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Summary

The fatty acyl structure represents the major lipid
building block of practically all lipids and therefore is
one of the most fundamental categories of these
molecules. Fatty acids (FAs) differ particularly in their
chain length, number of double bonds and position of
the bonds in the chain. The number of double bonds in
the unsaturated molecule of FA distinguishes monoun-
saturated FAs (MUFAs) and polyunsaturated FAs
(PUFAs). In the living cell PUFAs represent the
dominant substrates for the formation of biologically
active compounds — octadecanoids, eicosanoids and
docosanoids — classified as oxylipins or as PUFAnoids.
The present review focuses only on the groups of
PUFAnoids which biological activities comprise
a “positive effect” for the cell. This group of omega-3
PUFAnoids consists of lipoxins, resolvins and
protectins. All these biologically active lipids are
formed mainly in the LOX-pathway. They are part of
the cell mechanisms that contribute to the removal of
inflammatory cells and restoration of tissue integrity.
A new approach to an optimal anti-inflammatory
model shows orientation to the dual COX/LOX-
-inhibition and the stimulation of the protective
eicosanoids and docosanoids formation and its
considerable therapeutic potential in managing of
molecular mechanisms of chronic inflammatory
processes.
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Sdhrn

Acylovy zvySok mastnej kyseliny je hlavnou
Strukturdlnou zlozkou prakticky vsetkych lipidov, ¢im
predstavuje jednu zo zdkladnych funkénych skupin
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tychto molekdl. Mastné kyseliny (FAs) sa vzdjomne
lisia diZzkou retazca, poctom nasobnych vizieb
a poziciou ndsobnej vidzby v retazci. Podla poctu
nasobnych viézieb v polynenasytenej FA (PUFAs)
mozno rozliS§it mononenasytené FAs (MUFAs)
a polynenasytené FAs (PUFAs). V Zivych bunkich
predstavuju PUFAs dominantny substrat pre tvorbu
biologicky aktivnych zlicenin — oktadekanoidov,
eikosanoidov a dokosanoidov — klasifikovanych ako
oxylipiny alebo PUFAnoidy. PredloZend prehladova
praca sa sustreduje len na skupinu PUFAnoidov, ktorych
biologické ucinky zahfiaji “pozitivny efekt” pre bunku.
Skupina omega-3 PUFAnoidov pozostava z lipoxinov,
resolvinov a protektinov. Vsetky tieto biologicky
aktivne lipidy su prednostne formované metabolickou
cestou prostrednictvom LOX. Predstavuju cast
bunkovych mechanizmov, ktoré prispievaju k od-
straneniu zdpalovych buniek a k obnove integrity tkaniv.
Novy pristup k protizdpalovym modelom je orientovany
na dudlnu COX/LOX-inhibiciu a stimuldciu tvorby
ochrannych eikosanoidov a dokosanoidov, a na ich
doélezity terapeuticky potencidl pri riadeni mole-
kularnych mechanizmov v ramci chronickych zépalo-
vych procesov.

KIidcové slova: polynenasytené mastné kyseliny -
lipoxiny - resolviny « protektiny

PUFAs as precursors of biologically active lipids

Fatty acids (FAs) are aliphatic monocarboxylic
acids bound through ester linkages in simple lipids
(mono-, di, triacyl- glycerols), respectively in com-
plex lipids (phospholipids, sphingolipids). The fatty
acyl structure represents the major lipid building
block of lipids and therefore is one of the most funda-
mental categories of biological lipids. FAs differ par-
ticularly in their chain length, number of double
bonds, a position of the bonds in the chain and stereo-
specific location of hydrogen atoms around these
bonds. FAs can be categorized into groups according
to the length of the aliphatic chain, including the
short-chain FAs (SCFAs), medium chain FAs
(MCFAs), long-chain FAs (LCFAs) and very long cha-
in FAs (VLCFAs). The number of double bonds in the
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Table 1. Overview of the most important C -,

C,, C,-and C,- PUFAs

PUFA Common name Chain length: number of double bonds IUPAC name
1 . . . (92,12Z,157)-9,12,15-
omega-3 o-linolenic acid (LeA) 18:3 (n-3) octadecatrienoic acid
eicosatrienoic acid (ETE) 203 (n-3) (11Z,142,172)-11,14,17-
eicosatrienoic acid
eicosatetraenoic acid (ETA) 20:4 (n-3) (8Z,11Z,142,172)-8,11,14,17-
eicosatetraenoic acid
timnodonic acid (EPA) 20:5 (n-3) (52,82,117,142,172) 5,8,11,14,17-
eicosapentaenoic acid
clupanodonic acid (DPA) 22:5 (n-3) (72’102’132’16.2’192)'7’10’13’16’19'
docosapentaenoic acid
cervonic acid (DHA) 22:6 (n-3) (42,712,102,132,162,192)-4,7,10,13,16,19-
’ docosahexaenoic acid
nisinic acid (NSA) 24:6 (n-3) (62,92,127,157,182,217)-6,9,12,15,18,21-
’ tetracosahexaenoic acid
o ) (92,122)-9,12-
omega-6 linoleic acid (LA) 18:2 (n-6) octadecadienoic acid
s R . (62,92,122)-6,9,12-
v-linolenic acid (GLA) 18:3 (n-6) octadecatrienoic acid
dihomo-y-linolenic acid (DGLA) 20:3 (n-6) (8Z,11Z,142)-8,11,14-
eicosatrienoic acid
arachidonic acid (AA) 20:4 (1-6) (52,87,117,142)-5,8,11,14-
eicosatetraenoic acid
osbond acid (OA) 22:5 (1n-6) (472,77,10Z,137,167)-4,7,10,13,16-
’ docosapentaenoic acid
omega-9 mead acid (MA) 20:3 (n-9) (52,872,1172)-5,8,11-
eicosatrienoic acid

unsaturated molecule of FA distinguishes monounsa-
turated FAs (MUFAs) and polyunsaturated FAs
(PUFAs). An overview of the most important PUFAs
(occurring in all kingdoms of life) based on the loca-
tion of the last double bond counted from the methyl
end of FA (omega) is shown in Table 129,

In the living cell PUFAs are not predetermined for
energy storage, but they represent the dominant
substrates for the formation of biologically active
compounds. In plant tissues for the primary substrates
stand the 18-carbon PUFAs (especially LA, LeA),
from which in several pathways biologically active
compounds (octadeconoids) are formed?. In
mammals, the dominant substrates represent the 20-
-carbon PUFAs (mainly AA, EPA and DGLA), whose
catalytic conversion by dioxygenases [cyclooxygenase
(COX), lipoxygenase (LOX)] and monooxygenase
[cytochrom P450 epoxygenase (CYP)] leads to the
formation of different groups of eicosanoids®. But,
also the 22-carbon PUFAs can play a role in the
cascades of polyunsaturated fatty acid (in mammals
mainly DPA) — in these pathways docosanoids could
be formed®. Octadecanoids, eicosanoids and
docosanoids are biologically active lipids that could be
classified as oxylipins (due to the dominant oxidative
transformation of lipid substrates) or as PUFAnoids
(due to the corresponding polyunsaturated FA used as
the precursor molecule in the beginning of the
pathways).

PUFAnoids with “positive functions” and their
biological activities

In mammals, the functions of phospholipase A,
(PLA,), COX, LOX, CYP and the items of information
about the formation of corresponding prostaglandins,
prostacyclins, tromboxanes and leukotrienes (mainly in
the pathway of AA) are well known. Eicosanoids derived
from AA represent a large group of biologically active
compounds that play an important role in the “keeping
up processes” of the animal cell homeostasis
(eicosanoids are systemic regulators and universal
modulators). But, their increased production is
associated with inflammatory processes, fever, allergic
reactions and immune response”. In the present review
we will focus only on the groups of PUFAnoids whose
biological activities comprise a “positive effect” for the
cell. This group of omega-3 PUFAnoids (labelled as
novel eicosanoids/docosanoids) consists of lipoxins,
resolvins and protectins. All these biologically active
lipids are formed mainly in the LOX-pathway.

Leukotrienes (especially LTB,) and prostaglandins
(PGE, and PGD,) derived from AA are important in the
early stages of the inflammatory process. As tissues
return to health, resolvins and protectins, together with
lipoxins, promote resolution of the inflammation through
the removal of the leukocytes together with cellular
debris, ideally without leaving remnants of the host
defences or of the invading microorganisms or other
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inflammatory initiators. Resolvins and protectins are part
of the molecular mechanisms that contribute to the
removal of inflammatory cells and restoration of tissue
integrity once the need for the inflammatory response is
over, i.e. they actively assist in the resolution of
inflammation, once thought to be a passive process® ?.

Lipoxins

Lipoxins could be formed by three biosynthetic
pathways. The first is through 5-LOX and 12-LOX, the
second through 15-LOX and the third is based on the
interaction of 5-LOX products with acetylated COX-2,
which generates epi-lipoxins (they are also called
“aspirin-triggered lipoxins”, because COX-2 is
acetylated by acetylsalicylic acid)!® 'V, Enzymes of the
lipoxin biosynthesis were found in leukocytes and
platelets of mammals, but also in other cells of
vertebrates and invertebrates. Today, the structure is best
known for two lipoxins — lipoxin A, (LXA,) and lipoxin
B, (LXB,). LXA, induces rapid arteriolar dilation and
may act as an antagonist to vasoconstriction induced by
LTD,. LXA, also blocks LTB,-induced chemotaxis of
neutrophils, which suggests that it has an anti-
inflammatory potential. LXA, and LXB, inhibit
cytotoxic activity of NK-cells. They also act as
antagonists in the bronchoconstriction process induced
by leukotriene C, (LTC,) and leukotriene D, (LTD,), so
they may modulate the vasoconstriction effects of
leukotrienes and have anti-inflammatory properties. In
general, LXA, and LXB, have an anti-inflammatory
potential, they could regulate the termination of the
inflammation process and could stimulate the renewal
and restructuralization of damaged tissue'> '?,

Resolvins, protectins

The resolvins and protectins possess potent anti-
inflammatory and immunoregulatory actions at
concentrations in the nanomolar and picomolar ranges.
The term “resolvins” or “resolution-phase interaction
products” was used, because these PUFAnoids were first
encountered in resolving inflammatory exudates.
Compounds derived from EPA are designated as
resolvins of the E series, while those formed from the
precursor DHA are denoted as either resolvins or
protectins (neuroprotectins) of the D series!®.

18R-resolvins: In vascular endothelial cells derived
from blood vessels, acetylated COX-2 introduces an
18R-hydroperoxy-group into the molecule of EPA. The
product is reduced to the corresponding hydroxy
compound before a 55-hydroperoxy group is introduced
into the molecule by the action of 5-LOX. A further
reduction step produces 15S5,18R-dihydroxy-EPA or
resolvin E, (RVE,). Alternatively, the 55-hydroperoxy,
18R-hydroxy-EPA intermediate is converted to a 5,6-
-epoxy fatty acid in polymorphonuclear neutrophils in
humans and eventually to 5S,12R,18R-trihydroxy-
-6Z,8E,10E,14Z, 16E-EPA (resolvin E, RVE,) by an
enzyme required for the biosynthesis of leukotrienes in
leukocytes®.

17S-resolvins: In another pathway 15-LOX generates
17S-hydroxy-DHA as the initial product. This is
converted to 7S-hydroperoxy,17S-hydroxy-DHA by the

action of a 5-LOX, and thence via epoxy intermediates to
resolvin D, (RvD,, 7S,8R,17S-trihydroxydocosa-
4Z9E,11E, 13Z,15E,19Z-hexaenoic acid) and epimeric
resolvin D, (RvD,, 7S,16R,17S-trihydroxydocosa-
47,8E,10Z,12E, 14E,19Z-hexaenoic acid), i.e. all contain
a 17S8-hydroxyl group. A further LOX-generated
intermediate from 17S-hydroxy-DHA, i.e. 4S-hydro-
peroxy, 17S-hydroxy-DHA, is transformed via an
epoxide to resolvins D, (RvD,) and D, (RvD 4)8).

Protectins: The LOX product 17S-hydroperoxy-DHA
is converted first to a 16(17)-epoxide and then to the
10,17-dihydroxydocosatriene ~ (10R,17S-dihydroxy-
docosa-4Z,7Z,11E,13E,15Z,19Z-hexaenoic acid),
denoted as 10R,178-DT or protectin D, (PD,). Synthesis
of PD, is induced as a response to oxidative stress and/or
activation of neurotrophils. Its highly stereospecific
structure is essential for biological activity'>.

During inflammation, polymorphonuclear neutrophils
are produced which have generally beneficial effects in
countering disease, but in the longer term or
malfunctioning they may eventually cause trauma and
tissue damage through infiltration into tissues. The
resolvins, as well as the lipoxins, appear to have an
important role in regulating and indeed inhibiting these
harmful effects. In so doing they oppose the effects of
some of the pro-inflammatory prostanoids. For example,
nanomolar concentrations of RvE, dramatically reduce
dermal inflammation, peritonitis, dendritic cell migration
and interleukin production. Similarly, RvD, has
extremely potent regulatory actions on neutrophil
trafficking in the picogram range in vivo by stimulating
resolution and enhancing innate host defense
mechanisms via a specific receptor!® 2%,

Protectins appear to operate in the same way as the
resolvins in brain tissue. Thus, PD, has anti-
inflammatory effects and protects retinal epithelial cells
from apoptosis induced by oxidative stress. In addition,
it has protective effects in animal models of stroke and of
Alzheimer’s disease. Amongst its activities in non-
neuronal tissues, it promotes apoptosis of T-cells and it
has beneficial effects towards asthma in nanogram
amounts. It is evident that such compounds and their
metabolism have a considerable potential for therapeutic
intervention in acute inflammation or chronic
inflammatory disease. They may also mitigate the affects
of sepsis!?.

Pharmaceutical influencing of PUFAs-pathways

Related to the information mentioned in previous
chapters, the products formed by catalytic activity of
COX-, LOX- and CYP-pathways show in mammals
a number of diverse effects. In the past a lot of attention
was devoted to develop PLA,- or COX-inhibitors of
arachidonic acid pathway. The activity and formation of
the PLA,- and COX-enzymes in the AA-pathway is very
good described'®, whereby the use of molecules
inhibiting their catalytic activity is also well established
(primarily in the groups of steroidal and non-steroidal
anti-inflammatory drugs).

However, a new approach to an optimal anti-
inflammatory model shows orientation to different areas.
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The first one is the dual COX/LOX-inhibition (which
is sequentially implicated in some therapeutical models),
the second one is the stimulation of the protective
eicosanoids and docosanoids formation (which could
be discussed today only in theoretical level).

Over the past decade many pharmaceutical companies
have developed molecules that inhibit 5-LOX and other
enzymes involved in the progression of the inflammatory
process. The dual COX/LOX-inhibition seems to be
quite effective, because both pathways are interlinked —
the inhibition of cyclizing COX-pathway leads to
increased preference of linearizing LOX-pathway!®.
Although leukotrienes generated by 5-LOX play
a crucial role in the inflammatory process”, all related
studies indicate that the inhibition of 5-LOX represents
a non-effective therapeutical model of inflammatory
diseases. Based on these results it can be assumed that
the simultaneous inhibition of prostanoids and
leukotrienes has a synergic effect and represents an
optimal anti-inflammatory activity*". Moreover, the dual
and specific inhibition COX/5-LOX does not block the
activity of 12-LOX- and 15-LOX-isoforms, which
contribute to the synthesis of biologically active lipoxins
with anti-inflammatory properties?®. Drugs capable of
inhibition of both COXs (COX-1 and COX-2) and
5-LOX were prepared to retain the activity of non-
steroidal anti-inflammatory drugs (NSAIDs), but to miss
their side effects. Conventional NSAIDs act mainly
through the inhibition of the inflammatory COX-
isoform. One of their major side effects is the reduction
of gastroprotective prostaglandins production by
increasing of the gastrodamaging and broncho-
constricting leukotrienes level. That is why it is
advantageous to have a molecule with both activities,
because prostaglandins enhance leukotriene-mediated
inflammation. Currently, different classes of dual
COX/5-LOX-inhibitors are reported in the literature.
One of the first dual COX/LOX inhibitors was
a modified NSAID — tepoxalin. It inhibits the synthesis
of PGE, and LTB, in the synovial liquid and shows no
significant ulcerogenic effect. Today it is approved for
veterinary use and is primarily used to reduce
inflammation and as a relief of pain caused by
musculoskeletal disorders®. Licofelone is a pyrolizine
derivate and substrate analogue of AA. This molecule
shows an equilibrating dual inhibitory activity against
COX and LOX. Also, it possesses anti-inflammatory,
analgetic, antipyretic, anti-asthmatic and antiplatelet
properties. Licofelone almost abolished 5-LOX activity
by inhibiting LTB, generation in neutrophils and
prevented platelet TXB, production from whole blood. It
reduces neointimal formation and inflammation in an
atherosclerotic model more markedly than the selective
COX-2 inhibitor rofecoxib. This effect, together with the
antiplatelet activity of licofelone, suggests that this drug
may have a favorable cardiovascular profile?®. Dual
COX/LOX-inhibitors represent promising class of drugs,
because they could be potentially used in the following
areas. COX and LOX together showed a crosslink
between PUFAs and carcinogenesis, including, e.g.,
colon, pancreatic, breast, lung, skin and liver
carcinomas®). Another promising therapeutic indication

may be age-related degenerative diseases (Alzheimer’s
disease, Parkinson’s disease), such as inflammation of
the central nervous system in connection to the oxidative
stress?®. Dual COX/LOX-inhibitors may also help to
manage the major side effects of non-selective COX-
-inhibitors (e.g. long term medication of acetylsalicylic
acid at low dose) — renal and abdominal malfunctions
associated with blocking of TXA, production in platelets
and non-influenced formation of PGI,*".

The stimulation of endogenous cell reparation
mechanisms represents a new approach in the study of
the potential influence of PUFA-pathways. This
hypothesis is based on the positive effects of omega-3
PUFAnoids formed from EPA (EPA-eicosanoids) and
omega-3 PUFAnoids formed from DHA (DHA-
-docosanoids), whose biological activities were
described in the previous chapter. Selective activation of
these pathways could start the endogenous reparative
mechanisms of the cell, particularly in the case of
chronic inflammatory processes. Research in this area,
however, is situated only in the early stages. But, it is
evident that these PUFAnoids or their synthetic
analogues have considerable therapeutic potential in
managing chronic inflammatory diseases, including
arthritis, cardiovascular disease, asthma and even cancer.
From a nutritional or health standpoint, it has been
suggested that dietary supplements of the precursor
omega-3 FA may ameliorate the clinical symptoms of
many inflammatory disorders by regulating the time
course of resolution via the production of resolvins and
protectins® ?.
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