Thenceforth the study of VAT has revealed that 
inflammation leads to metabolic and structural 
changes in adipose tissue including activated 
lipolysis, increased release of free fatty acids, 
hypoxia, oxidative stress, apoptosis of adipocytes 
and macrophages infiltration [4]. Expanded and 
inflamed VAT becomes a dysfunctional organ, 
characterized by hypertrophic but not hyperplas-
tic adipocytes, with altered profiles of signaling 
molecules, such as adipokines and pro- 
inflammatory factors [4, 5]. Nevertheless besides, 
the heterogeneity of VAT composition, including 
white, brown and beige/brite adipocytes, and the 
distribution of these fat depots can be decisive for 
cardiometabolic disorders development [6].

While brown adipose tissue (BAT) is mainly 
involved in thermoregulation, mostly attributed 
to mitochondrial uncoupling protein 1 (UCP1) 
[7], white adipose tissue (WAT) is mostly related 
to fat storage, energy supply and the release of 
several hormones and adipokines with paracrine 
and endocrine effects on the whole-body metabo-
lism [8]. WAT also has mechanical and thermal 
functions, and it can be broadly classified as VAT 
or subcutaneous adipose tissue (SAT). VAT sur-
rounds organs and recently, organ-specific adi-
posity has renewed interest among the scientific 
community, because of its association with the 
pathophysiology of cardiometabolic disease. 
Ectopic adiposity, such as fat accumulation 
around the different organs, is considered a risk 
factor in cardiac disease pathogenesis [9]. Human 
epicardial adipose tissue (EAT) is a visceral tho-
racic fat due to its apposition to the heart, in 
direct contact with myocardium and coronary 

arteries [10]. Although it has been presented as 
an ectopic fat, EAT and perivascular adipose tis-
sue are typical in healthy mammals, increasing 
its volume in obesity. Chistiakov et al. [11] con-
sider that these tissues do not represent “ectopic 
fat” deposition, but rather an enlargement of nor-
mally existing anatomical formation. Considered 
or not an ectopic fat, it must be differentiated 
from myocardial fat deposition, which represents 
the storage of lipid droplets within cardiomyo-
cytes, and from perivascular fat.

Finally, EAT strategic localization allows a 
singular cross talk with cardiomyocytes and vas-
cular wall cells.

9.2  Histological Characteristics 
of EAT

In humans, there are two anatomically distinct 
adipose tissues around the heart. These are 
referred to as epicardial and pericardial adipose 
tissue, which includes the perivascular adipose 
tissue (PVAT) [12].

EAT is localized between the myocardial sur-
face and the visceral layer of the pericardium and 
it is in direct connection with the myocardium 
[13]. In contrast, pericardial fat consists of adi-
pose tissue between the two (visceral and pari-
etal) pericardial layers. Vascularization is also 
different between epicardial and pericardial fat; 
vascularization for the epicardial fat is supplied 
by branches of the coronary arteries, whereas 
pericardial fat is vascularized from non-coronary 
sources (branches from the internal mammary 
artery) [14]. These anatomically distinct adipose 
tissues covers nearly 80% of the heart surface and 
this fat compartment contributes 20% to the 
whole heart quantity, under physiological condi-
tions [15].

The EAT covered heart region includes atrio-
ventricular and interventricular sulci, surround-
ing the main coronary arteries, and it can also 
accumulate on the surface of the left atrium, on 
the lateral and anterior walls of the right atrium, 
on right ventricular free wall, and apex of the left 
ventricle (Fig. 9.1) [14].
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Gorter PM et al. showed that the distribution 
of EAT is mostly inhomogeneous and regional 
variation in the strengths of associations between 
different measurements of EAT and anthropo-
metric indexes were reported as well [16]. 
Therefore, age, gender, body weight and ethnic-
ity should be taken into consideration among 
physiological determinants of EAT.

Clinical relationships with multidetector com-
puted tomography studies have shown that peri- 
atrial EAT volume was the most strictly associated 
with the incidence of atrial fibrillation, whereas 
EAT thickness, measured at the level of the left 
atrioventricular groove, was related to clustering 
of metabolic syndrome components and inflam-
matory markers [13].

The anatomical importance of EAT lies in its 
closeness to the myocardium without a fascia 
separating EAT from myocardium and coronary 
vessels [14]. Due to this anatomical arrangement, 
factors released from EAT have vasocrine and 
paracrine effects on the myocardium and a poten-
tial role in the pathomechanism of coronary 
artery disease (CAD) [17].

Furthermore, EAT and pericardial adipose tis-
sue are embryologically and biochemically dif-
ferent [10]. In this regard, genetic factors can 
influence on the volume and quantities of these 
fat tissues [12, 18]. The clear distinction of epi-
cardial fat from pericardial fat is of great clinical 

importance. EAT adipocytes are derived from the 
splanchnopleuric mesoderm and have the same 
embryologic origin as mesenteric and omental fat 
cells [19], in contrast to pericardial fat, which 
derives from the primitive thoracic mesenchyme 
[13].

Microscopically, epicardial fat is not only 
composed of preadipocytes and adipocytes, but 
also contains numerous ganglia and interconnect-
ing nerves, resident monocytes, fibrocytes, stro-
movascular and immune cells as well [20]. 
Epicardial adipocytes are generally smaller than 
those in SAT and other visceral fat depot; this 
may be attributed to the fact that EAT contains 
greater number of preadipocytes than mature adi-
pocytes [21] (Fig. 9.2).

In turn, EAT volume is not only associated 
with CAD [21], but also with vulnerable plaque 
components, which may contribute to acute coro-
nary syndrome [22, 23]. Djaberi et  al. demon-
strated, by multislice computed tomographic, a 
relation between EAT volume and the presence 
of coronary artery calcium and atherosclerosis 
[24]. It has also been reported that high EAT vol-
ume is independently and significantly associated 
with the presence of coronary plaques, especially 
non-stenotic and non-calcified plaques using 
64-slice CT [22].

Among the different cardiovascular risk fac-
tors associated with EAT volume, the positive 

Fig. 9.1 Anatomical 
localization of 
Epicardial, Pericardial 
and Periaortic Adipose 
Tissue surrounding the 
heart
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correlations with body mass index and VAT [25], 
diabetes mellitus and insulin resistance [25, 26] 
should be highlighted. Even more, it has been 
reported that subjects with non calcified plaque 
had increased EAT volume, though plasma adipo-
cytokine concentrations were not increased [27].

Numerous studies have confirmed the associa-
tion between EAT volume and the atrial fibrilla-
tion risk, early defects in cardiac structure, 
volume and function [10]. Increased amount of 
EAT has also been associated with increased left 
ventricle mass and abnormal right ventricle 
geometry or subclinical dysfunction [10].

9.3  Metabolic Characteristics 
of EAT

One of the main limitations in the study of EAT 
becomes from the fact that the most frequent lab-
oratory experimental animals (rodents) develop a 
very small amount of this tissue; only a limited 
amount of EAT can be found located in the atrio- 
ventricular groove of mice [28], limiting their use 
for investigations. Consequently, most of the 
studies of this tissue have been restricted to eval-
uate its volume through image techniques (stan-
dard dimensional transthoracic echocardiography 
(2D), multislice computed tomography and mag-
netic resonance). Therefore, the understanding of 
EAT metabolism becomes delayed because of the 
impossibility to obtain it from healthy donors. 
Moreover, part of the remaining controversies 
about the association between EAT and CAD are 
consequence of the variability among the differ-
ent image techniques used for the measurement 
of EAT volume.

Nevertheless, during the last decade, huge 
advancements have been reported in the scientific 
community explaining the characteristics and 
behavior of EAT. One of the distinctive charac-
teristics of this tissue in humans is that it presents 
brown adipose tissue features, mainly repre-
sented by the UCP1 mRNA expression (specific 
marker of BAT), as well as Positive Regulator 
Domain containing-16 (PRDM-16), peroxisome 
proliferator-activated receptor γ (PPAR-γ), coact-
ivator 1-α (PGC1α) [29] and Cytochrome c 
Oxidase (COX-IV) [30]. UCP1 uncouples mito-
chondrial oxidative phosphorylation, thus pro-
ducing heat instead of ATP by non-shivering 
thermogenesis [29]. These characteristics sup-
port the role of EAT as a mediator of thermogen-
esis that could protect the myocardium from 
developing fatal ventricular arrhythmias due to 
hypothermia [29]. Other physiological functions 
of EAT would be related to provide a mechanical 
protection for coronary circulation and to attenu-
ate the torsion developed by the myocardium 
contraction. Similarly to other fat depots, EAT is 
involved in lipid trafficking and its volume has 
been associated with total body adiposity [31], 
however, the size of epicardial adipocytes is 
nearly half of the volume reported in other VAT 
depots [32], suggesting that epicardial adipocytes 
are not simply a benign store of excessive fat. In 
young adult guinea-pigs, it has been reported that 
the rate of free fatty acids released by EAT was 
twofold that observed in the perirenal fat depots, 
indicating an increased lipolytic activity. This 
fact could be probably due to the low  antilipolytic 
effect of insulin and the increased stimulation of 
β-adrenergic receptors in VAT.

Fig. 9.2 Histological 
characteristics of 
epicardial and 
subcutaneous adipose 
tissue (EAT and SAT, 
respectively). 
Haematoxylin and eosin 
stain
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Nowadays EAT is considered a very active 
adipose tissue with multiple metabolic and endo-
crine functions that interacts with surrounding 
tissues [10], through paracrine and endocrine 
mechanisms. In healthy normal weight individu-
als, it has been proposed that EAT provides fatty 
acids to the underlying myocardium, acting like a 
buffer tissue according to the heart requirements, 
protecting myocardium against free fatty acids 
overflux. In fact, EAT presents the putative prop-
erty of higher lipogenic and lipolytic rates com-
pared with other fat depots [33]. This particularity 
allows EAT to accumulate lipids for storage as 
well as quickly release them on demand. 
However, as mentioned previously, EAT is not 
uniformly distributed over the entire surface of 
the heart, controverting the buffer function origi-
nally assigned to EAT for preventing myocardial 
steatosis [34]. Moreover, given that segments of 
coronary arteries that are not in contact with EAT 
rarely present atherosclerotic plaques [35], the 
participation of EAT in atherosclerotic process 
must not be underestimated.

9.4  EAT Expansion, Hypoxia 
and Inflammatory 
Consequences

Expansion of adipose tissue requires different 
modifications such as adipogenesis, angiogenesis 
and extracellular matrix (ECM) remodeling. In 
these processes, several factors are involved, 
being metalloproteinases (MMPs) one of the 
main actors. These enzymes constitute a family 
of more than 25 zinc dependent endopeptidases, 
which can be divided into five major groups: col-
lagenases, stromelysins, matrilysins, gelatinases, 
and membrane-type MMPs [36], according to 
their substrate specificity, they are involved in 
ECM and basement membranes components 
degradation. ECM is a complex structure com-
prised by collagen and elastin fibers, structural 
glycoproteins and mucopolysaccharides, orga-
nized into a 3D network. A balance between syn-
thesis, deposit in the extracellular environment 
and degradation determines the structural charac-
teristics of ECM. MMPs, which are expressed in 

different cell types including fibroblasts, neutro-
phils, monocytes, macrophages and endothelial 
cells, are secreted as latent zymogens that have to 
be activated by proteolytic cleavage. In this 
regard, MMPs are regulated at different levels, 
including gene transcription, zymogen activation 
and enzyme secretion as well as by endogenous 
specific tissue inhibitors (TIMPs) [36].

Given the role of MMPs in degrading ECM 
components, an increase in MMPs activity would 
be necessary for EAT expansion. Studies from 
our Laboratory have demonstrated that MMP-2 
and MMP-9 activities are increased in EAT from 
patients with CAD, related to higher vascular 
density [21]. Otherwise, more adipocytes of 
smaller size as well as higher vascular density 
have been evidenced in EAT from CAD patients 
compared to no-CAD [21]. Moreover, a signifi-
cant association was found between vascular 
density and EAT MMPs activity, suggesting that 
the augmented vascularity would be, in part, con-
sequence of increased in MMP-2 and -9 activity.

As mentioned above, EAT is a metabolically 
active organ and a major source of adipokines, 
which profile depends on the anti or pro- 
inflammatory status of the tissue, that modulate 
cardiac function and morphology [37]. Under 
low oxidative stress conditions, the normal epi-
cardial adipocytes secrete mainly adiponectin, an 
anti-inflammatory adipocytokine, and in less pro-
portion, adrenomedullin and omentin, which 
contribute to the regulation of vascular tone, 
blood pressure and proper functionality of car-
diac contractility.

Adiponectin protects cardiomyocytes from 
hypertrophic stimuli and minimizes inflamma-
tion and fibrosis in coronary arteries and myocar-
dium, reducing the probability of adverse clinical 
events [38, 39]. However, in cardiovascular 
patients EAT suffers great oxidative stress and 
exhibits associated proteomic differences. It has 
been reported that EAT from cardiovascular dis-
ease patients presents lower catalase levels and 
higher oxidative stress than SAT, and in these 
patients SAT and EAT differ in the post- 
transcriptional profiles of oxidative 
 stress- involved proteins such as protein disulfide 
isomerase (PDIA1), glutathione S-transfer 
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(GSTP1), and phosphoglycerate mutase 1 
(PGAM1) [40].

In obesity, vascularization of growing adipose 
tissue to provide sufficient O2 and nutrients rep-
resents a challenge. Even though EAT presents 
smaller adipocytes than SAT, the idea of 
“hypoxia” in expanded EAT is supported [41]. 
Because of the hypoxic state, hypoxia-inducible 
factor 1α (Hif-1α) expression is induced [4]. In 
parallel, a modification in the expression and 
release of cytokines involved in the inflammatory 
and fibrotic alteration of EAT is reported [42]. 
Recently, greater expression of Hif-1α was 
described in EAT, which correlated with 
MMP-2  and MMP-9 expression in this tissue, 
and with collagen levels in left atrial myocardium 
[43]. These results, together with our observation 
of higher MMP-2 and MMP-9 activity in EAT 
[21] than SAT, reinforce the role of MMPs in 
EAT and atrial myocardial fibrosis.

In line with this, hypoxia promotes changes in 
EAT biological characteristics and shifts the adi-
pokines profile with a decline of adiponectin 
release and an increase of pro-inflammatory 
cytokines.

The inflammatory status of EAT has a deter-
minant effect on the cardiac and coronary vascu-
lar function [44]. Iacobellis et al. [45] showed for 
the first time that human EAT expresses adipo-
nectin, and that its expression is significantly 
lower in epicardial fat isolated from patients with 
CAD, confirming the metabolically active role of 
this tissue. Adiponectin is an anti-inflammatory 
adipokine, which increases free fatty acid oxida-
tion in the adipose tissue, improving insulin sen-
sitivity [46] and opposite to other adipokines, it is 
paradoxically decreased in insulin resistant 
states, associated with atherosclerotic plaque vul-
nerability and CAD incidents [47]. This cytokine 
also presents anti-steatotic and anti-fibrotic 
effects on different organs such as liver and heart. 
It has been proposed that adiponectin mediates 
the cross-talk between adipose tissue, myocytes 
and vascular cells [48], developing part of its 
anti-inflammatory effects. In accordance with 

these concepts, Iwayama et al. [49] demonstrated 
that severe CAD patients present increased EAT 
volume and decreased concentration of adipo-
nectin secreted to pericardial fluid, even in non- 
obese patients.

Otherwise, it is hypothesized that hypoxia 
promotes the development of inflammation, and 
it is considered as an initiating factor for ECM 
production, thus triggering the subsequent meta-
bolic dysfunction of adipose tissue in obesity [4]. 
Therefore, the hypoxic environment promotes 
the infiltration of monocytes that becomes resi-
dent adipose tissue macrophages, and T lympho-
cytes that also contribute to the inflammatory 
response. These macrophages may polarize from 
non-inflammatory phenotype (M2) to pro- 
inflammatory phenotypes (M1) [50]. M1 macro-
phages are generally stimulated by T-helper 1 
(Th1) type of cytokines, such as interferon-γ 
(IFN-γ), or by pathogen-associated molecular 
patterns (PAMPs). Therefore, M1 macrophages 
secrete cytokines, including IL-6, TNF-α, IL-1β 
[39], IL-12, and IL-23 [50]. In contrast, M2 mac-
rophages are associated to tissue remodeling and 
inflammation resolution. These immune cells 
have immunosuppressive properties, higher 
phagocytic capacity, and secrete ECM compo-
nents as well as angiogenic, chemotactic, anti- 
inflammatory and growth factors [50]. It has been 
demonstrated that diet-induced obesity leads to a 
“shift” in the activation state of adipose tissue 
macrophages from an M2-polarized state to an 
M1 pro-inflammatory state, contributing to IR 
[51]. Different studies have shown that infiltra-
tion of macrophages and expression of pro- and 
anti-inflammatory cytokines are enhanced in 
EAT of patients with CAD compared to non- 
CAD patients and that the ratio of M1/M2 macro-
phages in EAT correlates with the severity of 
CAD [52]. In accordance to this, it could be sug-
gested that the most important factor for the 
inflammatory state of EAT could be not only the 
number of infiltrating macrophages but also the 
macrophage polarity [52] (Fig. 9.3).
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9.5  Bioactive Lipids, EAT 
and Cardiovascular Disease

Fat deposition and mobilization from EAT 
depends on the activity of different lipases. 
Intravascular lipolysis of lipoproteins is per-
formed mainly by lipoprotein lipase (LPL), 
allowing free fatty acids to get into the adipo-
cyte. LPL belongs to extracellular triglyceride 
lipases family together with hepatic lipase (HL) 

and endothelial lipase (EL) [53]. While EL pri-
marily hydrolyses phospholipids from High 
Density Lipoproteins (HDL) in several tissues 
[54], and HL shows an intermediate triglyceride 
and phospholipase activity on triglyceride-rem-
nants lipoproteins (LRP) and HDL in the liver 
[53], LPL acts predominantly as triglyceride-
lipase on chylomicrons and Very Low Density 
Lipoprotein (VLDL). LPL is synthesized by 
parenchymal cells and transported to the luminal 

Fig. 9.3 Metabolic pathways and consequences of EAT 
behavior on myocardium and arteries
EAT Epicardial adipose tissue, VLDL Very low density 
lipoprotein, HDL High density lipoprotein, IDL 
Intermediate density lipoprotein, TRL Triglycerides rich 
lipoprotein, LPL Lipoprotein lipase, EL Endothelial 
lipase, FFA Free fatty acids, SRBI Scavenger receptor 
class B type 1, CD36 cluster of differentiation 36, VLDLR 
VLDL-Receptor, LRP LDL receptor-related protein, 
PPAR Peroxisome proliferator-activated receptors, RXR 
Retinoid X receptor, M1 M1-polarized macrophages, M2 

M2-polarized macrophages, ANGPTLs Angiopoietin-
like, DAG diacylglycerol, LCACoA Long chain acyl-CoA, 
GLUT4 Glucose transporter type 4, CVD Cardiovacular 
disease, TG Triglycerides
Red lines are inhibitors, Green lines are activators, Black 
lines indicate ligand-receptor interaction and/or transport/
diffusion
FFA may activate or inhibit PPARs and M1 or M2, accord-
ing to the species
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side of the capillary endothelium where it is 
anchored by non-covalent unions to the heparan 
sulfate side chains of membrane proteoglycans 
and to the recently discovered 
glycosylphosphatidylinositol- anchored high 
density lipoprotein-binding protein 1 (GPIHBP1) 
[55]. Adipose tissue and muscle obtain fatty 
acids either via LPL mediated hydrolysis of lipo-
proteins or from unesterified fatty acids, which 
circulate bound to albumin [56]. However, more 
than 90% of circulating fatty acids are contained 
within VLDL and chylomicron and are delivered 
to muscle or adipose tissue by LPL-catalyzed 
lipolysis. Although adipose tissue can synthesize 
free fatty acids de novo, most of them are prefer-
entially provided by LPL action [57]. Therefore, 
LPL is an important marker for adipocyte dif-
ferentiation and its expression increases with 
cellular triglycerides accumulation as preadipo-
cytes differentiate [57], thus this enzyme is con-
sidered a gatekeeper enzyme playing an 
important role in the initiation and/or develop-
ment of obesity.

Otherwise, intra-adipocyte lipolysis is per-
formed by two main lipases, hormone sensitive 
lipase (HSL) and the more recently described 
adipose triglyceride lipase (ATGL), which allow 
intracellular triglycerides hydrolysis and free 
fatty acids efflux from the tissue. For several 
years, HSL was believed the only lipase respon-
sible for triglyceride hydrolysis from fat depots, 
mediated by the action of different hormones 
such as catecholamine and glucagon. Recently, 
Zimmermann et  al. [58] reported ATGL, which 
transformed the dogma of HSL being the only 
triglyceride lipase in adipose tissue. Nowadays it 
is known that ATGL is the key triglyceride- 
hydrolase in adipose tissue as well as in other 
organs releasing diglycerides that are further 
hydrolyzed by HSL.

In the recent years, it has been demonstrated 
that differences in EAT volume between CAD 
and non-CAD patients may not be caused by a 
differential mRNA expression of fat mobilizing 
genes such as LPL, HSL and ATGL, as well as 
those of its modulator angiopoietin-like protein 4 

(ANGPTL4) [59]. However, given that the gene 
expression not always represents the functional 
capacity of enzymes, in our laboratory we have 
studied EAT LPL activity from CAD and non- 
CAD patients. We have observed that LPL activ-
ity is increased in EAT in comparison to SAT in 
both groups of patients. Besides, EAT LPL activ-
ity is higher in CAD patients than no-CAD 
patients, whereas the expression of ANGPTL4, 
an inhibitor of LPL is decreased (data not pub-
lished). ANGPTL4 is a novel member of 
ANGPTL family; its synthesis is induced by fast-
ing via the PPAR in adipocytes. ANGPTL4 
inhibits LPL activity by different mechanisms 
among which the most noteworthy would be the 
irreversibly disrupting of LPL dimerization, con-
verting the enzyme into inactive monomers [60].

LPL is also regulated through the action of 
PPARs, which are involved in its gene transcrip-
tion. PPARs are activated by different natural and 
synthetic ligands, including eicosanoids, unsatu-
rated fatty acids, and antidiabetic agents. PPARγ 
is predominantly found in adipose tissue, and its 
expression is decreased in insulin resistant states 
[59].

The increased LPL activity in EAT from CAD 
patients would explain the expansion of adipo-
cytes in EAT in situations of surplus of free fatty 
acids, such as in insulin resistant states. In our 
study we did not verify increased expression of 
PPARγ in EAT from CAD patients, although it 
was positively associated with LPL activity.

Besides, preliminary results from our labora-
tory demonstrates that the pattern of fatty acids 
from phospholipids and triglycerides in EAT was 
similar to that observed in VLDL and HDL (data 
not published), supporting the hypothesis that 
fatty acids supply to EAT derives from circulat-
ing lipoproteins (Fig. 9.3).

Adipose tissue and muscle are the main tis-
sues involved in the development ofinsulin resis-
tance of the whole body. Variations in the lipid 
content of these tissues would determine altera-
tions in insulin stimulated glucose transporter 
(GLUT4) expression and glucose uptake [61], 
thus studies demonstrated that accumulation of 
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intramuscular lipids is responsible for induction 
of insulin resistance [62]. It must be taken into 
account that not only lipids concentration, but 
also species distribution and their biochemical 
characteristics could be responsible of tissue 
insulin sensitivity or resistance. It has been sug-
gested that abnormalities in sphingolipids in adi-
pose tissue may contribute to the metabolic 
disorders associated with obesity [63]. Ceramides 
(central molecules in sphingolipid metabolism), 
diacylglycerols and long chain acyl-CoA 
(LCACoA) have been implicated in the patho-
genesis of obesity, insulin resistance and cardio-
vascular disease [64]; and some evidence 
demonstrates that ceramide affects insulin stimu-
lated glucose uptake in adipose tissue as well as 
in skeletal muscle. Studies in 3 T3-L1 adipocytes 
and in brown adipocytes, revealed that ceramide 
impairs insulin stimulated GLUT4 expression 
and glucose uptake and mediates the effect of 
TNF-α on GLUT4 mRNA content in these cells 
[61]. These studies proved that sphingolipids 
play an important role not only in regulating skel-
etal muscle but also in adipocyte insulin sensitiv-
ity [61]. In turn, it has been demonstrated that 
hepatic accumulation of diacylglycerol activates 
protein kinase Cξ (PKCξ), which results in the 
inhibition of insulin stimulated insulin receptor 
kinase activity, promoting insulin resistance and 
hepatic steatosis [65]. In addition, the study of 
diacylglycerol species in patients with hepatic 
steatosis reveled an increase in saturated and 
monounsaturated species in steatotic versus nor-
mal patients [66]. Besides, treatment of obese 
mice with palmitic acid esters of hydroxystearic 
acids improves glucose tolerance through the 
stimulation of glucagon like peptide 1 and insulin 
secretion, reduces inflammatory cytokine pro-
duction from immune cells and ameliorate adi-
pose inflammation in obesity [67]. These results 
emphasises the importance of the bioactive lipids 
nature in the behaviour of adipose tissue.

Even though most studies have been devel-
oped in adipose tissue, there are scarce data from 
EAT.  Plasma lipidomic studies in healthy indi-
viduals showed a strong correlation between 

plasma triglycerides saturated fatty acids and 
EAT volume [68]. As previously mentioned, EAT 
thickness is directly associated with obesity, 
body mass index and insulin resistance, as well as 
with different features of the metabolic syn-
drome, like high fasting glucose levels, C-reactive 
protein, low HDL-cholesterol among others [26]. 
Moreover, it is also associated to myocardial 
lipid content and consequently may affect cardio-
myocyte function and heart dysfunction [69]. 
Besides, it has been described that saturated fatty 
acids stimulate macrophages via Toll-like recep-
tor- 4 activation, and these macrophages activate 
pro-inflammatory NF-κB to overexpress chemo-
tactic cytokines (i.e., MCP-1, IL-6) [70], high-
lighting the importance of lipoproteins 
metabolism on the inflammatory profile of the 
tissue.

Regarding bioactive lipids role in EAT vol-
ume, it has been reported that administration of 
eicosapentanoic acid decreases EAT and VAT 
volume, improving metabolic parameters such as 
triglycerides levels and insulin sensitivity [71]. 
Furthermore, Błachnio-Zabielska et al., reported 
that biologically active lipids are increased in 
EAT of obese and obese-diabetic patients and 
correlate with insulin resistance, which suggests 
that they might play some special role in the 
induction of whole body insulin resistance [61] 
(Fig. 9.3).

Taken together, these data support the delete-
rious and/or beneficial role of bioactive lipids 
concentration and distribution in EAT volume 
and behaviour, and their implications in insulin 
resistance and further metabolic disorders. 
However, many questions about the mechanisms 
by which bioactive lipids may affect insulin sen-
sitivity still need to be answered.

9.6  EAT as Therapeutic Target

In the last years, EAT has been proposed as a new 
therapeutic target for CVD.  It has been shown 
that weight loss as consequence of very low calo-
rie diet lead to significant reduction of epicardial 
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fat [72]. Interestingly, EAT volume decreases in a 
larger proportion than general adiposity, and this 
is usually associated with cardio-protection The 
introduction of bariatric surgery to the medical 
practice opened new expectations that have been 
widely overcame in obesity and diabetes treat-
ment. Regarding EAT behavior, bariatric surgery 
induced an efficient reduction of EAT mass con-
comitant with a reduction of biological cardio-
vascular risk markers, such as inflammatory and 
insulin resistant parameters, and has also 
improved cardiac function [73].

Concerning lowering lipids drugs, recent evi-
dence suggests efficacy of statin therapy, espe-
cially atorvastatin, in reducing EAT volume in 
patients with coronary artery disease [74]. The 
effects of thiazolidinediones (TZDs), insulin sen-
sitizers that act as agonists of PPARs, have also 
been evaluated on epicardial fat. Type-2diabetic 
patients treated with pioglitazone showed a 
reduction of proinflammatory genes expression 
in epicardial fat [75]. Studies in animal models of 
obesity have shown that treatment with rosigli-
tazone, another PPARγ agonist, increases the 
expression of UCP-1 in EAT and also promotes 
mitochondrial biogenesis, inducing the tissue 
browning. Rosiglitazone could limit the release 
of fatty acids by EAT, and control the accumula-
tion of triglycerides in myocardium [76].

Regarding new insulin sensitizing drugs, ago-
nists for glucagon-like-protein-1 receptors 
(GLP-1R) improve cardiovascular and metabolic 
parameters, including blood pressure, lipids profile 
and glycaemia [77]. Specifically, liraglutide also 
reduces EAT mass in obese and in type- 2diabetic 
subjects after 12  weeks of treatment [77]; this 
effect has not been observed with metformin. 
Exenatide, another GLP-1R agonist, reduces EAT 
and subcutaneous fat in type-2 diabetic patients, in 
a similar pattern than liraglutide [77].

More recently, effects of sodium–glucose co- 
transporter- 2 (SGLT-2) inhibitors on EAT vol-
ume have been studied. In diabetic patients with 
CAD, dapaglifozin improved not only glycemic 

control but also EAT volume as well as levels of 
systemic inflammation markers [78].

In conclusion, the reduction of EAT trough 
different pharmacological treatment could be 
important in the management of cardiometabolic 
diseases, though future studies are necessary to 
clarify this point.

9.7  Conclusions and Future 
Perspectives

Obesity is a chronic health problem around the 
world. It is complex, heterogeneous, with epi-
demic behavior that shortens hope of life, gener-
ates great morbidity and increases socio-health 
costs. Nowadays, there are no doubts about the 
link between obesity and inflammation; both of 
them related to CVD, focusing attention on the 
different VAT. The volume and distribution of fat 
tissue condition the health of individuals. EAT 
represents a special kind of VAT which localiza-
tion has raised concern among healthcare, and 
justifies its study. After years of research, EAT is 
still an unresolved challenge. Beyond its natural 
protective and nourish role, the expansion and 
inflammation of EAT in obesity and insulin resis-
tant states, change its healthy purposes and nega-
tively impact on the underlying coronary vessels 
and myocardium with strong deleterious effects. 
The certainty of the synthesis of pro- inflammatory 
adipokines as well as MMPs and pro-oxidant 
substances by EAT, highlights the possible direct 
impact of EAT on plaque vulnerability and heart 
failure through different proposed mechanism 
such as paracrine or vasocrine secretion. Even 
though huge advances in the understanding of the 
biology and behavior of EAT have been devel-
oped, further studies are necessary, focusing on 
its role as a potential target for therapeutic inter-
ventions and on the effect of different bioactive 
lipids as transcription regulator factors, all of 
which could transform the deleterious character-
istics of expanded EAT.
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Abstract
The brain is highly rich in lipids, which 
accounts for roughly 50% of its dry weight. 
The brain lipidome, generally characterized 
over half a century ago, is comprised of thou-
sands of biochemical structures expressed dif-
ferentially as a function of brain region, 
structure, cell type and subcellular compart-
ment. Lipids play diverse structural and func-
tional roles in the brain, not only due to their 
chemical diversity but also due to the unique 
hydrophobic environment that they create. 
This lipophilic milieu promotes interactions 
involving  reactive oxygen and nitrogen spe-
cies that may not occur, at least at a similar 
extent, in aqueous environments.

In the present chapter, we have focused on 
3 distinct types of bioactive lipids and the 
roles played in brain physiology and pathol-
ogy: nitrated fatty acids, cholesterol and endo-
cannabinoids. These lipids are diverse in 
origin and bioactivity: (1) nitrated fatty acids 

result from biochemical modification of 
dietary fatty acids by nutrients and are pro-
posed to play diverse physiological roles, 
namely by modulating NF-kB and Nfr2- 
dependent signaling cascades and post- 
translational modification of proteins. 
Produced in the gastric compartment, they are 
absorbed into circulation and can cross the 
blood-brain barrier, providing a new route for 
the interaction between the gastrointestinal 
tract and the brain; (2) cholesterol, synthe-
tized de novo in the brain, not only regulates 
the biophysical properties of cellular mem-
branes, but can also physically interact with 
neurotransmitter receptors and other mem-
brane proteins and enzymes such as those 
involved in the processing and trafficking of 
the amyloid precursor protein (APP) and Aß 
peptide; (3) endocannabinoids, a class of 
neuromodulators derived from fatty acids that 
are synthetized and released upon demand and 
incite cellular responses by binding to specific 
membrane receptors.

Being one of the most important and adjust-
able determinants of human health, our goal is 
to highlight the impact of diet on the bioactiv-
ity of lipids in the brain, discussing novel and 
provocative findings that advocate that lipids 
may modulate the gut-brain axis and therefore 
higher cortical functions such as motor func-
tion, learning and memory.
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10.1  Introduction

Lipids are a class of biomolecules with a large 
diversity of chemical structures and biological 
functions, including the regulation of crucial 
physiological processes in the brain. Although 
one can identify specific structural similarities 
and classify the lipids in subgroups, as a whole 
class of biomolecules, lipids share a common 
physical property: they have a low solubility in 
water and are soluble in organic solvents. Some 
exhibit amphipathic nature and they are differ-
ently prone to react with oxidants [51].

Brain lipids include phospholipids, sphingo-
lipids and cholesterol present in high proportions 
[96]. Lipids play a number of critical structural 
and signaling functions. Besides being an essen-
tial element of the myelin shaft guaranteeing 
insulation, they are equally essential for synapto-
genesis, neuritogenesis and rapid saltatory nerve 
impulse conduction. The major lipid constituents 
of the nervous system have been known for over 
60 years, and since then much research has been 
dedicated to understanding their functional role 
in the different regions, structures and cell types. 
Large scale –omics and animal models have more 
recently allowed significant advances to be made.

In the present chapter, we focus on 3 types of 
bioactive lipids which distinct roles in regulating 
brain function and dysfunction during disease, 
namely nitrated fatty acids, cholesterol and endo-
cannabinoids. Diet is among the most important 
adjustable determinants of human health and all 
3 of the bioactive lipids we have chosen to dis-
cuss here are, to different extents, impacted by 
diet, either as a result of precursor intake, metab-
olism of nutrients or due to unbalanced diet.

We will first focus on the chemical pathways 
that lead to unsaturated fatty acid nitration in 
vivo. Special attention will be paid to a novel 
driver of nitration of both endogenous and exog-
enous lipids, dietary nitrate. The nitrate-nitrite- 

nitric oxide pathway will be addressed as an 
additional contributor to fatty acid nitration and 
its physiological implications will be discussed. 
The signaling cascades and ensued physiological 
effects of nitroalkenes will be exploited both sys-
temically and in the central nervous sys-
tem (CNS). Recent translational opportunities for 
the use of nitrated fatty acids as therapeutic 
agents will close this first section. On a second 
note, we will discuss cholesterol metabolism in 
the brain and, in more detail, the crosstalk 
between changes in cholesterol homeostasis and 
Alzheimer’s disease pathophysiology. The par-
ticular role of cholesterol in promoting amy-
loidogenic processing of amyloid precursor 
protein (APP) to β-amyloid peptides (Aβ) in lipid 
rafts will be discussed, as well as crosslines in 
cholesterol and APP/Aß trafficking. Finally, we 
will briefly discuss the fatty-acid derived neuro-
modulators which interact with cannabinoid 
receptors – the endocannabinoids. These bioac-
tive lipids act as non-classical neurotransmitters/
neuromodulators and are synthetized and released 
upon demand to the synaptic cleft, where they act 
as agonists of cannabinoid receptors, activating 
intracellular signaling cascades which participate 
in several neuronal processes.

10.2  Nitrated Fatty Acids: 
Oxidant-Dependent 
Bioactive Lipids in Health 
and Disease

Lipids are differently prone to react with oxidants 
[51]. Both free and esterified unsaturated fatty 
acids, as key components of cell membranes and 
lipoproteins, are exposed to oxidative and nitra-
tive species due to the high diffusional spread of 
nitric oxide (•NO), with a reported diffusion coef-
ficient of 2x105 cm2  s−1 [127], in hydrophobic 
environments [51, 160]. In this context, nitrogen 
dioxide radical (•NO2) may be formed from •NO 
auto-oxidation or from nitrous acid (HNO2) that, 
at acidic pH, is produced from nitrite  – up to 
500  nM of nitrite are found in human plasma 
upon a nitrate load from dietary sources [112]. Of 
note, •NO2 may induce both unsaturated fatty 
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acid nitration and oxidation [62, 131]. The yields 
of the different end products are highly depen-
dent on the partial pressure of O2 (pO2), as dis-
cussed below.

Regardless of the possible pathways for 
endogenous nitration, c.a. 500 nM of nitroalkene 
derivatives of fatty acids have been detected in 
human blood and urine under physiological con-
ditions [6, 7, 105]. More recent studies report val-
ues of 1 nM for nitrated oleic acid (OA-NO2) and 
isomers of nitrated linoleic acid (LNO2) in the 
systemic circulation [188]. In addition, nitrated 
fatty acids have also been detected in plasma, cell 
membranes and tissues of both healthy and dys-
lipidemic patients [6, 105]. The description of the 
molecular mechanisms and signaling pathways 
modulated by nitrated fatty acids, such as the 
binding to Peroxisome Proliferator-Activated 
Receptors (PPARs) as well as the activation of 
Nuclear Factor (erythroid-derived 2)-like 2 
(Nrf2) and inhibition of Nuclear Factor kappa- 
light-chain-enhancer of activated B cells (NF- 
κB) signaling pathways, has unveiled their 
citoprotective and anti-inflammatory functions 
[192]. Adaptive signaling responses, with possi-
ble therapeutic applications, have also recently 
been reported [167]. Novel interactions between 
nitrated fatty acids and Toll-Like Receptors 
(TLRs) in membrane lipid rafts of endothelial 
cells and macrophages, have been shown to 
resolve vascular inflammation and inhibit the 
adhesion of immune cells while inhibiting the 
NF-κB signaling cascade [196]. Also, nitroalkenes 
derivatives are now known to inhibit platelet 
aggregation [20], an additional mechanism that 
may be explored with the intent of using nitrated 
fatty acids to treat inflammatory and cardiovascu-
lar disorders.

10.2.1  Endogenous Synthesis: Foods 
as Unexpected Drivers 
of Endogenous and Dietary 
Lipid Nitration

Nitration of unsaturated fatty acids, unlike pro-
tein tyrosine nitration that is traditionally 
regarded as a harmful event, generates a class of 

pluripotent cell signaling modulators (for a recent 
review see [183]). Indeed, nitrated fatty acids 
have been shown to mediate inflammatory, car-
diovascular and metabolic pathways [31, 88, 183, 
185]. Chemical features, such as structural stabil-
ity and the ability to nitroalkylate proteins, justify 
many of the biological actions of nitroalkenes. In 
fact, nitrated lipids are quite stale in hydrophobic 
environments, such as those within lipoproteins 
and cell membranes. Also, the nitro (NO2) group 
is electronegative, withdrawing the electrons 
from the 𝛽-carbon, promoting the formation of 
adducts with nucleophiles such as Cys and His 
residues within proteins through Michael addi-
tion [10, 56]. This nitroalkylation is a reversible 
reaction that impacts the distribution and func-
tion of proteins involved in critical signaling 
pathways such as PPARs [63, 165]. Given the 
ability of nitrated fatty acids to modulate cell 
adaptive responses, it is of foremost importance 
to understand the pathways that may lead to 
endogenous fatty acid nitration. In this context, 
several chemical reactions may be anticipated.

Nitrogen dioxide radical mediates most of the 
hypothesized in vivo pathways of lipid nitration. 
Of note, •NO2 may induce fatty acid oxidation 
and/or nitration both under aerobic and anaerobic 
conditions [186]. At high pO2, lipid oxidation 
reactions, with the formation of hydroperoxides 
or isomerized derivatives, predominate over nitra-
tion reactions [136]. On the contrary, in the 
absence or at low pO2, nitrated products are the 
major end products. Under these conditions, •NO2 
may react with both unsaturated fatty acids or 
lipid radicals yielding nitroalkenes, isomerized, 
nitroallylic, dinitro or nitrohydroxy derivatives 
[62, 131, 186]. Also, the radical-radical interac-
tion between •NO2 and a lipid carbon-centered 
radical, originated from the rearrangement of 
unstable oxidizing intermediates (LOONO), gen-
erates nitrated fatty acids [137]. The major recent 
breakthrough regarding the mechanism of lipid 
nitration is related to the endogenous pathways of 
•NO2 formation [22, 54, 153]. In this context, 
•NO2 may be produced from •NO auto-oxidation, 
a reaction that occurs within cell membranes and 
lipoproteins, where •NO diffuses and concentrates 
[127], and from the homolytic cleavage of per-
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oxynitrous acid (ONOOH) that yields hydroxyl 
radical (•OH) and •NO2, potent oxidizing, nitrosat-
ing and nitrating agents [9, 149, 159]. However, 
and despite the fact that incubation of fatty acids 
with acidified nitrite has been used for many years 
to produce nitroalkenes in vitro [103, 136, 208], it 
was not until the description of the nitrate-nitrite-
nitric oxide pathway, a non-enzymatic mecha-
nism of •NO production in the gut, that the 
potential of gastric nitrite to induce fatty acid 
nitration was unveiled.

In the mid 1990s, nitrite anion, coming from 
the enterosalivary circulation of dietary nitrate 
(present in green leafy vegetables and beets), was 
shown to be reduced to •NO in the human stomach 
[12, 116]. Up to 6000 ppb of •NO were detected in 
the gastric compartment upon the ingestion of ice-
berg lettuce [116] and this steady state concentra-
tion has been shown to increase several fold when 
reductants, such as polyphenols, are also con-
sumed [61, 141, 155]. Nitrite acidic disproportion 
is transiently mediated by HNO2 and, depending 
on the chemical environment of the gastric milieu, 
several nitrogen oxides, including •NO2, may be 
produced [115, 153, 156]. In accordance to what 
has been shown to happen with gastric proteins 
such as pepsin and occludin [152, 154, 157], 
nitrite-dependent fatty acid nitration has also been 
demonstrated [22, 43, 54]. Dietary oleic and 
conjugated- linoleic acids (OA; cLA), from olive 
oil, have been shown to be nitrated by nitrite 
under acidic digestive conditions [54]. 
Interestingly, both free- as well as protein-
adducted nitrated fatty acids were detected, sug-
gesting that nitroalkylation of proteins, a key 
pathway instigating the anti- inflammatory proper-
ties of nitrated fatty acids, is also related to nitrate 
and nitrite consumption and further production of 
•NO2 in the acidic stomach [54]. Furthermore, 
Bonacci and colleagues have also elegantly shown 
that not only dietary cLA is nitrated by a nitrite-
dependent pathway in the stomach, but also that 
nitrated-cLA levels are elevated in plasma, tissue 
and urine of rodents upon exposure to both dietary 
cLA and nitrite [22].

Overall, these observations support the notion 
hypothesized by Rocha and colleagues [153] that 
the nitrate-nitrite-nitric oxide pathway fuels the 

production of nitrating agents in the stomach that 
may react with exogenous fatty acids, and that 
nitrated fatty acids may be absorbed into the sys-
temic circulation and trigger cell adaptive 
responses in virtually every organ system. 
Delmastro-Greenwood and colleagues have 
shown that dietary consumption of nitrate and 
nitrite as well as cLA yields electrophilic nitrated 
derivatives. Nitro-cLA was not only detected in 
plasma and urine of healthy volunteers, but was 
also shown to react with nucleophilic amino acids 
via Michael addition, suggesting that dietary con-
centrations of both nitrate and cLA are sufficient 
to generate the nitrated derivatives in the stomach, 
and that these species are further absorbed into 
the blood stream and trigger signaling cascades 
systemically [43]. In line with this observation, 
the activation of phase II enzymes, such as heme 
oxygenase-1 (HO-1), in the intestinal epithelium 
has been shown under similar circumstances [22]. 
It is therefore tempting to speculate that endoge-
nous lipids may also be targeted for nitrite-depen-
dent nitration. One example, are the lipids from 
the gastric mucus. The gastric mucosa, especially 
in post-prandial periods, secretes potentially 
harmful compounds into gastric lumen, such as 
proteolytic enzymes and HCl [171]. Thus, the 
gastric mucosa exhibits several degrees of protec-
tion, including pre- epithelial, epithelial and post-
epithelial components [199]. The less understood 
of these defenses is the pre-epithelium that com-
prises the mucus- bicarbonate layer. The loosely 
bound mucus barrier is in dynamic equilibrium 
with the pre-formed intracellular mucus contained 
within the secretory granules of specialized 
mucous cells [142, 145, 200]. Both, the loosely 
and the firmly adherent mucus layers, are com-
posed of glycoproteins embedded with water, 
electrolytes and glycolipids. Among these, phos-
pholipids such as phosphatidylethanolamine, 
phosphatidylglycerol, diphosphatidylglycerol and 
phosphatidic acid can be found [132]. Since 
exquisite nitration conditions are achievable 
within the gastric lumen (due to high nitrite con-
centrations as well as low pH), phospholipid 
nitration may be expected. In fact, ·NO2 is formed 
from the reaction of ·NO with molecular oxygen 
in the gastric headspace [153]. Once formed, ·NO2 
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could oxidize and nitrate phospholipids from the 
mucus. Furthermore, this reaction may be favored 
by other reactive species produced from nitrite in 
the gastric lumen, namely ·OH and ·NO2. These 
radicals can be produced by ONOOH homolytic 
cleavage and may oxidize and nitrate mucus lip-
ids. Although the anti-inflammatory and citopro-
tective effects of nitrated lipids have been shown 
for nitro-OA, nitro-cLA and nitrated arachidonic 
acid, nitration of phospholipids may also be con-
sidered. Nitration of mucus lipids can be regarded 
not only as a mechanism to scavenge nitrite- 
derived ·NO arising from the lumen, but also as a 
source of a new class of molecules with impact on 
gastric pathophysiology. Notably, at acidic pH, 
nitronium ion (NO2

+) may also induce unsaturated 
fatty acid nitration by addition to the double bond 
by electrophilic substitution, an already described 
pathway for fatty acid nitration [136, 137].

One intriguing aspect that would deserve fur-
ther attention is the pO2 in the gastric headspace. 
For a pO2 of 70  torr [76], fatty acid oxidation 
rather than nitration would be expected to be the 
dominant reaction. Hence, further studies would 
be required to ascertain as to whether oxidized 
lipid derivatives would also be formed and what 
biological consequences should be expected.

10.2.2  Molecular Mechanisms 
Underlying the Signaling 
Functions of Nitrated Fatty 
Acids

Since the beginning of 2000s, several research 
groups have provided solid evidence that nitra-
tion of unsaturated fatty acids generates a new 
class of signaling biomolecules [6, 10, 185]. 
Figure  10.1 summarizes the molecular mecha-

Fig. 10.1 Signaling functions of nitrated fatty acids. 
Nitro-OA and nitro-cLA may be formed from the reaction 
of OA and cLA with dietary nitrite in the stomach. These 
nitrated derivatives are absorbed into systemic circulation 

and activate different signaling cascades with consequent 
anti-inflammatory and citoprotective actions. [22, 43, 54, 
107, 161, 165, 201]
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nisms underlying the biological functions of 
nitrated fatty acids. The chemical stability within 
lipophilic environments and the ability to nitroal-
kylate proteins are now recognized as crucial 
aspects in nitroalkene bioactivity [186]. Initial 
studies showed that nitrated fatty acids could 
mediate cGMP-dependent vascular relaxation, 
supporting a role as ·NO reservoirs in vivo, but 
extremely low stoichiometric concentrations of 
·NO were released [6, 66, 103, 105, 121]. 
Accordingly, recent reports show that the intrave-
nous infusion of nitro-OA does not decrease nei-
ther blood pressure not heart rate [213], 
suggesting that ·NO release from nitrated fatty 
acids is not the major mechanism of action of 
these signaling molecules. In this context, Coles 
and colleagues have demonstrated that nitrolino-
leate inhibits platelet activation as well as neutro-
phil degranulation by reducing intracellular 
calcium mobilization and enhancing cAMP/ade-
nyl cyclase signaling [32, 33], thereby demon-
strating cGMP-independent signaling 
mechanisms of nitrated fatty acids. Further stud-
ies are necessary to clarify if nitrated fatty acids 
may indeed act as ·NO reservoirs or not. This is 
particularly relevant because a significant num-
ber of studies support this hypothesis [104, 121] 
and in fact, nitrated fatty acids may activate endo-
thelial nitric oxide synthase as well as induce the 
expression of phase II enzymes, such as HO-1, 
that may increase ·NO bioavailability by prevent-
ing its oxidation reactions [60, 92].

Despite the controversy regarding the ability 
of nitrated fatty acids to act as ·NO donors, it is 
currently recognized that the electrophilic attack 
of the ß-carbon to nucleophiles such as Cys and 
His residues of proteins is a pivotal mechanism of 
action underlying the signaling functions of 
nitrated fatty acids (for a recent review see [60]). 
As already mentioned, the NO2 group is one of 
the most electronegative moieties known in 
chemistry, withdrawing the electrons from the 
ß-carbon and thereby rendering this atom highly 
avid for nucleophiles. This allows rapid and 
reversible protein nitroalkylation, a post- 
translational modification that may impact on 
protein structure and function [5, 10, 164]. 
Notably, many of the proteins targeted for nitroal-

kylation are transcription factors or modulate the 
activation of transcription factors [56]. One inter-
esting example is the nitroalkylation of the sub-
type γ of PPAR (PPARγ). PPARs are nuclear 
receptors that, among other functions (out of the 
scope of the present chapter; for a comprehensive 
review see [192]), respond to both lipid metabo-
lites and glucose and, in particular subtype γ, 
decreases fatty acid oxidation and transport [56, 
192]. Indeed, PPARs are now known to modulate 
bioenergetic and inflammatory pathways in vivo 
[192]. Interestingly, nitro-OA and nitro-LA acti-
vate all PPAR subtypes although the highest 
activity is observed for subtype γ with a potency 
that depends on the position of nitration [6, 166]. 
In rodents, the administration of nitro-OA 
increases both plasma nitro-OA to 270 nM and 
the expression of PPARγ itself and PPARγ- 
dependent genes such as Signal Transducer and 
Activator of Transcription 1 (STAT-1) and Fatty 
Acid Binding Protein-2 (FABP2), suggesting that 
nitrated fatty acids are PPAR activators in vivo 
[23]. As mentioned previously, the relevance of 
PPARγ activation in biological settings is related 
to its anti-inflammatory activity. Several molecu-
lar mechanisms have been proposed to justify 
these beneficial properties, such as the expression 
of PPARγ-dependent genes, but the inhibition of 
NF-kB signaling cascade plays also an important 
role. Interestingly, nitrated fatty acids may also 
prevent NF-kB activation under inflammatory 
conditions [38, 55], suggesting that the anti- 
inflammatory effects of these compounds may be 
also due to the modulation of other signaling 
pathways rather than PPARγ activation.

Nitroalkenes have been shown to elicit salu-
tary effects in different models of metabolic and 
inflammatory diseases such as type 2 diabetes, 
obesity, atherosclerosis, renal and cardiac 
ischemia- reperfusion injury and vascular disor-
ders [107, 161, 165, 201]. Although in some of 
these models the activation of PPARγ has been 
shown to occur, the modulation of other path-
ways, namely activation of Nrf2 and HO-1 
 signaling and the inhibition of NF-kB, have also 
been demonstrated. Of note, the administration 
of low concentrations of nitro-OA (2  mg  kg–

1  day–1) for extended periods of time (21  days) 
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prevents neointimal hyperplasia in a mice model 
of vascular injury with increasing HO-1 expres-
sion [31]. On the other hand, in an animal model 
of atherosclerosis (APOE−/− mice), nitro-OA 
reduces the infiltration of inflammatory cells 
within the atheroma through a mechanism com-
patible with the activation of Nrf2 or inhibition of 
NF-kB signaling cascades [161].

The structural stability within membranes and 
the potential to form Michael adducts with pro-
teins, including critical transcription factors, 
endow nitrated fatty acids with unique chemical 
features to control inflammatory pathways, mod-
ulate lipid and glucose metabolism and promote 
cell adaptation to hostile, oxidative, environ-
ments. These molecular actions justify the bio-
logical implications of these electrophiles in 
many disease models, including (CNS) 
disorders.

10.2.3  The Gut-Brain-Axis 
and the Impact 
of Nitroalkenes in the Central 
Nervous System

The past two decades have witnessed a change in 
the understanding of the Biology of dietary 
nitrate due to the observation that nitrate anion 
generates ·NO in the human stomach out of enzy-
matic control [12, 116]. In summary, nitrate, 
from green leafy vegetables, undergoes an enter-
osalivary circulation in vivo, being secreted into 
the oral cavity. Here, commensals from posterior 
tongue clefts reduce nitrate to nitrite which, once 
mixed and swallowed with saliva, is readily 
reduced to ·NO in the stomach [49, 114, 115]. 
This so-called nitrate-nitrite-nitric oxide path-
way sparked a new field of research since nitrite- 
derived ·NO has been shown to promote not only 
gastrointestinal but also systemic protective 
mechanisms. In the gut, this non-enzymatic path-
way increases mucosal vasodilation, mucus 
thickness and halts inflammatory and ulcerogenic 
pathways. Interestingly, systemic cardiovascular 
and metabolic effects have also been reported 
(for recent reviews see [28, 113]). But it was not 
until recently that the potential of nitrite to pro-

duce other nitrogen oxides in the acidic gastric 
milieu gained attention. In the beginning of 
2010s, three independent groups showed that 
nitrite, originated from dietary nitrate, generates 
nitrating agents in the stomach [22, 54, 153]. Not 
only the nitration of endogenous gastric proteins 
has been observed in vivo, a reaction dependent 
on the generation of ·NO2 in the gastric lumen 
[152, 154, 157], but also OA and cLA have been 
shown to be nitrated by acidified nitrite [22, 54]. 
Dietary concentrations of cLA and nitrite, when 
administered by oral gavage to mice, led to the 
production of nitro-cLA which was detected in 
plasma, urine and tissues. Moreover, this obser-
vation was paralleled by the induction of HO-1 
expression in the colon, demonstrating that 
dietary components generate nitrated lipid deriv-
atives with signaling functions in vivo [22]. Given 
that nitrated fatty acids react with nucleophilic 
amino acids via Michael addition, changing pro-
tein structure and function, the possibility to form 
citoprotective biomolecules in the gut, with sys-
temic anti-inflammatory actions, represents a 
groundbreaking achievement with physiological 
and therapeutic consequences yet to be fully 
understood. In this context, Delmastro-
Greenwood and collaborators have elegantly 
shown that the consumption of 15NO3

− or 15NO2
− 

with cLA increases plasma levels of nitrated cLA 
from 0.14 nM (detected even without cLA con-
sumption) to 2.5 nM (for 15NO2

−) or 3.3 nM (for 
15NO3

−) [43]. Also, the plasma concentration of 
15NO2-cLA remained elevated for 6 h suggesting 
that the consumption of dietary doses of nitrate 
and cLA induces the formation of potent electro-
philic derivatives, that may be absorbed into the 
blood stream, and alter protein function through 
post-translational modifications as result of 
Michael addition. This observation is of foremost 
relevance since gastric-generated nitrated fatty 
acids may nitroalkylate proteins, such as PPARγ, 
as well as modulate Nrf2 and NF-kB signaling 
systemically.

In line with the previous rationale, nitrated 
fatty acids may also impact on brain function, 
representing a novel and surprising group of bio-
molecules that modulate the gut-brain axis, the 
bidirectional neurohumoral crosstalk between 
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the gastrointestinal tract and the brain. 
Accordingly, Trostchansky et  al. have recently 
shown that the administration of nitro-OA 
reduces the levels of pro-inflammatory prosta-
glandins and oxidized products in the brain of a 
mice model of amyotrophic lateral sclerosis 
(ALS) while improving animal motor perfor-
mance. It is also shown that nitro-OA crosses the 
blood brain barrier (BBB) since 4.33 ± 1.12 pmol 
mg−1 tissue of nitro-OA and 203.11 ± 1.09 pmol 
mg−1 tissue of its ß-oxidation product were 
detected in the brain upon subcutaneous injection 
[184]. Of note, despite the route of administra-
tion, the ability of nitroalkenes to permeate the 
BBB reinforces the hypothesis that upon gastric 
production and absorption into the systemic cir-
culation, these compounds may reach the CNS 
and activate local citoprotective mechanisms. 
Another hypothesis is that dietary nitrite, which 
remains elevated for up to 6 h after a nitrate load 
[112], may reach the CNS and induce the produc-
tion of nitrated fatty acids locally. However, 
nitrite-induced nitration requires low, non- 
physiological, pH. It is expected that under isch-
emic conditions, nitrite could be reduced to •NO, 
either by local enzymes or acidic disproportion, 
triggering the aforementioned mechanisms of 
fatty acid nitration.

In this regard, it is worth mentioning that MRI 
studies in a group of elderly human individuals 
exposed to increased intake of nitrate rich foods 
showed increases of cerebral blood flow (CBF) to 
key areas of the brain involved in executive func-
tions, [146, 147]. More recently, an investigation 
with 40 healthy adults showed that dietary nitrate 
modulates CBF response to task performance in 
the frontal cortex and cognitive performance 
[204] and intrathecal levels of nitrate in patients 
with vascular dementia are inversely correlated to 
the degree of intellectual impairment [182].

In summary, dietary nitrate, through the gen-
eration of nitrite in the stomach, can fuel the 
nitration of exogenous and endogenous fatty 
acids. These nitrated derivatives may be absorbed 
into the systemic circulation and modulate Nrf2 
and NF-κB signaling cascades as well as induce 
post-translational modifications of proteins, such 
as PPAR-γ, via Michael addition in every organ 

system. The CNS is no exception and, since 
nitrated fatty acids cross the BBB, anti- 
inflammatory actions are also expected in differ-
ent brain regions, as it has been demonstrated in 
an animal model of amyotrophic lateral sclerosis. 
Finally, since nitrate consumption increases 
regional cerebral blood flow in human volun-
teers, it is expected that increased •NO produc-
tion in these areas can also promote fatty acid 
nitration within hydrophobic environments, with 
the aforementioned signaling functions. 
Figure  10.2 summarizes the possible pathways 
for nitrite-dependent fatty acid nitration in the 
CNS.

10.2.4  Translation of the Bioactivity 
of Nitroalkenes into Clinical 
Care

The citoprotective and anti-inflammatory proper-
ties of both endogenous and exogenous 
nitroalkenes, make these compounds extremely 
attractive drug candidates. Moreover, from a 
chemical point of view, nitrated fatty acids have 
three structural characteristics that further sup-
port their use for the development of new drugs: 
(1) nitroalkenes are strong electrophiles thereby 
activating the expression of proteins encoded by 
Nrf2-dependent genes; (2) nitroalkenes undergo 
similar oxidative metabolism as non-nitrated 
fatty acids, yielding bioactive metabolites with 
putative applications in lowering pulmonary and 
ocular hypertension and finally, (3) nitroalkenes 
are incorporated into plasma lipoproteins as glyc-
erol esters being distributed systemically. 
Interestingly, this hydrophobic microenviron-
ment also allows the stabilization of the electro-
philic moiety and therefore ensures their signaling 
features in all organ systems (for a recent review 
see [167, 183]).

In fact, intravenous and oral formulations of a 
positional isomer of nitro-OA (CXA-10, 
 10-nitro-OA) has shown promising results in the 
treatment of fibrotic glomerulopathies as well as 
pulmonary hypertension in Phase 1 Clinical 
Trials [84, 91]. The additional absence of signifi-
cant adverse events and the distribution of CXA-
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10 metabolites in the liver, heart and adipose 
tissues, organs with high metabolic rate, increase 
the pharmacological interest of these compounds 
even further [167]. Of note, the oxidative status 
of these organs, which generate high steady state 
concentrations of oxygen and nitrogen species, 
would greatly benefit from the presence of 
nitroalkenes as these molecules would increase 
the expression of Nrf2-dependent genes and 

inhibit the production of inflammatory cytokines 
encoded by NF-κB-associated genes.

Hence, the almost two decades of basic and 
pre-clinical, academic research on the synthesis, 
structure, detection and biological properties of 
nitroalkenes, is now culminating in the develop-
ment of a new class of drugs that target diseases 
devoid of effective pharmacological treatment. It 
is now tempting to speculate whether other bio-
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Fig. 10.2 Pathways for nitrated fatty acids formation in 
the CNS. Nitroalkenes may be produced from dietary lip-
ids and nitrite in the stomach and be absorbed into the 
systemic circulation. Since they can cross the BBB, 
nitrated fatty acids may promote cell adaptive responses 
within the CNS (upper panel). Alternatively, dietary nitrite 
is likely to increase •NO steady state concentration in the 
brain through a still not fully elucidated mechanism. 
Nitrite may be reduced by enzymes that may acquire 
nitrite-reductase activity along a decreasing gradient of 

pO2 (e.g., xanthine oxidase, nitric oxide synthases, hae-
moglobin, among others) or, alternatively, several authors 
hypothesise that transient and localised ischemic events 
may sufficiently decrease the pH to allow non-enzymatic 
reduction of nitrite to •NO. The increase of cerebral blood 
flow in elderly volunteers support this notion [147]. Since 
•NO diffuses and concentrates in hydrophobic environ-
ments, such as cell membranes, it can induce the forma-
tion of •NO2 through oxidation reactions or the formation 
of ONOO− upon reaction with O2

•-, thereby promoting 
fatty acid nitration
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logical functions of nitroalkenes such as the inhi-
bition of platelet aggregation and intimal 
hyperplasia may improve the outcome of patients 
with coagulopathies and other thrombotic dis-
eases, some of them implicated in neurodegen-
erative disorders. The ability of nitrated fatty 
acids to activate in humans the same signaling 
pathways that they engage in animal models, 
associated with a very satisfactory safety profile, 
should prompt the investigation, in randomized, 
blind, multicenter clinical trials of the physiolog-
ical and pharmacological potential of these com-
pounds to treat disorders addressed in pre-clinical 
studies.

10.3  Overview of Cholesterol 
Metabolism in the Brain

The human brain contains roughly 25% of the 
body’s cholesterol, mostly present in the non-
esterified form [46, 119]. The majority of brain 
cholesterol is found in the membrane of myelin 
(70–80%), as well as in neuron and astrocyte cell 
membranes. Furthermore, due to the fact that the 
BBB limits circulating cholesterol entry to the 
brain, it is synthetized de novo within the CNS 
from acetyl-CoA which is converted to 
3-hydroxy-3-methyl-glutaryl-coenzyme A 
(HMG-CoA) and then to mevalonate by HMG-
CoA reductase, the rate limiting and irreversible 
step in cholesterol synthesis. A series of reactions 
involving over 20 enzymes convert mevalonate to 
3-isopenenyl pyrophosphate, farnesyl pyrophos-
phate, squalene, lanosterol, and so on until the 
final product cholesterol is obtained [14]. 
Cholesterol synthesis occurs primarily in the 
endoplasmic reticulum, from where it is then 
transferred to the plasma membrane. Both neu-
rons and astrocytes are capable of cholesterol 
biosynthesis, although in neurons sterols are syn-
thesized via the Kandutsch-Russel pathway, 
while in astrocytes, synthesis occurs via the 
Bloch pathway [135]. Furthermore, while during 
development, both neurons and astrocytes syn-
thetize cholesterol, in the mature brain, this pro-
cess occurs mainly in the astrocytic compartment 
[191]. The astrocytes release cholesterol in ApoE 

complexes, which are up taken by neurons to sat-
isfy their needs. Interestingly, the transcription of 
ApoE is regulated by the cholesterol oxidation 
product 23-hydroxycholesterol (24-OH), which 
is a ligand of liver receptor X (LXR), a nuclear 
receptor that also regulates the expression of 
other genes involved in cholesterol metabolism, 
including ATP-binding cassette transporters A1 
and G1 (ABCA1 and ABCG1) [135, 144, 172].

Functionally, cholesterol plays as critical role 
in neuronal development and maintenance of 
synaptic plasticity, synapse formation, neurite 
outgrowth, synaptic vesicle transport and regula-
tion of neurotransmitter release [143]. As an 
essential component of the cell membrane, it also 
is involved in regulating ion homeostasis and 
endocytosis as well as synapse and dendrite for-
mation [57, 67] and axonal guidance [39]. The 
pleiotropic nature of this lipids’ functionality in 
the brain as a major regulator of neuronal activity 
means that cholesterol homeostasis must be 
tightly maintained through a dynamic balance 
between de novo synthesis, transport, storage and 
removal.

Consequent to its essential role in maintaining 
neuronal physiology, both during development 
and in the adult stage, depletion of cholesterol 
has been show to limit synaptic vesicle endocyto-
sis, neurotransmission and neuronal activity in 
general, resulting in degeneration of spines and 
synapses [106]. Furthermore, changes in choles-
terol metabolism/homeostasis have been impli-
cated in the pathophysiology of central nervous 
system disorders and diseases such as Alzheimer’s 
disease [45], Parkinson’s disease [48], 
Huntington’s disease [101] and Niemann-Pick C 
disease [118]. In the context of the present chap-
ter, we will focus on the cross talk between cho-
lesterol metabolism and Alzheimer’s disease.

10.3.1  Alzheimer’s Disease 
and Cholesterol Metabolism

Alzheimer’s disease (AD) is the main form of 
dementia. This fatal neurodegenerative disease is 
clinically characterized by progressive memory 
loss and altered behavior, while histopathological 
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hallmarks included extracellular deposition of 
senile plaques composed of aggregated of Aß 
peptides and intracellular inclusions of hyper-
phosphorylated tau (neurofibrillary tangles  – 
NFT), accompanied by loss of synapses and 
neurons [170]. Aß peptides occur as the result of 
sequential cleavage of APP by ß-secretase  – 
ß-site APP cleavage enzyme 1 (BACE-1) and by 
the γ-secretase complex [71, 181]. The Aß pep-
tide that is produced in this process is released 
either into the lumen of intracellular organelles or 
into the extracellular space, interacting with cel-
lular membranes and proteins while folding into 
higher-order structures with varying toxicity 
potentials [1, 122]. The familial form of AD can 
result from mutations in the genes which encode 
for either APP as well as presenilin 1 or preseni-
lin 2, which are part of the catalytic domain of 
γ-secretase. Pathological hyperphosphorylation 
of tau, a protein that binds and stabilizes microtu-
bules, leads to its detachment and formation of 
insoluble aggregates of paired helical filaments 
[8].

One third pathological hallmark of AD is the 
occurrence of “lipid inclusions” or “lipoid gran-
ules” in the brains of patients, suggestive of 
changes in lipid metabolism with either disease 
onset or progression. In fact, most classes of lip-
ids have been implicated in the pathophysiology 
of AD, which is not surprising when one consid-
ers that they regulate the activity and trafficking 
of membrane bound proteins, including APP, 
BACE1 and presenilins. Furthermore, lipids 
modulate the propensity to aggregate of both Aß 
and tau proteins.

Accordingly, in the early 1990s, Sparks and 
collaborators observed that the brains of patients 
having suffered of advanced coronary heart dis-
ease presented senile plaques resembling those 
found in the brains of AD patients [175], subse-
quently reporting that such plaques could be 
induced in the brains of rabbits by feeding them a 
high-cholesterol diet [176]. Increased plasma/
serum cholesterol was proposed to be a risk fac-
tor for development of AD [140]. This hypothesis 
has since been revised, linking mid-life hypero-
cholesterolemia to an increased risk of develop-
ing AD in later life [173]. Furthermore, several 

studies using animal models have shown that 
diet-induced hypercholesterolemia can produce 
AD-like dementia phenotype [40, 41, 129, 151, 
174].

The relationship between AD and lipid metab-
olism was further strengthened when the ε4-allele 
of the apolipoprotein E (APOE) was identified as 
the strongest genetic risk factor for spontaneous 
AD [16, 17, 34, 64], the form of AD for which 
advanced age is the major risk factor. 
Apolipoprotein E is responsible not only for reg-
ulating system triglyceride metabolism but, more 
relevantly, is crucial in the regulation of choles-
terol metabolism in the brain by mediating the 
uptake of lipoproteins via the low-density lipo-
protein (LDL) receptor related protein (LRP) and 
the very low-density family lipoprotein receptor.

One conundrum concerning the hypothesis 
that hypercholesterolemia is linked to AD patho-
physiology relates to disparate observations 
when comparing systemic cholesterol levels 
between AD and healthy controls, ranging from 
reports of higher to lower cholesterol levels in 
AD patients, with others reporting no differences 
between AD and healthy individuals. 
Longitudinal studies aimed at determining the 
potential risk for AD in later life associated with 
hypercholesterolemia in mid-life, when ana-
lyzed in detail, reveal that, although individuals 
later (late-60s) diagnosed with AD or vascular 
dementia did indeed suffer of increased choles-
terol levels in mid-age (early 40s), the same was 
true of individuals with no signs of dementia at 
later life (reviewed in [207]). A more cautious 
statement may, then, be that, midlife hypercho-
lesterolemia is one amongst several other life-
style factors which increased the likelihood of 
later-life AD.

The question then is, how does cholesterol 
metabolism cross paths with AD pathophysiol-
ogy? The answer is, not surprisingly, complex. 
The most obvious answer is related to the fact 
that key proteins such as APP, BACE1 and com-
ponents of the γ-secretase complex are trans-
membrane, and consequently their trafficking 
and proteolytic activities are regulated by lipid 
bilayer composition, organization and biophysi-
cal properties [73]. In fact, cholesterol directly 
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modulates secretase activity and Aß generation. 
Removal of cholesterol from the cell membrane 
has been shown to decrease the activity of both 
BACE1 and γ-secretase and consequently 
decrease in Aß  production [73, 169, 195]. Of 
note, cholesterol- and sphingolipid-enriched 
microdomains within the cell membrane are 
denominated “lipid rafts”. Although APP, BACE1 
and presenilins can be found both in raft and non-
raft regions of the membrane, amyloidogenic 
APP processing appears to occur preferentially 
within raft regions, while non-amyloidogenic 
processing occurs in non-raft regions of the 
membrane [73, 195]. Indeed, palmitoylation of 
the transmembrane and cytosolic domains of 
BACE1 contributes to its localization within lipid 
raft domains [13, 194], while removal of choles-
terol from membranes contributes to non-raft 
localization of the APP processing protein [50]. 
Presenilins are also associated with lipid raft 
domains [189, 195, 197].

In sum, changes in the biophysical properties 
of cell membranes, in particular of raft domains, 
by increasing cholesterol content, may shift APP 
processing from non-amyloidogenic to amy-
loidogenic, with increased Aß production.

On the other hand, increased cholesterol levels 
in the membranes may favor the binding of Aß to 
membranes [85] and accelerate recruitment and 
oligomerization and formation of toxic aggre-
gates [53, 210]. This hypothesis has, however, 
been rebutted by others [2, 148].

Cholesterol metabolism and trafficking in the 
brain can also impact APP processing [26, 81, 
98]. Excess cellular cholesterol is converted to 
cholesterol esters (CE) by acyl-CoA:cholestrol 
acyltransferase 1 (ACAT1) and either accumu-
lated as intracellular lipid droplets or excreted to 
the extracellular milieu [29]. Several lines of evi-
dence have shown that increasing CE levels pro-
motes Aß production while decreased ACAT1 
activity or enzyme level can reduce Aß levels and 
pathology and even cognitive impairment in a 
rodent model of AD [24, 130]. Loss of ACAT1 
activity can lead to increase in the oxysterol 
24(S)-hydroxycholesterol (24-OH) [24, 82]. It is, 
however, unclear whether this oxysterol partici-
pates directly in reduction of amyloidogenisis or 

whether, in the absence of ACAT1-dependent 
processing of cholesterol to CE, oxidation to the 
BBB-permeable oxysterol allows efflux of excess 
cholesterol from the brain.

ABCA1 stimulates cholesterol efflux from the 
intracellular compartment to extracellular parti-
cles such as APOE.  Interestingly, ABCA1 can 
also control Aß levels as increasing ABCA1 
reduces Aß and the inverse is also found to be 
true [95, 179, 198].

Noteworthy, the interactions between choles-
terol metabolism/trafficking and APP processing 
in the brain are bidirectional and APP processing 
has also been shown to impact on lipid homeo-
stasis, including cholesterol, sphingolipids and 
gangliosides [68, 69]. Either directly or via an 
intermediate, Aß can inhibit the synthesis of 
cholesterol, suggestive of a feedback loop in 
which APP acts as a molecular sensor for free 
cholesterol. This may, in fact, reconcile the con-
tradictory notions that, while midlife increase in 
cholesterol appears to be a risk factor for later 
development of AD, cholesterol levels in AD 
patients are neither significantly different than 
those of healthy patients (and have even been 
reported to be lower) nor has statin treatment 
shown any beneficial effect AD pathology or 
cognitive function in randomized controlled tri-
als [77, 163, 168]. A recent study in mice over-
expressing APP and/or ApoB-100 (spontaneous 
hypercholesterolemic phenotype) supports the 
hypothesis that increased amyloidogenic APP 
processing is an early response to increase in 
free cholesterol and results in the lowering of the 
later [109]. This may corroborate the fact that 
population-based studies have shown a protec-
tive effect of statin treatment against the risk of 
AD, that is dependent of the age at statin treat-
ment; statins may be protective at midlife by 
lowering free cholesterol, thus blunting increase 
in Aß production [36, 102, 206]. It is, however, 
important to keep in mind that statins have a 
number of pleiotropic effects, and thus the 
molecular mechanisms accounting for its benefi-
cial effects may be multiple [58].

Additionally, oligomeric Aß appears to pro-
mote the release of cellular cholesterol and lipids 
from the cell in the form of Aß-lipid complexes 
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[212] while the intracellular domain of APP 
resulting from γ-secretase activity is reported to 
act as a transcriptional suppressor of LRP1, thus 
downregulating cholesterol uptake and causing 
synaptic failure and tau hyperphosphorylation 
[52, 97, 108].

The conversion of cholesterol to oxysterols 
is the main mechanism by which the brain elim-
inates excess cholesterol across the BBB to sys-
temic circulation. The metabolite 
24-hydroxicholesterol (24-OH) is produced by 
the activity of 24-hydroxylase present in neu-
rons and can cross the BBB, unlike cholesterol 
itself. A less expressive pathway includes the 
conversion to 27-hydroxycholesterol (27-OH) 
by 27-hydoxylase, then to 7α-hydroxy-3-oxo-
4-cholestenoic acid, which can also cross the 
BBB to systemic circulation for elimination in 
the liver [18, 19, 125]. In reality, most of 27-OH 
flows from systemic circulation into the brain, 
linking extra and intracerebral pools of choles-
terol. Oxysterols resulting from non-enzymatic 
oxidation of cholesterol such as 7ß-, 7α- and 
4ß-hydroxycholesetol, 5α-, 6α-, 5ß- and 6ß- 
epoxicholesterol as well as 7-ketocholesterol 
are also capable of crossing the BBB and have 
been identified in the brain of AD patients 
[193]. As such, some authors have suggested 
that oxysterols may be the putative link between 
hypercholesterolemia and AD pathophysiology. 
Of note, the oxysterols that, to date, have been 
shown to have the most relevance in AD have 
been 24-OH and 27-OH, both produced 
enzymatically.

On a final note, the link between lipid dysreg-
ulation and tau pathology is still poorly under-
stood in the context of AD, although there appears 
to be an association between the occurrence of 
neurofibrillary tangles and changes of lipid traf-
ficking. For example, cholesterol has been shown 
to regulate Aß-induced tau proteolysis by calpain 
[134], which appears to be an early step in tau 
pathology. Also, hyperphosphorylated tau can be 
found in lipid rafts alongside APP metabolites, 
BACE1, γ-secretase and APOE [79, 90]. Future 
studies into the correlation between tau pathol-
ogy and cholesterol homeostasis may unveil fur-
ther correlations.

10.3.2  Apolipoprotein E – Genetic 
Risk Factor for Alzheimer’s 
Disease

As mentioned above, the presence of the ε4-allel 
of APOE (APOE4 isoform) is the major genetic 
risk factor for spontaneous or late-onset AD [34], 
while the ε2-allel (APOE2 isoform) has since 
been identified as protective against the disease 
[30]. The APOE receptors are a group of trans-
membrane proteins belonging to the LDL recep-
tor family which is responsible for the endocytosis 
of ligands and recycling them to the cell mem-
brane [80]. It is expressed throughout the body, 
with highest levels observed in the liver followed 
by the brain. Here, astrocytes are the main source 
of APOE, although it is also expressed in neurons 
and microglia [209]. In the CNS, APOE is the 
major component of lipoproteins particles that 
traffic both cholesterol and lipids between neu-
rons and astrocytes, suggesting that the effects of 
APOE4 in AD pathophysiology may be mediated 
via brain lipid metabolism [75]. Indeed, studies 
in cultured neurons have shown that APOE4 is 
less efficient in transporting brain cholesterol as 
compared to isoforms APOE2 and APOE3 [150].

Several studies have shown that APOE modu-
lates APP trafficking and Aß production and clear-
ance by acting as a chaperone for the peptide [25]. 
The dosage of ε4-allel has been associated with 
increase in intracellular Aß, extracellular Aß oligo-
mers as well as plaque accumulation [74, 94, 187]. 
The Aß clearance efficiency of the different APOE 
isoforms appears to be dependent on the lipopro-
tein lipidation status, which is optimal for the 
APOE2 isoform as opposed to APOE4 [3, 83]. On 
a different note, APOE-containing lipoproteins are 
responsible for transport of cholesterol and other 
lipids between astrocytes and neurons, and the 
APOE4 isoform is less efficient in the transport as 
compared to the APOE2 isoform [75, 150]. In fact, 
the cholesterol efflux efficiency of APOE is iso-
form dependent: APOE2  >  APOE3  >  APOE4 
[72]. The APOE induced intracellular degradation 
of Aß is mediated by cholesterol efflux: lowering 
of intracellular cholesterol is thus coupled to the 
intracellular trafficking of Aß to lysosomes for 
degradation [99].
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10.4  The Endocannabinoid 
System

The third important group of bioactive lipids we 
address here with relevance to brain pathophysi-
ology is the N-acetylethanolamine family, which 
includes N-arachidonoylethanolamine (ananda-
mine or AEA), the first described endogenous 
agonist for cannabinoid receptors (CBR), or 
endocannabinoid (eCB) [44]. A second class of 
eCB are fatty acid glycerol esters, namely 
2- arachidonoylglycerol (2-AG) [126]. Both AEA 
and 2-AG, the most widely studied eCBs, are 
derived from arachidonic acid containing phos-
pholipids, an important polyunsaturated fatty 
acid that also serves as a precursor for other regu-
latory lipids. Consequently, it is likely that fac-
tors capable of altering the fatty acid composition 
of cellular phospholipids, such as dietary fatty 
acid intake, can potentially effect eCB synthesis.

The eCBs act as intercellular messengers, 
meaning that the cellular response is a function of 
rate of synthesis/release, availability of the pre-
cursor arachidonic acid, binding affinity to the 
receptor, rate of removal from the extracellular 
space and, finally, rate of catabolism. Interestingly, 
contrary to classical neurotransmitters and neuro-
modulators such as glutamate or dopamine, both 
AEA and 2-AG are not stored in vesicles, but 
rather synthesized upon demand and released, 
although via a yet poorly understood mechanism.

On major difference between AEA and 2-AG 
is the route of synthesis. Anandamine can be syn-
thesized in two pathways: (1) directly from ara-
chidonic acid via N-acylation of ethanolamine 
and (2) transacylase phophodiesterase-mediated 
synthesis, where existing N-arachidonyl phospha-
tidyl ethanolamine (NAPE) can be converted to 
AEA by phospholipase D [117, 178]. The rate 
limiting step to AEA synthesis is the N-acyl trans-
ferase-catalyzed formation of NAPE, which is 
regulated by intracellular Ca2+ and cAMP levels 
[27, 138]. On the other hand, diacylglycerols with 
arachidonic acid on the 2-position are the precur-
sors of the more abundant endocannabinoid, 
2-AG. The diacylglycerol precursors result from 
phospholipase C hydrolysis of phosphatidylinosi-
tol or hydrolysis of phosphatidic acid [42, 117].

Uptake from the extracellular space may occur 
via protein transporters or diffusion across the 
cell membrane [59, 124] and intracellular degra-
dation results from the enzymatic hydrolysis of 
the amide and ester bonds by fatty acid amide 
hydrolase or monoacylglycerol lipase and other 
lipases [37, 47]. The activity of 3-AG and AEA as 
well as that of CBRs is tightly regulated not only 
as a result of the cellular localization of the recep-
tors, but also by subcellular segregation and dis-
tribution pattern of the enzymes involved in eCB 
metabolism (fatty acid amide hydrolase; diacylg-
lycerol lipase α/β; monoacylglycerol lipase  – 
MAGL) [89, 111, 123, 180, 211].

The bioactivity of AEA and 2-AG results from 
their binding to cannabinoid receptors type 1 and 
2 (CB1R and CB2R), respectively. The receptors 
are differentially expressed throughout the mam-
malian body, with CB1R being widely expressed 
in the brain and to a lesser extent in peripheral 
tissues, while CB2R is found at higher levels in 
peripheral circulation, namely immune-related 
organs and cells. Both are G-protein coupled 
receptors of the class A superfamily, comprising 
7 transmembrane domains. The relative abun-
dancy of CB1R is similar to that of other main 
neurotransmitter receptors (glutamate, GABA) 
and can be found in the hippocampus, as well as 
cerebellum, cerebral cortex, basal ganglia, amyg-
dala and sensory motor regions of the striatum 
[65, 78, 190]. These receptors are mostly found 
presynaptically in GABA-ergic neurons, in par-
ticular in hippocampal GABA-ergic interneurons 
[89, 177].

The bioactivity of eCBs is, however, not 
restricted to cannabinoid receptors, but extends 
to PPAR types α and γ, ligand-gated ion channels 
such as 5-HT3, the orphan receptor G-protein 
coupled receptor 55 (GPR55), type-1 transient 
receptor potential vanilloid (TRPV1) ion chan-
nels as well as the modulation of calcium and 
potassium channels [120, 128, 158, 162, 205].

In the brain, eCBs act as retrograde messen-
gers. Both neurons and astrocytes express CB1R, 
although the effect of receptor activation is dispa-
rate. Activation of pre-synaptically localized 
CB1R receptors induced decreased neurotrans-
mitter release [177] via either depolarization-
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induced suppression of inhibition (decreased 
release of GABA) or excitation (decreased 
release of glutamate). Because the later requires 
longer depolarization period, it is approximately 
30-fold less predominant in the hippocampus. On 
the other hand, different eCBs may produce 
opposing effects: AEA has been shown to inhibit 
glutamate release while 2-AG inhibits the release 
of GABA, suggesting either the CB1R receptors 
respond differentially to the agonists, that CB1R 
differ between GABA-ergic and glutamatergic 
neurons or that CB1R form different complexes 
with other receptors in each type of synapse [87].

In astrocytes, activation of CB1R leads to 
increased intracellular [Ca2+], stimulating gluta-
mate release which activates metabotropic recep-
tors (mGluR1) leading to potentiation of 
neurotransmitter release [35, 133]. Curiously, 
concurrent release of glutamate by astrocytes and 
•NO can induce long term potentiation (LTP) due 
to simultaneous activation of mGluR1 and pro-
tein kinase C (PKC) [35].

Changes in endocannabinoid system signaling 
have been linked to brain dysfunction. Decreased 
levels of 2-AG are reported to occur during brain 
trauma, convulsions and stroke [139, 203] while 
decrease in CB1R expression levels are observed 
in Huntington’s disease [21] as well as 
Alzheimer’s disease [86, 100]. Conversely, 
increased CB1R levels in the hippocampus can 
have a protective effect in epileptic seizures [70, 
110].

A relevant point to emphasize in the context of 
this chapter is that the levels of eCBs can be mod-
ulated by diet, with the first evidence provided by 
Kirkham and colleagues showing that fasting, 
feeding and satiation produced changes in the 
levels in different regions of the brain [93]. These 
changes seem to be correlated with the role of 
eCB in promoting an appetite for palatable food, 
linked to overconsumption of total energy [11]. 
On the other hand, the fact that both AEA and 
2-AG derive from arachidonic acid suggest that 
changes in tissue concentration of this fatty acid 
should impact eCB concentration and function. 
Accordingly, data from animal studies indicate 
that eCB levels in the tissue can be modulated by 
dietary fatty acids [4, 15, 202].

10.5  Concluding Remarks

Much has been unraveled over the past decades 
regarding the biological activity of lipids in the 
CNS. As the major constituents of the brain, and 
granted their unique physical-chemical proper-
ties, beyond their classic role as isolators, cell 
membrane components or energy reservoirs, bio-
active lipids have been revealed to be regulators 
and modulators of neurochemical mechanisms 
underlying brain functions.

The regulation of signaling cascades by lipids 
modified by other dietary nutrients, such as 
nitrated fatty acids, the modulatory role played 
by fatty acid derived endocannabinoids or the 
complex crosstalk between cholesterol metabo-
lism/trafficking/homeostasis and the pathophysi-
ological pathways implicated in Alzheimer’s 
disease are but a few of the myriad of functional 
aspects which have become evident for bioactive 
lipids in the brain. Relevant to the bioactivity of 
lipids is the fact that the composition, concentra-
tion and chemical variability of the brain lipi-
dome can be modulated by dietary intervention, 
highlighting a new mechanism supporting the 
importance of the gut-brain axis in brain func-
tions and as a key determinant of human health.
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Abstract
α-Synuclein (α-syn) represents the main com-
ponent of the amyloid aggregates present in 
Parkinson’s disease and other neurodegenera-
tive disorders, collectively named synucle-
inopathies. Although α-syn is considered a 
natively unfolded protein, it shows great struc-
tural flexibility which allows the protein to 
adopt highly rich beta-sheet structures like 
protofibrils, oligomers and fibrils. In addition, 
this protein can adopt alpha-helix rich struc-
tures when interacts with fatty acids or acidic 
phospholipid vesicle membranes. When ana-
lyzing the toxicity of α-syn, protein oligomers 
are thought to be the main neurotoxic species 
by mechanisms that involve modification of 
intracellular calcium levels, mitochondrial 
and lysosomal function. Extracellular fibrillar 
α-syn promotes intracellular protein aggrega-
tion and shows many toxic effects as well. 

Nitro-fatty acids (nitroalkenes) represent 
novel pleiotropic anti-inflammatory signaling 
mediators that could interact with α-syn to 
exert unraveling actions. Herein, we demon-
strated that nitro-oleic acid (NO2-OA) nitroal-
kylate α-syn, forming a covalent adduct at 
histidine-50. The nitroalkylated-α-syn exhib-
ited strong affinity for phospholipid vesicles, 
moving the protein to the membrane compart-
ment independent of composition of the mem-
brane phospholipids. Moreover, 
NO2-OA-modified α-syn showed a reduced 
capacity to induce α-syn fibrillization com-
pared to the non-nitrated oleic acid. From this 
data we hypothesize that nitroalkenes, in par-
ticular NO2-OA, may inhibit α-syn fibril for-
mation exerting protective actions in 
Parkinson’s disease.

Keywords
Parkinson’s disease · α-Synuclein · Nitrofatty 
acid · Nitro-oleic acid · Nitroalkylation · 
Michael adducts
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GAPDH glyceraldehyde 3-phosphate dehydro- 
genase

4-HNE 4-hydroxynonenal
MPTP 1 - m e t h y l - 4 - p h e n y l - 1 , 2 , 3 , 

6- tetrahydropyridine
MSA multiple system atrophy
NO2-OA nitro-oleic acid
NSAID nonsteroidal anti-inflammatory drugs
OA oleic acid
PD Parkinson’s disease
PSD post source decay
RNS reactive nitrogen species
ROS reactive oxygen species
SDS sodium dodecyl sulfate
SNARE soluble NSF attachment receptor
α-syn alpha-synuclein

11.1  Introduction

α-Synuclein (α-syn) exerts a key role in a number 
of neurodegenerative diseases denominated 
synucleinopathies, i.e. Parkinson’s disease (PD), 
multiple system atrophy (MSA), dementia with 
Lewy bodies and Lewy body variant of 
Alzheimer’s disease (AD) [1]. Familial cases of 
PD present mutations at the α-syn gene or extra 
dosage of wild type α-syn gene supporting a cen-
tral role of α-syn at the pathophysiological level 
of the disease [2]. In fact, histopathologically 
amyloid inclusions (named Lewy bodies and 
Lewy neurites) are rich on α-syn protein aggre-
gates [3, 4].

α-Syn is a 140 amino acids protein, abundant 
at the presynaptic terminals. Its primary sequence 
shows no cysteine nor tryptophan residues, and it 
is divided in three regions: an N-terminal seg-
ment (residues 1–60) with several KTKEGV 
repeats; a central segment (residues 61–95) rich 
in hydrophobic residues; and a C-terminal seg-
ment (residues 96–140) rich in proline and acidic 
residues (Fig.  11.1a). The N-terminal sequence 
of α-syn has homology with lipoprotein 
sequences and shows amphipathic properties. 
The central segment of α-syn holds the amy-
loidogenic part of the protein, which allows start-
ing and following the autofibrillization process 

leading to the formation of insoluble fibrils [5]. 
α-Syn is recognized as a natively unfolded mono-
mer or random coil monomer [6], although there 
are reports who consider that in vivo α-syn is a 
folded tetramer rich in alpha-helix structures [7]. 
This issue is still under debate [8, 9].

By using nuclear magnetic and electron para-
magnetic resonances in live cells, it has been 
shown the characteristic disordered monomeric 
nature of α-syn in the cytosol of neuronal and 
non-neuronal cells [10]. The disordered mono-
meric α-syn has an intrinsically inhibitory mech-
anism of the fibrillization process by long-range 
interactions of the N- and C-terminal regions 
with the central region. In order to promote fibril 
formation, some kind of disruption of these inter-
actions should occur, exposing the central region 
of the protein allowing its contact with other 
monomers [11]. α-Syn fibrillization process is 
believed to be the basic mechanism of the forma-
tion of Lewy bodies and Lewy neurites, found in 
patients with synucleinopathies. In vitro, this is a 
nucleation-dependent process where the natively 
disordered α-syn adopts partially folded interme-
diate structures, which seeds the fibrillation and 
transforms the protein into highly ordered fibrils 
[12]. α-Syn dimers have been proposed as the 
seeding nucleus [13, 14], being the species 
formed from the former process α-syn oligomers, 
protofibrils, and protofilments. These intermedi-
ates are heterogeneous but they are rich in beta- 
sheet structure [15–18]. The oligomeric forms of 
α-syn are characterized by an annular or donut- 
like structure, but heterogeneous in terms of 
sizes, shapes, and in the different ways they can 
be obtained in vitro. Even though, most of the 
collected data favor the hypothesis that oligomers 
may represent the proximal toxic species of 
α-syn. Oligomers have been proposed to induce 
an increase in intracellular calcium by changes in 
membrane permeability, lysosomal leakage, 
microtubules disruption, or mitochondria dam-
age [19–22]. As a strong evidence of oligomers 
toxicity it could be mentioned that the A56P or 
the triple mutant A30P/A56P/A76P α-syn are 
unable to form fibrils but displaying stabilization 
of oligomers, and high toxicity in Drosophila as 
well as C. elegans and cell cultures [23]. Also, 
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dopamine interacts with α-syn inhibiting fibril 
formation and stabilizing the oligomers, inducing 
an important damage in the presynaptic terminals 
of dopaminergic neurons [24]. Nevertheless, evi-
dence suggests that α-syn fibrils and the process 
involving the conversion of oligomers to fibrils 
are determinant for α-syn neurotoxicity [13]. 
These contradictory results are analyzed in the 
work of Taschenberger et al., where the authors 
expressed in substantia nigra of rats the same 
mutants (A56P and A30P/A56P/A76P) by using 
adenovirus-associated vectors [25]. The work 
showed the opposite effects; the wild type or the 
A30P variant-α-syn, which are capable of fibril 
formation, increased the loss of dopaminergic 
neurons in contrast to the oligomer-promoting 

variants [25]. Although α-syn is considered an 
intracellular protein, evidences support that part 
of α-syn oligomers and fibrils are extracellular 
secreted by unusual mechanisms where may 
interact with neurons and glial cells. Extracellular 
fibrillar α-syn is capable of inducing intracellular 
α-syn aggregates in neurons, showing a prion- 
like mechanism [26]. As showed by Braak et al., 
this behavior agrees with the staging distribution 
of the Lewy body pathology found in PD [27]. 
Both α-syn oligomers and fibrils behave as toxic 
species acting by different mechanisms and the 
output effect may differ depending on the pre-
dominant species involved [28].

Posttranslational modifications of α-syn, 
mediated by oxidant and enzymatic processes, 
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Fig. 11.1 α-Synuclein protein sequence and struc-
tural features. (a) Amino acid sequence of α-syn. The 
yellow box shows the lipid-binding domain and the blue 
box the central or amyloidogenic domain. The KTKEGV 

repeats are underlined. (b) Circular dichroism spectra of 
10  μM α-synuclein in 10  mM Tris-HCl buffer pH  7.4 
(solid line) or with 10 mM SDS (dashed line) are shown
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have been involved in the pathogenesis of synu-
cleinopathies [29]. These modifications include 
serine phosphorylation, protein truncation and 
oxidatively-modified amino acids such as tyro-
sine nitration, methionine oxidation and residue 
glycation [30–35]. Reactive lipid derivatives also 
mediate α-syn modifications an issue that will be 
discussed below. Reactive oxygen and nitrogen 
species (ROS and RNS), such as hydrogen perox-
ide, superoxide, hydroxyl radical, nitric oxide 
and peroxynitrite, have been implicated in many 
neurodegenerative disorders. In particular, PD 
shows strong correlation with an increase of the 
formation of ROS and RNS in neurons [36]. 
Dopaminergic neurons, due to neurotransmitter 
re-uptake systems, are susceptible to many toxins 
(such as rotenone, MPTP) and dopamine metabo-
lism generating intracellular ROS. Mitochondrial 
dysfunction has been related with PD, where 
complex I inhibition has been well documented 
[37]. In fact, accumulation of α-syn in mitochon-
dria induces mitochondrial dysfunction and ROS 
formation [38].

The physiological functions of α-syn are still 
unclear. α-Syn has been involved in the synaptic 
vesicle maintenance, neurotransmitter release 
and neuronal plasticity [39, 40]. Even though, 
α-syn knockout mice show no pathological phe-
notype and only present an increase of dopamine 
release upon electrical stimuli [41].

11.2  Alpha-Synuclein Interaction 
with Free Fatty Acids 
and Phospholipids

Early studies of α-syn determined that its primary 
amino acid sequence has several degenerated 
repeats at the N-terminal segment able to fold in 
amphipathic alpha-helix, each with a hydropho-
bic and a hydrophilic face (Fig. 11.1a). This type 
of helix corresponds to the A2 class found in 
many apolipoproteins such as A-II, C-I, C-II and 
C-III [42]. These predictions have experimental 
correlations. α-Syn’s secondary structure changes 
dramatically upon binding to phospholipids, 
from a rich random coil structure to a rich alpha- 
helix structure, easily visualized in the circular 

dichroism spectra (Fig.  11.1b). α-Syn preferen-
tially binds to small unilamellar phospholipidic 
vesicles rich in negative charges such as phos-
phatidylserine, phosphatidylinositol and phos-
phatidic acid. These lipid binding properties are 
also observed for α-syn in the presence of 
micelles from detergents, such as SDS, and fatty 
acids (Fig. 11.1b). The lipid binding properties of 
α-syn are dependent of the first 102 aminoacidic 
residues, including the N-terminal and the central 
region of the protein [43]; the C-terminal region 
is kept in an disordered conformation capable of 
interacting with other proteins [44]. α-Syn binds 
to membranes forming an extended alpha-helix 
arranged parallel to the surface of the membrane 
[45]. The wild-type monomeric α-syn and the 
genetic mutants A53T and E46K are able to form 
ion channels in anionic membrane bilayers, 
although the A30P genetic variant presents lower 
membrane affinity and does not form ion chan-
nels [46]. The annular α-syn oligomer species, 
with 45 nm diameter and 2–5 nm height, disrupt 
ion homeostasis presumably by a pore-forming 
mechanism, a mechanism specific for this oligo-
meric species and not for the globular oligomers 
with a height larger than 5 nm [19].

The presynaptic vesicles have been associated 
with α-syn, mainly with the SNARE complexes 
and the depletion of α-syn induces a decrease in 
vesicle traffic in neurons. This is consistent with 
a role for α-syn in attenuating the mobility of pre-
synaptic pool of recycling vesicles [47]. Even 
though, when α-syn starts its aggregation pro-
cesses, a redistribution of SNARE complexes in 
the presynaptic button is observed in addition to 
a decrease of exocytosis and dopamine release 
[48].

α-Syn binds fatty acids but it does not behave 
as a typical fatty acid binding protein (FABP) 
[49]. The C-terminal segment of α-syn shows 
homology with the FABP, and the apparent Kd for 
oleic acid (OA) binding was estimated at 12.5 μM 
[50]. In α-syn knockout mice, it was shown a 
slight deficiency in palmitic acid brain uptake 
[51]. In vitro, prolonged exposure to polyunsatu-
rated fatty acids (docosahexaenoic acid or arachi-
donic acid) induced the formation of amyloid-like 
fibrils and high molecular weight species as 
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shown by native-polyacrylamide electrophoresis 
gels [52]. Using the Thioflavin T assay to follow 
α-syn fibril formation, it can be observed that OA 
accelerates the fibrillization process (Fig. 11.2a) 
while similar behavior is shown with small acidic 
vesicles [53].

11.3  Alpha-Synuclein Adduction 
with Nitro-Fatty Acids

α-Syn is highly susceptible to peroxynitrite- 
mediated oxidation and nitration which induce 
tyrosine nitration and di-tyrosine formation [31]. 
Phospholipid vesicles interacting with α-syn 
exposed to peroxynitrite, showed a decrease on 
tyrosine nitration. In addition, the protein was 
modified by lipid peroxidation end-products, e.g. 
4-hydroxynonenal (4-HNE) generating a Michael 
addition adduct at histidine-50 [54]. Nitroalkenes 
which are nitrated fatty acids whose nitro group 
is located at the double bond of the carbon chain, 
may react with nucleophilic residues by Michael 
addition reactions [55, 56]. Unsaturated fatty 
acids can be modified by either ROS or RNS spe-
cies, being fatty acid nitration expected to occur 
in hydrophobic compartments such as the lipid 
bilayer of liposomes, cellular membranes or the 
lipophilic core of lipoproteins. RNS yields an 

array of hydroxyl, hydroperoxy, nitro and nitro-
hydroxy lipid derivatives [57]. It has been dem-
onstrated that the electrophilic attack of 
nitroalkenes to proteins occurs, being the first 
report GAPDH nitroalkylation by NO2-OA alter-
ing the enzyme localization by translocating it 
from the cytosol to the membrane [55]. Thus, if 
the same happens with α-syn, the consequences 
on the protein folding and function may have bio-
logical relevance. As a byproduct of lipid oxida-
tion, it has been reported that NO2-OA can be 
formed in red blood cells and mitochondrial 
membranes [56, 58].

We assessed NO2-OA reaction with α-syn 
and analyze the covalent modification of the 
protein, as well as changes in its localization 
when incubated with vesicles containing non-
acidic phospholipids. As expected, NO2-OA 
incubation with α-syn determined the formation 
of a covalent adduct that was detected by mass 
spectrometry (Fig. 11.3). Under our experimen-
tal conditions, a product with an increase of 
327 Da appeared (14784.8 Da vs 14457.5 Da) 
which corresponded to the adduction of one 
molecule of NO2-OA to α-syn. In order to deter-
mine which residue was modified by NO2-OA, 
α-syn and α-syn incubated with NO2-OA were 
digested with trypsin and the peptides analyzed 
by MALDI-TOF.  A peptide holding the histi-
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Fig. 11.2 Assessment 
of α-syn fibrils 
formation using 
Thioflavin T. α-Syn 
(0.35 mM, open bar) 
was pre-incubated in 
50 mM potassium 
phosphate buffer pH 7.0 
with 0.35 mM OA 
(diagonal stripes bar) or 
0.35 mM NO2-OA 
(black bar) for 18 h, and 
then incubated under 
continuous shaking at 
37 °C. For fibrillation 
assay, aliquots were 
taken at different times 
and mixed with Thio-T 
at pH 8.2; fluorescence 
was determined using 
λexc = 440 nm and 
λem = 482 nm
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dine-50 adducted with NO2-OA was detected 
(Fig. 11.4). The modified peptide corresponded 
to E46GVVHGVATVAEK58 (m/z  =  1295.7) 
plus NO2-OA which matched with the observed 
mass of 1622.8  Da (Fig.  11.4). The modified 
peptide at histidine-50 was confirmed by post 
source decay (PSD) sequence analysis showing 
the formation of the immonium ion (m/z = 437), 
characteristic of nitroalkylated histidine 
(Fig. 11.4) [55]. The nitroalkylation of a single 
histidine residue, and not a cysteine residue, is 
in accordance to the lack of cysteine residues in 
α-syn protein and the presence of only one his-
tidine in the primary amino acidic sequence of 
the protein (Fig.  11.1a) [55]. The reaction of 

NO2-OA with α-syn is a slow process and only 
modifies a small portion of the protein 
(Fig. 11.3). This can be in part due to the decay 
of NO2-OA in the buffer aqueous solution [58]. 
However, α-syn modification by NO2-OA 
affects the α-syn fibrillization process with a 
decrease in the fibril formation rate when com-
pared to the condition of the non-nitrated OA 
(Fig. 11.2). As explained above, α-syn is unable 
to interact with phosphatidylcholine vesicles 
[54], and nitroalkylated proteins could be trans-
located to the membrane moiety. Under our 
experimental conditions, the adducted α-syn 
moved to the phospholipid face even when using 
phosphatylcholine vesicles (Fig. 11.5).
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Fig. 11.3 Mass spectrometric analysis of α-syn 
nitroalkylation. α-Syn (100 μM, 14457,2 Da) was incu-
bated at 25 °C in 50 mM phosphate buffer pH 7.4 with 

NO2-OA (500 μM). Samples were taken at 0, 1 or 24 h and 
formation of lipid/protein adducts (14784,8 Da) were ana-
lyzed by mass spectrometry
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11.4  Conclusions 
and Perspectives

Nitro-fatty acids show pleiotropic anti- 
inflammatory actions by mechanisms includ-
ing down regulation of nitric oxide synthase-2 
and inhibition of pro-inflammatory cytokines, 
the increased expression of heme oxygenase-1 

and other antioxidant responsive elements 
(ARE) as well as the increasing of glutathione 
[59, 60]. NO2-OA and other nitroalkenes have 
been proposed as alternative nonsteroidal anti- 
inflammatory drugs (NSAID), with probably 
limited side effects. Regarding neurological 
diseases, we have recently demonstrated that 
nitro- fatty acids are able to cross blood brain 
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Fig. 11.4 Nitro-oleic acid modified α-syn at His-50. 
α-Syn was incubated with NO2-OA for 24 h as in Fig. 11.3; 
then, the protein was digested with trypsin and analyzed 
by MALDI-TOF MS.  The nitroalkylated peptide E46- 

K58 (m/z 1622) was identified due to the formation of the 
typical immonium ion of m/z 437, characteristic of 
nitroalkylated His
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barrier and reach the brain to exert pharmaco-
logical actions [59].

There are few reports about the effects of 
nitro-fatty acids on neurodegenerative diseases. 
In the case of a mouse model of amyotrophic lat-
eral sclerosis (ALS), NO2-OA administrated at 
the beginning of the symptoms improves the grip 
strength and the rotarod performance of 
SOD1G93A mice ALS strain, although it does not 
change the time of survival [59]. While the phar-
macological effects of nitro-fatty acids on PD 
have not been already explored, their anti-
inflammatory properties and inhibition of astro-
cytes activation should be of potential benefit. 
The nitroalkylated-α-syn showed high affinity 
for phosphatidylcholine vesicles, when α-syn 
itself does not interact with neutral or positive 
charge phospholipids. So, the modified α-syn 
will be transferred to the membrane phase, inde-
pendent of the affinity for acidic phospholipids, 
generating an additional hydrophobic anchor. 
NO2-OA adducted to α-syn decreased the capac-
ity to promote α-syn fibril formation compared 
to OA suggesting an scenario where nitro-fatty 
acids may prevent synucleinophaties by decreas-
ing α-syn fibrillization.
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Abstract
Despite the progress made over the last 
decades to understand the mechanisms under-
lying tissue damage and neurological deficits 
after neurotrauma, there are currently no 
effective treatments in the clinic. It is well 
accepted that the inflammatory response in the 
CNS after injury exacerbates tissue loss and 
functional impairments. Unfortunately, the 
use of potent anti-inflammatory drugs, such as 
methylprednisolone, fails to promote thera-
peutic recovery and also gives rise to several 
undesirable side effects related to immuno-
suppression. The injury-induced inflamma-
tory response is complex, and understanding 
the mechanisms that regulate this inflamma-
tion is therefore crucial in the quest to develop 
effective treatments. Bioactive lipids have 
emerged as potent molecules in controlling 
the initiation, coordination, and resolution of 
inflammation and in promoting tissue repair 
and recovery of homeostasis. These bioactive 

lipids are produced by cells involved in the 
inflammatory response, and their defective 
synthesis leads to persistent chronic inflam-
mation, tissue damage, and fibrosis. The pres-
ent chapter discusses recent evidence for the 
role of some of these bioactive lipids, in par-
ticular, eicosanoid and pro-resolving lipid 
mediators, in the regulation of inflammation 
after neurotrauma and highlights the therapeu-
tic potential of some of these lipids in enhanc-
ing neurological outcomes after CNS 
injuries.

Keywords
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12.1  Introduction

Spinal cord and brain injuries lead to devastating 
neurological deficits and disabilities and repre-
sent a significant health and social problem. The 
neurological deficits comprise not only of loss of 
sensorimotor function but also bladder, bowel, 
and sexual dysfunction, as well as kidney infec-
tions and cardiac and respiratory problems that 
have detrimental consequences on psychological 
and social behavior. They also have a significant 

R. López-Vales (*) 
Departament de Biologia Cellular, Fisiologia i 
Immunologia, Institut de Neurociències, Centro de 
Investigación Biomédica en Red sobre Enfermedades 
Neurodegenerativas (CIBERNED), Universitat 
Autònoma de Barcelona, Barcelona, Catalonia, Spain
e-mail: ruben.lopez@uab.cat 

S. David 
Centre for Research in Neuroscience, The Research 
Institute of the McGill University Health Center, 
Montreal, Quebec, Canada

12

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-11488-6_12&domain=pdf
mailto:ruben.lopez@uab.cat


182

impact on their families and are a considerable 
economic burden.

Injury to the CNS results in an initial zone of 
damage to neural tissue, which includes glia and 
neurons, at the site of injury. This primary dam-
age spreads to regions rostral and caudal to the 
injury epicenter during the days and weeks after 
the trauma, in a process known as secondary 
damage. A variety of factors contribute to this 
secondary damage, such as vascular changes 
(hemorrhage and ischemia), excitotoxicity, lack 
of ionic homeostasis, and multiple factors arising 
from the inflammatory response [5, 22, 39]. 
Secondary damage in the spinal cord enlarges the 
area of the lesion into rostral and caudal seg-
ments from the injury epicenter, thus increasing 
neuronal and glia cell death, damage to axons 
and myelin, and consequently, to greater func-
tional loss. These consequences are especially 
detrimental in the CNS due to its limited ability 
for spontaneous self-repair, leading to irrevers-
ible disabilities in patients with spinal cord injury 
(SCI) [29, 36].

Currently, there is no effective clinical therapy 
to treat CNS injuries. Although regeneration of 
long and short fiber tracts and their functional 
reconnection to neural networks and the replace-
ment of dead neuronal and glial cells occurring 
after neurotrauma are important goals to restore 
function, prevention of secondary damage to 
axons, neuronal cell bodies, myelin, and glial 
cells that follows the initial trauma is important 
and likely to be more easily amenable to 
treatment.

The inflammatory response that occurs after 
CNS injury is one of the main contributors to sec-
ondary damage. This pathophysiological 
response is mediated, to a large extent, by resi-
dent microglial cells and by peripheral monocyte- 
derived macrophages (MDMs) and granulocytes 
that infiltrate into the lesioned area from the cir-
culation [24, 28, 100]. Although inflammation is 
a naturally occurring response of the body to 
fight infections, clear cell and tissue debris, 
restore tissue homeostasis, and promote repair, 
when this process is not controlled and/or 
resolved, it can result in secondary tissue damage 
and be detrimental [20, 86]. Unlike many other 

tissues, this is the case of the inflammatory 
response after neurotrauma, as immune cells 
remain in the injured CNS for several weeks and 
months after injury combined with the limited 
capacity of the CNS to replace and regenerate 
damaged nerve cells [23, 24, 28]. There is there-
fore a need to understand the factors that underlie 
this dysregulated inflammatory response after 
CNS injuries in order to develop effective thera-
pies to counteract it.

Studies over the last few years have revealed 
an important multifaceted role for phospholipase 
A2 (PLA2) in various aspects of inflammation in 
the peripheral and central nervous system. [22, 
47, 65, 67]. PLA2 encompasses a family of 
enzymes that catalyze the cleavage of the acyl 
bond at the sn-2 position of membrane phospho-
lipids to release a free fatty acid (such as arachi-
donic acid (AA), docosahexaenoic acid (DHA), 
and eicosapentaenoic acid (EPA)) and a lysophos-
pholipid [22, 95]. These fatty acids and lysophos-
pholipids are the precursor of different bioactive 
lipid mediators that have a broad range of biologi-
cal functions, including the active control of the 
inflammatory response [19, 22, 25, 86].

There are currently six major types of PLA2 
enzymes which include sPLA2 (secreted), cPLA2 
(calcium-dependent), iPLA2 (calcium- 
independent), Lp-PLA2 (lipoprotein-associated, 
also known as platelet-activating factor acetylhy-
drolase (PAF-AH)), LPLA2 (lysosomal), and 
AdPLA2 (adipose) [95]. Lp-PLA2 and sPLA2 are 
both secreted enzymes that act on membrane lip-
ids extracellularly, while cPLA2 and iPLA2 
hydrolyze intracellular lipids in membrane bilay-
ers including various subcellular organelles [22, 
95]. Less is understood about the localization of 
LPLA2 and AdPLA2.

Multiple forms of PLA2s are constitutively 
detected in the spinal [64, 67, 93], suggesting that 
they play a role in normal physiological function 
in the CNS.  We analyzed the changes in the 
expression of 14 mammalian PLA2s in the spinal 
cord after contusion injury in mice (cPLA2 GIVA, 
cPLA2 GIVB, iPLA2 GVIA, iPLA2 GVIB, and 
sPLA2 GIIA, GIIC, IID, GIIE, GIIF, GV, GVII, 
GX, GXIIA, GIIB) and found that only the 
 transcripts of cPLA2 GIVA, iPLA2 VIA, and 
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sPLA2 IIA were increased [67]. By using knock-
out mice or selective inhibitors for these PLA2, 
we found that the different PLA2s play divergent 
actions after spinal cord injury (SCI). Specifically, 
we observed that sPLA2 mediated detrimental 
actions and iPLA2 had neutral effects, while 
cPLA2 exerted a beneficial role. These varied 
functions of the PLA2 superfamily suggest that 
lipid mediators generated by the different PLA2s 
may exert both harmful and beneficial actions 
after SCI [67]. In line with this, we found admin-
istration of a potent pan PLA2 inhibitor (FKGK2), 
that blocks all three PLA2s to about the 90% 
level, worsened functional outcomes and tissue 
damage after SCI further indicating that some of 
the lipids generated by the actions of PLA2s (pos-
sibly cPLA2) are needed for tissue repair [67]. In 
other studies, we deciphered that iPLA2s also 
contribute to the onset of inflammation after 
peripheral neve injury [65] and in a model of 
multiple sclerosis (experimental autoimmune 
encephalomyelitis (EAE)) [46, 47]. Interestingly, 
iPLA2 did not have much effect in SCI but was 
most effective in EAE [47]. In addition, cPLA2 
which was detrimental in SCI inflammation was 
required in injured peripheral nerve for clearance 
of myelin and immune cells and promote subse-
quent axon regeneration [65]. Therefore, the 
action of the different PLA2s generates a wide 
range of bioactive lipid mediators, some of which 
mediate pro-inflammatory actions, whereas oth-
ers have anti-inflammatory and pro-resolution, 
pro-repair features. In the following sections, we 
will discuss the involvement of the main metabo-
lites derived from the free fatty acids generated 
by PLA2s to the initiation and resolution of 
inflammation after neurotrauma, with special 
emphasis on SCI.

12.1.1  Role of Eicosanoids in CNS 
Trauma

As mentioned above, PLA2s release a free fatty 
acid (such as arachidonic acid) by hydrolysis of 
the acyl group at the sn-2 position of membrane 
phospholipids. Eicosanoids arising from metabo-
lites of arachidonic acid (AA) include prosta-

glandins (PGs) and thromboxane, which are 
generated from AA by the enzymatic actions of 
cyclooxygenase 1 and 2 (COX-1 and 2); and leu-
kotriene A4 (LTA4) produced via the actions of 
5-lipoxygenase (5-LOX), which is then converted 
by LTA4 hydrolase to LTB4, and LTC4 synthase to 
LTC4. These prostaglandins and thromboxane 
mediate their diverse effects that include either 
promoting or inhibiting inflammation via binding 
to nine G-protein-coupled receptors (DP1, DP2, 
EP1–4, FP, IP, and TP) that differ, for example, in 
their ability to change levels of intracellular 
cyclic AMP, mobilize intracellular Ca2+, and 
induce phosphoinositol turnover [37]. The role of 
several of these has been studied in 
SCI. Leukotrienes also mediate their effects via 
specific receptors, i.e., LTB4 acts via LTB4R2 
receptor to promote leukocyte adhesion and 
extravasation from endothelial cells into the tis-
sue parenchyma [81] and promotes recruitment 
of cytotoxic T cells [32, 89, 90], as well as expres-
sion of IL-1, IL-12, and IFN-γ by monocytes and 
macrophages [14, 81]. The C4, D4, and E4 leukot-
rienes are cysteinyl LT (cysLTs) that bind to 
cysLT1 and cysLT2 receptors that mediate aller-
gic and asthma responses such as vascular and 
bronchial constriction [30]. Little is known about 
their role in spinal cord injury [15]. The three 
classes of eicosanoids therefore mediate inflam-
matory responses by promoting chemotaxis and 
activation of immune cells, increasing vascular 
permeability, and having effects on blood flow.

Role of Prostaglandins in SCI Prostaglandins 
have diverse inflammatory effects, depending on 
the type of prostaglandin and the receptors they 
bind, e.g., PGD2 acts on a variety of immune 
cells including Th2 cells, eosinophils, and baso-
phils and macrophages [40] to mediate allergic 
responses, while PGE2 acts on T cells in EAE 
and mediates pain after nerve injury and contrib-
utes to pro-inflammatory responses in other CNS 
conditions such as cerebral ischemia ; [6; 43; 68; 
75]. We will focus here mainly on the role of 15d- 
PGJ2, PGD2, and PGE2 and the influence of the 
EP1 and EP2 receptors in SCI because of the 
work we have done.
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15-Deoxy-D-12,14-Prostaglandin J2 (15d- 
PGJ2) 15d-PGJ2, a cyclopentenone-type pros-
taglandin of the J2 variety, is a metabolite of 
PGD2 that is generated by a series of nonenzy-
matic dehydration steps [83]. It does not require 
a synthase for its production. Unlike other prosta-
glandins, 15d-PGJ2 has anti-inflammatory 
effects. A specific receptor is not identified, but it 
binds to the DP1 and DP2 receptor as well as to 
intracellular ligands, peroxisome proliferator- 
activated receptor gamma (PPARγ), which leads 
to the inhibition of NF-κB and increase in expres-
sion of suppressor of cytokine signaling-1 
(SOCS1) and SOCS3 [77, 83]. 15d-PGJ2 plays a 
role in the resolution of PGE2-mediated inflam-
mation [31] and thus could act like resolvins and 
neuroprotectins (see later section). Our work on 
spinal cord contusion injury in adult mice showed 
that daily intraperitoneal injections of 15d-PGJ2 
(200  μg/kg body weight) starting immediately 
after injury resulted in significant improvement 
in  locomotor recovery [53]. Interestingly, a 
higher dose (1  mg/kg BW) was detrimental, as 
has also been seen in EAE [26], a mouse model 
used widely to study multiple sclerosis. 15d-PGJ2 
was also shown to have anti-inflammatory, bene-
ficial effects in an animal model of cerebral isch-
emia [78].

Treatment with 15d-PGJ2 also resulted in 
improved sensory recovery based on the von Frey 
hair test, using monofilaments with a range of 
bending forces of 0.12–1.4  g. The sensory 
responsiveness of 15d-PGJ2-treated mice for the 
entire range of monofilaments returned to normal 
by 7  days post-injury, while the vehicle-treated 
mice remained unresponsive [53]. Histological 
analysis showed the treatment with 15d-PGJ2 
improved neuronal survival, as well as increased 
serotonergic innervation caudal to the lesion, and 
reduced myelin loss in the injured spinal cord 
[53]. These protective effects on secondary dam-
age could be mediated via reduction in expres-
sion of MCP-1, a pro-inflammatory chemokine, 
as well as rapid reduction in NF-κB activation 
and increased expression of SOCS1 that result in 
reduction of JAK2 activation [53]. This was also 
accompanied by reduction in microglial activa-

tion [53]. There is also other evidence that 15d- 
PGJ2 inhibits macrophage activation and reduces 
expression of the pro-inflammatory cytokines 
IL-1β and TNF-α [44]. 15d-PGJ2 is therefore 
likely to act via multiple signaling pathways to 
reduce inflammation and mediate protective 
responses after SCI. With additional testing and 
development, 15d-PGJ2 could be a promising 
therapeutic candidate for clinical testing in SCI.

Prostaglandin D2 PGD2 is generated from 
PGH2 via the actions of two synthases: hemato-
poietic PGD synthase (HPGDS) and lipocalin- 
type PGDS (L-PGDS). Expression of HPGDS is 
found in mast cells [48] and in activated microg-
lia and astrocytes around plaques in Alzheimer’s 
brain [73] and in macrophages and microglia in 
the injured spinal cord [79]. L-PGDS on the other 
hand is expressed by leptomeningeal cells and 
the choroid plexus [57] as well as by oligoden-
drocytes [94]. L-PGDS is thought to increase 
PGD2 levels in the cerebrospinal fluid (CSF) [57] 
that may be responsible for its effect on sleep and 
sleep-related disorders [38]. PGD2 generated by 
HPGDS can mediate a variety of responses, such 
as allergic responses involving Th2, eosinophil, 
and basophils [40, 55] and inflammatory 
responses involving activated microglia and 
astrocytes [73, 74, 79]. There are also contrary 
reports showing its detrimental effects in cerebral 
ischemia [63]. These differences may depend on 
which of the two receptors (DP1 and DP2) are 
engaged, the mode of induction of neurotoxicity 
or other as yet unknown factors. The DP1 recep-
tor has been shown to mediate protective 
responses in various models of cerebral ischemia 
[3, 82, 92]. Its role in SCI has yet to be studied; 
however, DP1 receptor is expressed in astrocytes 
in the spinal cord, and its expression is markedly 
increased in these glia after SCI (unpublished 
data).

HPGDS but not L-PGDS is responsible for the 
increase in PGD2 after spinal cord injury (about 
a threefold increase measured using a competi-
tive enzyme-linked immunoassay); in contrast, 
PGD2 levels remain unchanged in the injured 
spinal cord in HPGDS null mice [79]. We also 
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reported that after SCI, HPGDS expression is 
increased at the mRNA and protein level and is 
highly expressed in CD11b  +  activated macro-
phages and microglia, while no differences were 
noted in the expression levels of L-PGDS [79]. 
HPGDS null mice also showed significant reduc-
tion in secondary damage (myelin and neuronal 
loss), improvement in serotonergic innervation of 
the ventral horn below the lesion, as well as sig-
nificant improvement of locomotor recovery after 
spinal cord contusion injury, as compared to 
injured wild-type mice [79]. These results were 
additionally confirmed using a small molecule 
inhibitor of HPGDS (HQL-79) given daily by 
subcutaneous injection for 28 days. Small mole-
cule inhibitors of HPGDS are therefore promis-
ing candidates for development for clinical 
testing in SCI.

Prostaglandin E2 PGE2 is a classic inflamma-
tory prostaglandin that accumulates at sites of 
inflammation, including CNS ischemia [42; 52] 
and in neurodegenerative disease [6]. The expres-
sion of PGE2 is also significantly increased over 
the first 72 h after SCI [80]. Like PGD2, PGE2 
has also been shown to mediate both detrimental 
and protective effects [1; 2; 4; 10; 51; 62; 70; 91]. 
These contradictory effects are likely to depend 
on the type of receptors it binds to and the cell 
types transducing these responses. PGE2 binds to 
four G-protein-coupled EP receptors (EP1–4) 
[12]. We will focus here only on the role of EP1 
and EP2 receptors in SCI.

EP1 Receptor Evidence from studies on EP1 
receptor gene knockout mice and pharmacologi-
cal inhibition of the EP1 receptor show that this 
receptor mediates neurotoxic effects after cere-
bral ischemia, NMDA-mediated excitotoxicity, 
and oxygen-glucose deprivation [2, 51]. The neu-
rotoxic effects are thought to be primarily medi-
ated by increased intracellular Ca2+.

Our work showing a beneficial role of the EP1 
receptor in SCI came from a rather long and cir-
cuitous route on a broader analysis of the role of 
various members of the PLA2 family in SCI. As 

mentioned above, the only PLA2s that showed 
increased mRNA expression after spinal cord 
contusion injury and therefore considered impor-
tant in injury responses were cPLA2 GIVA, iPLA2 
GVIA, and sPLA2 GIIA [67]. Using selective and 
highly potent small molecule inhibitors to block 
each of these three groups of PLA2s, we found 
that cPLA2 GIVA is protective, while sPLA2 
GIIA and to a much lesser extent iPLA2 GVIA 
are detrimental to locomotor recovery and induce 
secondary tissue damage [67]. The protective 
effects of the cPLA2 were very surprising given 
its pro-inflammatory role and detrimental effects 
in other CNS conditions such as EAE and cere-
bral ischemia [11; 47; 88]. We therefore further 
confirmed this by carrying out SCI in cPLA2 null 
mice. These mice also showed evidence of 
increased secondary tissue damage and lack of 
locomotor recovery [67]. Interestingly, our stud-
ies also showed that a small molecule pan-PLA2 
inhibitor (AX115) that partially blocks all three 
forms of PLA2 between 45 and 62% was the most 
effective in promoting locomotor recovery [67]. 
Surprisingly, treatment with AX115 resulted in 
upregulation of expression of cPLA2 GIVA but 
not the other two PLA2s, as well as increased 
expression of COX-2 (not 5-LOX), mPGES-1 
(not HPGDS) after SCI, suggesting increased 
expression of PGE2. This was accompanied by 
increase in expression of the EP1 receptor (not 
EP2 or EP4). Furthermore, the improvement 
in locomotor recovery induced by AX115 treat-
ment after SCI was blocked completely when the 
EP1 receptor was pharmacologically inhibited 
(SC51089) [67]. Our work therefore suggests 
that under these conditions, signaling via the EP1 
receptor promotes recovery after SCI. Why this 
bypasses the pro-inflammatory effects via EP1 is 
still not known. In addition, what underlies the 
upregulation of only cPLA2 by the pan-PLA2 
inhibitor AX115 is also not known. Compounds 
like AX115 can therefore be very good therapeu-
tic candidates for treating SCI but need further 
work.

EP2 Receptor EP2 receptor activation has neu-
rotoxic effects in animal models of Parkinson’s 
disease, Alzheimer’s disease, and ALS [6, 45, 58, 
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59]. On the other hand, EP2 receptor activation 
promotes neuroprotection in in  vitro models of 
NMDA toxicity and oxygen-glucose deprivation 
[70, 91]. The protective effects of EP2 receptor 
signaling were also shown in  vivo in cerebral 
ischemia using EP2−/− mice, in which knockout 
mice showed larger infarct size [62, 70].

Recent work in our group revealed a novel 
communication between peripheral macrophages 
and central microglia that reduce microglial acti-
vation in vitro and in vivo. A fundamental ques-
tion in many CNS pathologies is why 
monocyte-derived macrophages (MDMs) from 
the circulation enter the CNS after injury or dis-
ease, when there are already resident tissue mac-
rophages (microglia) present that can carry out 
similar functions. In fact, after CNS injury, 
microglia are the first responders as MDMs only 
enter the CNS after a delay of 2–3 days [33]. In 
the first 2 days after spinal cord injury, microglia 
appear aligned along degenerating axons and 
show evidence of phagocytosis before the entry 
of MDMs. However, once MDMs enter in the 
injury site, they are associated with the degener-
ating axons, and contacts between microglia and 
damaged axons decrease [33]. It appears as if the 
infiltrating MDMs signal microglia to stop 
phagocytosing. Morphological evidence suggest 
that these cells are in close contact with each 
other and in a position to communicate with each 
other. To address this, we moved to a simpler cell 
culture system using purified adult mouse 
microglia and bone marrow-derived macro-
phages (BMDMs). Adult microglia were plated 
into culture wells and the BMDMs on to round 
glass coverslips. After the cultures were estab-
lished, the two cell types were co-incubated by 
placing the BMDM containing coverslips into the 
wells containing microglia. The cells were pre-
vented from touching each other by means of 
small paraffin spacers. This allowed the cell lay-
ers to be in proximity without touching each 
other. After an overnight incubation, the cover-
slips were removed, and the ability of the two cell 
types to phagocytose myelin was assessed using 
pH-rhodo-tagged myelin and flow cytometry. 
Surprisingly, co-incubation with macrophages 

(BMDMs) resulted in suppression of phagocyto-
sis by microglia; and interestingly, under the 
same conditions, microglia induced an increase 
in phagocytosis by macrophages (BMDMs) [34]. 
Under conditions of inflammatory stimulation 
with LPS, Affymetrix analysis showed that 
BMDMs induced profound changes in microglial 
gene expression. 1076 genes were significantly 
differentially regulated in activated microglia 
when co-cultured with macrophages (BMDMs). 
These included reduction in expression of genes 
in the NF-κB signaling pathway and dysregula-
tion of pathways involved in apoptosis and cell 
death. Network analysis revealed a cluster of 185 
genes that were downregulated in microglia in 
the presence of BMDMs, which included those 
that regulate TNF, MyD88, and IL-1β [34]. This 
suggests that peripheral macrophages may play a 
role in reducing microglial activation and phago-
cytic activity. These in  vitro results were con-
firmed in vivo by doing SCI in CCR2 null mice. 
In these mice, circulating macrophages fail to 
enter the lesioned spinal cord, and locomotor 
recovery is impaired, and secondary damage and 
microglial activation are greater than in SCI in 
wild-type mice. These in vitro and in vivo experi-
ments suggest that infiltrating macrophages com-
municate with microglia to suppress microglial 
activation. Further, in vitro and in vivo work indi-
cates that the macrophage-mediated suppression 
of microglial activation is mediated by PGE2 act-
ing via EP2 receptors on microglia. In co-cultures 
in which microglia and BMDMs are incubated 
together as described above, treating these cul-
tures with an EP2 antagonist prevents 
macrophage- mediated suppression of myelin 
phagocytosis by microglia. This effect was also 
seen when macrophages (BMDMs) from mPGES 
null mice were used. BMDMs from mPGES null 
mice are unable to express PGE2. Furthermore, 
simply treating microglia cultures with an EP2 
agonist (Butaprost) suppresses phagocytosis of 
myelin by microglia, similar to the effects of co- 
culture with BMDMs. We further confirmed this 
effect in  vivo by injecting pH-rhodo-tagged 
myelin into the corpus callosum of wild-type 
mice together with vehicle or EP2 antagonist 
(PF-04418948). In mice injected with the EP2 
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antagonist, the area injected with myelin was 
abundant in activated microglia that were phago-
cytosing myelin. In contrast, in control mice 
injected with myelin and vehicle, the area was 
full of peripheral macrophages from the circula-
tion that were phagocytosing myelin [34]. These 
findings provide strong evidence that macro-
phages from the circulation entering sites of CNS 
damage suppress resident microglia and take 
over the role of phagocytosing tissue debris and 
clearing the area of damaged cells to prepare the 
way for repair. This would appear to make sense, 
since macrophages from the circulation are the 
“professional” phagocytes, while microglia are 
the tissue resident cells that perform key surveil-
lance functions in the CNS that should not be 
compromised. Their ability to perform surveil-
lance functions would be compromised when 
microglia retract their cellular processes when 
activated. This form of cell-cell interactions 
could also be a way to switch off microglial acti-
vation and thus prevent chronic microglia- 
mediated CNS inflammation. Our work indicates 
a novel role for PGE2 and the EP2 receptor in 
such macrophage-microglia interactions. Further 
work is needed to develop ways in which these 
interactions can be stimulated locally in neuro-
logical conditions to prevent microglia-mediated 
chronic CNS inflammation.

12.1.2  Role of Specialized Pre- 
resolving Mediators 
in the Resolution 
of Inflammation

Inflammation is a normal physiological response 
to injury or disease, the purpose of which is to 
eliminate pathogens and clear the tissue of cell 
debris. Inflammation is also critical in preparing 
the tissue for repair and recovery of homeostasis. 
Acute inflammation, however, must be resolved 
properly and in a timely fashion; otherwise, it can 
develop into chronic inflammatory, which in the 
CNS can be very detrimental [85, 86].

“Resolution of inflammation” is defined as the 
phase in which immune cells are cleared from the 

tissue [85, 86]. This is a very tightly coordinated 
process that involves several steps:

 1. Limitation or cessation of inflammatory cell 
recruitment

 2. The counter-regulation of pro-inflammatory 
factors, such as TNF-α, IL-1β, or iNOS, and 
by the suppression of the inflammatory path-
ways, such as NF-κB, JAK/STAT, and MAPK, 
among others

 3. Induction of apoptosis of inflammatory cells 
and their phagocytosis by macrophages 
(efferocytosis)

 4. Stimulation of macrophage efflux from the 
tissue, mainly, through lymphatics

 5. Promotion of tissue repair without scarring or 
fibrosis

 6. Return to tissue homeostasis, which marks the 
final step of resolution

Historically, the resolution of inflammation 
was believed to be a passive process triggered by 
the dilution of pro-inflammatory mediators at the 
injury site that would impede the recruitment of 
leukocytes from the circulation. However, it is 
now known that resolution is an active and coor-
dinated event controlled by several local media-
tors known as “specialized pro-resolving 
mediators” (SPMs) [13, 84, 86].

SPMs are bioactive lipids synthesized during 
the acute phase of the inflammatory response [13, 
84, 86]. These bioactive lipids have been identi-
fied in self-limited inflammatory exudates in ani-
mal models by using liquid chromatography 
tandem mass spectrometry (LC-MS/MS)-based 
analysis. SPMs are produced from omega-6 (AA) 
and omega-3 fatty acids (DHA and EPA), which 
are released from phospholipids by the actions of 
PLA2 enzymes [19, 22, 50, 85]. These fatty acids 
are then further catalyzed by the action of LOX 
enzymes (5-LOX, 12-LOX, and 15-LOX) to pro-
duce at least four different SPM families: lipox-
ins, resolvins, neuroprotectins, and maresins.

Lipoxins (LX) are produced from AA, like the 
pro-inflammatory leukotriene (LT) LTB4. At 
present, two lipoxins have been identified: lipoxin 
A4 (LXA4) and lipoxin B4 (LXB4) [20, 85]. 
LOX can therefore produce LTB4 and LX from 
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AA. The cellular localization of LOX, especially 
5-LOX, seems to be critical to determine which 
product, LTB or LX, is generated. 5-LOX action 
generates LTA4 from AA.  Subsequently, LTA4 
can then be further catalyzed by LTA4 hydrolase 
to produce LTB4 or by 12-LOX to produce 
LX.  LTA4 hydrolase is found in the nuclear 
membrane, and therefore, nuclear localization of 
LOX-5 is likely to favor the production of LTB4, 
while the presence of LOX-5 in the cytoplasm is 
likely to promote the formation of LX, since 
LOX-12 and LOX-15 are also found in the cyto-
plasm [50, 97, 98].

The other three families of SPMs are produced 
from omega-3 fatty acids. E-series resolvins 
(RvE), which encompass RvE1, RvE2, and 
RvE3, are generated from EPA, while DHA is the 
metabolic precursor for the synthesis of D-series 
resolvins (RvD1-RvD6), protectin D1 (PD1), 
also known as neuroprotectin D1 (NPD1) when 
produced in neuronal tissues, and maresins 
(MaR1 and MaR2) [20, 86]. Apart from LOX 
enzymes, SPMs can also be produced from the 
action of COX-2 in the presence of aspirin [20, 
86]. This is due to the ability of aspirin to modify 
the activity profile of COX-2, switching from 
cyclooxygenase to lipoxygenase activity, leading 
to the formation of aspirin-triggered SPMs 
(AT-SPMs, i.e., ET-RvD1). This effect appears to 
be aspirin-specific, since it is not shared by other 
nonsteroidal anti-inflammatory drugs (NSAIDs).

SPMs mediate resolution functions by acting 
on different G-protein-coupled receptors 
(GPCRs). Understanding the specificity of the 
receptor-SPM ligand interactions and the cellular 
distribution of these receptors is key to under-
standing how inflammation is resolved and key to 
developing therapeutic strategies. LXA4 signals 
via ALX/FPR2 [16, 85], although the receptor for 
LXB4 has not been identified yet. RvE1 and 
RvE2 mediate their actions mainly by binding to 
ChemR23, also known as CMKLR1 [7, 16]. 
However, RvE1 can also act as partial agonist of 
LTB4 receptor BLT-1 to attenuate LTB4 signal-
ing [7, 16] which most likely explains their abil-
ity to potently regulate PMN trafficking to sites 
of inflammation [86]. RvE1 can also block the 
TRP family of nociceptors on peripheral sensory 

neurons to mute inflammatory pain [99]. RvE2 
also shares, at least in part, receptors with RvE1 
[76]. RvD1, like LXA4, acts through the ALX/
FPR2. RvD1 is an agonist for GPR32 receptor 
[56], which is present in humans but not in mice. 
RvD2 acts through the GPR18 receptor [56], 
while RvD3, AT-RvD3, and RvD5 [17, 56] [18] 
that appear later in the resolution phase also bind 
to human GPR32 receptor [21]. PD1/NPD1 has 
been recently reported to signal via GPR37, 
which is highly expressed in the brain and spinal 
cord mainly in oligodendrocytes. Interestingly, 
GPR37 is found in peripheral monocyte-derived 
macrophages but not in microglia, at least in 
physiological conditions. Finally, the receptor for 
maresins has not been identified yet, although a 
recent work suggests that ALX/FPR2 can be a 
potential receptor candidate for MaR1 [35].

There are currently very few studies address-
ing the role of SPMs in CNS injuries. We have 
recently reported that there is a defective lipid 
mediator class switch, from pro-inflammatory to 
pro-resolution lipids, after SCI in mice [28]. In 
particular, we reported that the levels of the path-
way marker for the formation of LXA4, NP1, 
RvD series, and MaR1 did not increased in the 
spinal cord until day 14 after injury, while the 
pathway marker for the formation of RvE series 
was undetectable. In contrast, the levels of PGE2 
were elevated in the contused spinal cord up to 
day 7 post-injury [28]. Failure to produce ade-
quate amounts of SPMs has been associated to 
persistent inflammation in many inflammatory 
disorders such as asthma, atherosclerosis, and 
ulcerative colitis, and the administration of SPMs 
in such conditions reduced inflammation and 
ameliorated disease symptomatology [85]. This 
suggests that approaches aimed at increasing 
SPM levels in the injured spinal cord could miti-
gate inflammation and be of therapeutic 
potential.

The first evidence suggesting the helpful 
action of SPMs in neurotrauma comes from stud-
ies demonstrating the beneficial effects of 
omega-3 PUFA. In a model of spinal cord hemi-
section, a single intravenous administration of a 
very low dose of DHA (250 nmol/kg) conferred 
protection against neuronal and oligodendrocyte 
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loss and promoted functional recovery [54]. Later 
studies also demonstrated the protective actions 
of DHA and EPA in more clinically relevant 
models of SCI, especially, when single injection 
of DHA was combined with DHA-enriched diet 
(400 mg/kg/day) for 6 weeks [41]. Similar find-
ings have been also observed with the adminis-
tration of EPA in SCI [60]. The therapeutic 
efficacy of omega-3 PUFA was further supported 
by experiments using mice that express the fat-1 
gene encoding for omega 3 fatty acid desaturase 
from Caenorhabditis elegans, which leads to an 
increase in endogenous omega-3 PUFAs. These 
mice showed improved neurological recovery 
and tissue sparing after SCI [61]. The beneficial 
actions of omega-3 PUFA have been also reported 
after traumatic brain injury [8, 72]. Contrary to 
the therapeutic potential of omega-3 fatty acids 
on SCI, administration of AA (omega-6 PUFA) 
worsened functional and histopathological out-
comes [54]. This is important, as the levels of AA 
are increased in the CNS and plasma after SCI, 
while the levels of DHA are reduced, suggesting 
that this switch in PUFA availability may contrib-
ute to the physiopathology of CNS injury [66]. 
Indeed, the administration of fenretinide, a semi-
synthetic analog of retinoic acid, normalized the 
ratio of DHA/AA in both, plasma and spinal 
cord, after SCI and led to improved locomotor 
recovery [66].

Several reports suggest that the neuroprotec-
tive actions of omega-3 PUFA in neurotrauma are 
due to their ability to reduce oxidative stress, 
apoptosis, and inflammation, modulate ion chan-
nel functions, and act as a ligand for the retinoid 
X receptor [66, 71]. However, the beneficial 
effects of omega-3 PUFA in SCI are also likely to 
be mediated by the generation of SPMs.

We recently obtained clear evidence, for the 
first time, that support the concept that the inap-
propriate biosynthesis of SPMs after SCI ham-
pers resolution of inflammation and contributes 
to the pathology and poor functional outcome 
after SCI [28]. We demonstrated that daily intra-
venous administration of MaR1 (1 μg) starting at 
1  h after SCI for 7  days resulted in significant 
locomotor recovery and reduced tissue damage in 
mice [28]. Importantly, we also uncovered that 

administration of MaR1 fosters different steps 
involved in this process. First, we found that 
MaR1 accelerated and enhanced neutrophil clear-
ance in the lesioned spinal cord and also reduced 
the accumulation of macrophages [28]. Second, 
MaR1 reduced the protein levels of pro- 
inflammatory cytokines in the contused cord and 
turned off several JAK/STAT and MAPK intra-
cellular signaling, but did not abrogate NF-κB 
activation [28]. Third, MaR1 also drove macro-
phages toward a more anti-inflammatory pheno-
type and stimulated the phagocytosis of 
neutrophils [28] .

Aberrant production of SPMs has also been 
observed in the cerebrospinal fluid (CSF) of indi-
viduals suffering from Alzheimer’s disease (AD) 
[96]. Moreover, LXA4 levels in postmortem 
samples of hippocampal tissue from AD patients 
were found to be significantly lower than in age- 
matched non-AD subjects. Interestingly, the 
decrease in LXA4 levels correlated with the 
degree of cognitive deficits and accumulation of 
tau protein. In line with this, administration of 
LXA4 reduced inflammation, amyloid plaques 
formation, and tau phosphorylation and improved 
the cognitive performance in the 3xTg-AD mouse 
model [27]. Similar beneficial results have also 
been reported after the administration of LXA4 
and RvE1 alone in another model of AD (5xFAD 
mice), and that the combination of both SPMs 
had a more potent effect [49]. Several studies 
have also shown that LXA4 and NP1 reduce 
inflammation and tissue damage in animal mod-
els of stroke [9, 69, 87]. Altered levels of SPMs 
have been detected in the CSF of patients with 
multiple sclerosis. However, to the best of our 
knowledge, the role of SPM in this neuroinflam-
matory condition has not been studied.

12.2  Concluding Remarks

For decades, lipids were considered mere con-
stituents of cellular membranes and efficient 
energy sources. We know now that lipids are also 
key molecules that act as intracellular and extra-
cellular messengers that are implicated in the 
control of a broad spectrum of physiological 
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 processes. Our understanding of the mechanisms 
underlying secondary damage after neurotrauma 
has made major strides recently and has led to the 
identification of bioactive lipids generated by 
PLA2s as crucial regulators of the inflammatory 
response. During inflammation, various families 
of lipids are temporally and spatially synthesized 
so that inflammation is efficiently initiated, coor-
dinated, and terminated. Classically, eicosanoids 
have been considered as potent initiators of 
inflammation since they mediate events that pro-
mote the recruitment of immune cells to the 
injury site and the efficient removal of cell debris, 
pathogens, and dead cells. When leukocytes suc-
cessfully execute their functions, SPMs are syn-
thesized in order to resolve inflammation and 
restore tissue homeostasis. Our recent studies 
have also revealed some unexpected anti- 
inflammatory roles of the EP1 and EP2 receptor 
in SCI. The latter in particular were found to play 
a role in signaling between infiltrating macro-
phages and resident microglia that leads to sup-
pression of microglial activation and thus 
microglia-mediated CNS inflammation. More 
work is needed to see how such interactions can 
be fostered therapeutically to reduce inflamma-
tion after CNS injury.

Recent evidence suggests that injury to the 
CNS results in an imbalance in the production of 
eicosanoids versus SPMs. Although we do not 
fully understand yet why injury-induced inflam-
mation persists over time in CNS tissue, such 
aberrant switch in the synthesis of these bioactive 
lipids might be one of the main factors. One can 
consider the direct approach of administering 
drugs to inhibit eicosanoid production, such as 
COX-2 or LOX inhibitors. However, eicosanoids 
also mediate potent anti-inflammatory actions 
depending on the receptors they signal through or 
the cell type involved. Moreover, COX-2 and 
LOX are also the enzymes involved in the synthe-
sis of SPMs. Therefore, the use of inhibitors of 
drugs that target the production of eicosanoid 
may initially dampen inflammation; however, 
they may also block their anti-inflammatory 
actions and exacerbate the deficit in the produc-
tion of SPMs at later stages of neurotrauma. 
Another alternative is to treat with omega-3 

PUFA or drugs that normalize the ratio of AA/
SPMs as discussed above to restore this lipid 
imbalance. These approaches have demonstrated 
to contain inflammation and tissue damage after 
CNS injuries. However, the limited production of 
SPMs in the injured CNS is unlikely to be medi-
ated by the restricted bioavailability of omega-3 
PUFA but to improper induction of LOX 
enzymes, since DHA is one of the most abundant 
lipids in the CNS.

We therefore propose that the resolution of 
inflammation after CNS injuries can be promoted 
by the exogenous administration of drugs that 
potentiate the anti-inflammatory action of some 
eicosanoid (eicosanoid receptor agonist or antag-
onist) and also the delivery of SPMs, rather than 
simply inhibiting eicosanoid production or 
increasing omega-3 PUFA levels. Although very 
few studies have addressed the efficacy of some 
of these agonist/antagonist of eicosanoid recep-
tors and SPMs after neurotrauma, recent studies 
highlight their therapeutic potential. Further 
work is needed to understand of how imbalance 
between harmful and beneficial lipids is pro-
duced in CNS injuries and how anti- inflammatory 
eicosanoid and SPM mediate their actions on 
immune cells to contain and resolve 
inflammation.
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 Perspectives

This book analyzes key topics involving bioac-
tive lipids and their role in normal signaling and 
the mechanisms of disease. The first part is 
focused on the structure, characterization and 
physicochemical properties of bioactive lipids. A 
special emphasis is given on the diffusion and 
transport of reactive species across cell mem-
branes and analysis of lipid oxidation products. 
With respect to the analytical technologies 
applied in lipid analysis, mass spectrometry 
stands central with a shift from classic structural 
studies toward large panel targeted lipidomics 
approaches. The latter allowing for a more quan-
titative view of clinical data sets in correlation 
with disease mechanisms. The second part ana-
lyze signaling cascades mediated by bioactive 
lipids, focusing on key biologically-relevant 
mechanisms that involve peroxisome proliferator- 
activated receptors, xanthine oxidase and 
unfolded protein response. Related with this 
topic, several chapters put these observations in 
the context of inflammatory diseases. The role of 

arachidonic acid nitration in macrophages and 
platelets is analyzed in detail since these modifi-
cations could divert this fatty acid from normal 
metabolism to unraveled pathways. Then, the 
role of dyslipidemia in ischemia-reperfusion 
injury is updated as well as the significance of 
epicardial adipose tissue in cardiovascular dis-
ease. Finally, efforts are focused on understand 
the link between bioactive lipids and neurode-
generative diseases. While activation of signaling 
pathways by bioactive lipids in hippocampus is 
analyzed, nitroalkylation of proteins in Central 
Nervous System and implications in Parkinson 
Disease as well as the metabolism and biological 
effects of ω-3 and ω-6 fatty acids in spinal cord 
injury. We hope these mechanistic observations 
on the role of bioactive lipids in health and dis-
ease serve a perspective to improve the existing 
treatments or propose new lipid-based 
pharmacology.

Andrés Trostchansky and Homero Rubbo
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