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Summary:

Inflammation is a complex process being a physiological defense reaction of living tissues to injury or infec-
tion. Many mediators generated locally and coming from other places to the area of damage/infection partici-
pate in inflammatory reaction, including those derived from immunological, hormonal and nervous system.
The course of inflammation largely depends on nature of the causing factor (physical, chemical, biological)
and extent of interference, yet a general pattern of sequential molecular and cellular events constitute a com-
mon inflammatory reaction independent on the site in an organism.

The course of an acute process can de described by three phases: initiation/development — plateau - resolution,
in which specific pro- and anti-inflammatory mediators take part. Acute inflammation has several programmed
phases, including complete resolution or progression to chronic inflammation. Para-inflammation is a process
that in some aspects resembles inflammation, its course however does not proceed classical schema: acute >
chronic inflammation. Para-inflammation may contribute to chronic age-dependent degenerative diseases.

Many mediators of inflammation (e.g. prostaglandins and leukotrienes) derive from omega-6 polyunsatu-
rated fatty acid (PUFA) - arachidonic acid (AA). Studies on AA-derived pro-inflammatory mediators led to
discovery of AA-derived anti-inflammatory compounds. They include: lipoxins — derived from AA, resolvins
— derived from omega-3 and omega-6 PUFA, as well as (neuro-)protectin and maresin - derived from PUFA
omega-3. Because of their role in resolution phase of inflammation, these anti-inflammatory mediators were
named proresolving mediators. They are formed by two cooperating cells present in the region of inflamma-
tion in a process called transcellular biosynthesis with the aid of specific lipoxygenases and cyclooxygenases.
Anti-inflammatory proresolving lipids are considered to become potential drugs.

This article surveys current knowledge on inflammation and the role of proresolving anti-inflammatory lipid-
derived mediators, and their possible use in therapy.

Key words: inflammation, proresolving anti-inflammatory mediators, polyunsaturated fatty acids omega-6
and omega-3, lipoxins, resolvins, (neuro-)protectin, maresin, oxylipins

Inflammation: acute, chronic of the causing factors (chemical, physical, biological

K : e.g. microorganisms and/or their toxins), the con-
and para inflammation sequence of such damage is a homeostasis malfunc-

tion, that is a functional balance on the level of cell/
Every living organism has defence systems against tissue/organism. An organism answers with activa-
adverse effects of tissue/organ damage. Regardless tion of adaptive reaction — complex, sequential and
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interdependent regulatory mechanisms aiming at
restoring the homeostasis. Their goal is not only
to repair the damages, but also to protect against
further damages. Regulatory mechanisms, that are
reparative in nature, include humoral and homeo-
static cellular responses as well as neurovascular
response. They are connected to each other, play-
ing a crucial role in the course of repair process and
constitute the essence of the inflammation.

Inflammation (lat. inflammatio) is a non-specific,
but predictable defensive reaction of living tissues
and the whole organism to the damage, including
four fundamental elements:

1) increased blood flow to the infected or
damaged area,

2) increased permeability of capillary veins that
contributes to a leak of bigger molecules from
plasma to surrounding tissues,

3) leukocytes’ migration from vessels to the
damaged/infected area,

4) elimination of undesirable factors (phagocyto-
sis, apoptosis).

Depending of the type, location and size of a dam-
age as well as individual sensitivity and the scope of
defensive reaction, the course of inflammation in a
person, though qualitatively similar in every organ-
ism (Fig. 1), may progress in various manners. It
may differ in dynamics and final effect. An inflam-
mation may last few/several days — acute inflam-
mation (inflammatio acuta), which may end with
full healing without leaving morpho-functional
marks, or may last for months, years — chronic
inflammation (inflammatio chronica).

An inflammation may develop in several forms,
i.e. serous including catarrhal inflammation (fre-
quently occurring ‘running nose’), purulent (usu-
ally triggered by the presence of pyogenic bac-
terium e.g. Staphylococcus or Streptococcus),
fibrinous (i.a. bacterial infections), hemorrhagic
(which leads to severe damage to the blood ves-
sels), gangrenous, ulcerative or pseudomembra-
nous. The list of diseases of chronic inflamma-
tory origin includes i.a. atherosclerosis, asthma,
rheumatoid arthritis, periodontitis, Alzheimer’s
disease, Crohn’s disease, retinopathies and age-
related macular degeneration (AMD). The course
of such diseases may be persistent and continuous
or recurrent.

In contrast to short-lasting acute inflammation,
chronic inflammation frequently leads to various
dysfunctions and tissue damage, where inflamma-
tory process takes or took place. Its occurrence is
usually associated with a negative end of an acute
inflammation, which as a result of partial healing
turns into a chronic form. Even though such sce-
nario occurs certainly in many cases, it is worth

mentioning that, as it is assumed in some cases
originating in inflammation (based on results of
modern diagnostics), no evident, classic lesions
indicating any ongoing inflammatory processes
are observed. It applies also to routinely performed
diagnostic tests typical for inflammation.

To the group of such diseases belongs serious,
age-related ophthalmological condition, resulting
from degenerative lesions of ‘retinal pigment epi-
thelium - photoreceptor cells’ complex in the area
of the macula, know under shortened name AMD
[25, 26, 50]. This category of conditions includes
also a number of neuropsychiatric diseases, which
are a consequence of chronic neurodegenerative
process, and also diabetes mellitus type, 2 and the
above-mentioned arteriosclerosis or asthma [13,15,
21, 24, 46, 49]. Patients suffering from mentioned
diseases do not recall in the past any major acute
inflammatory episode which may become a cause
of chronic process. Consequently, a chronic inflam-
mation does not necessarily have to be preceded
by an acute inflammatory process. The process,
which resembles in some aspects an inflamma-
tion, but is not a typical inflammation, is more and
more frequently described in scientific literature as
para-inflammation [20, 30, 50].

The essence of para-inflammation process is well
conveyed by the situation taking place in an ageing
organism. Even though the pathogenesis of various
age-related conditions of acknowledged or sup-
posed inflammatory grounds is well known, it is
often hard to find a specific factor (damage/injury to
the tissue or bacterial infection) triggering an acute
inflammatory reaction or supporting the condition
of chronic inflammation. In an ageing organism
various cellular and organic dysfunctions (mulfunc-
tions) appear. They reflect either an accumulation of
diversified undegradable products of metabolism,
e.g. material known as lipofuscin, or other depos-
its with potential cytotoxic properties (i.a. protein
or lipoprotein), or an inability to rebuild worn-out
or dying cells, especially so-called postmitotic cells.
Sometimes, such age-related deposits accumulat-
ing in excess in lysosomes or outside the cell, which
can not be degraded, may induce an immunological
reaction being enough for initiating inflammatory
process, which, however, never attain acute phase.
Para-inflammation may be described as an adaptive
response of the tissue to widely understood, harm-
ful stress or dysfunctions (mulfunctions). Many
factors lying on the border of pathology can create
a stressful situation for a cell/organ. In addition to
the above-mentioned ones, it may also be an excess
of reactive oxygen species, lingering hyperglycemia
or cholesteremia. In sample situations cells/organs
are functioning, but functional tension borders
on evident malfunctions. Such state of danger or
‘smouldering’ dysfunction may be recognized by
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non-specific (innate) mechanisms of immunologi-
cal system, whose role is to initiate repairing actions
by e.g. starting ‘inflammation programme’ aiming
at restoring homeostasis.

The course of inflammatory process

The course of classic inflammation and para-
inflammation process may differ both quantita-
tively (individually variable severity of different
symptoms, clinical and biochemical indicators of
inflammation) and qualitatively (differences con-
cern especially the course of chronic inflammation
- continuous course, remissions, relapses, various
acuteness). That is why applying common algo-
rithm of sequences of physiological and biochemi-
cal processes related to inflammation may give rise
to some difficulties.

While considering inducing factors and the ‘reali-
zation’ paths of inflammatory reactions, Medzhi-
tov [20] proposed the following general sequence:
inducers > sensors > mediators > effectors.
Expanding of this sequence would concern the
observed differences in the course of inflammation.
To the group of inducers of inflammation several
factors may be counted, namely exogenous fac-
tors (bacteria or other factors e.g. allergens, foreign
bodies, toxic substances, irritant factors) and endo-
genic factors (coming from cells, tissues, plasma
and extracellular matrix).

Depending on the ‘activating’ factor further course
of inflammatory reaction may be diversified. Ex-
amples of the above-mentioned sequence are listed
below [according to 20]:

« bacterial lipopolysaccharide (inducer), TLR4
(sensor), TNFa/IL-6/PGE2 (mediator), endothe-
lium cells/leukocytes/hepatocytes/other (effectors)

« allergen (inducer) > IgE (sensor) > vasoactive
amines (mediator) > endothelium/smooth
muscles cells (effectors)

« collagen (inducer) > Hageman factor (sensor)
> bradykinin (mediator) - endothelium/smooth
muscle cells (effectors)

As mentioned, several kinds of responses with cellu-
lar and humoral responses among them determine
the course of an inflammatory reaction. The first
one depends on the inflow and activation of some
types of cells, whose activity contributes to specific
dynamics of inflammatory reaction, also owing to
the production of signal compounds i.e. inflam-
matory mediators and proteolitic enzymes (Fig. 1).
Among the cells participating in the inflammatory
reaction there are blood cells (neutrophil granulo-
cytes, also called neutrophils, lymphocytes, mono-
cytes, eosinophil granulocytes, basophil granulo-
cytes and plateles), endothelium and connective

tissue cells (macrophages, fibrobasts, mast cells i.e.
mastocytes) (Fig. 2).

Plasma factors participate in the humoral response.
They reflect changes in the complement system,
blood coagulation, fibrinolysis and the system pro-
ducing kinines (bradykinin), which may trigger
not only local, but also systemic reactions. Other
important components of intercellular connective
tissue, so-called intercellular matrix, e.g. collagen,
proteoglycans, laminins, fibronectins or small frag-
ments of hyaluronan also possess pro-inflammatory
activity [1, 9, 28]. The aforesaid systemic response of
neurovascular character, in addition to local conse-
quences may have also general ones.

Circulatory or haemodynamic lesions responsible
for signs such as flushing and oedema are the first
response of the tissue/organism to a damage. They
appear after few/several minutes after a stimulus
starts operating. Leukocytes which activities deter-
mine the development and the course of inflamma-
tory process already in this initial phase, reach the
damage area. Migration of leukocytes is defined by
the term transmigration (diapedesis) and it is pre-
ceded by other steps as margination, rolling, activa-
tion and tight adhesion. Those steps are under strict
control of many factors participating in the inflam-
mation and show in a harmonic way the develop-
ment of inflammatory reaction. A detailed descrip-
tion of the steps may be found in other work of the
author [31], as well as in Kelly’s et all [12], thus they
will not be discussed herein.

After reaching the target and depending from
the properties of leukocytes (granulocytes — neu-
trophils) as well as other cells participating in an
inflammation (see Fig. 2), the cells initiate the
defence reaction. Being activated, the cells begin
producing i.a. pro-inflammatory cytokines e.g.
interleukins IL-1a /{3, IL-6, IL-8 and TNF-alpha
(tumour necrosis factor). While being outside the
circulation, the granulocytes transform into micro-
phages and monocytes into macrophages. Their
role is to phagocytose for exapmple microbes, if
there is a bacterial infection, or dying (apoptotic)
cells in the area of injury/damage. There are other
inflammatory mediators occurring locally and in
bodily fluids that emerge in the area of inflam-
mation: histamine, serotonin, C-reactive protein
(CRP), kinines, platelet-activating factor (PAF)
and metabolites of arachidonic acid such as leukot-
rienes, prostaglandins, thromboxane. What follows
afterwards is a vascular reaction (increase of per-
meability of vascular endothelium) and pain reac-
tion (resulting from the presence of inflammatory
pain mediators — mainly kinines and prostaglan-
dins). In the inflammatory focus lowering of pH
takes place, as well as haemolysis of erythrocytes,
aggregation and adhesion of platelets to detaching
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Figure 1: Diagram showing the course of acute inflammatory reaction. The attention should
be paid to two possibilities discussed in the paper of ending (resolving) of inflam-

matory reaction:

1. by lowering the activity of pro-inflammatory agents as a result of their inactiva-

tion or elimination, and

2. resulting from activation and action of proresolving anti-inflammatory agents.
The first process has passive character by nature, whereas the second one is an

active process.

epithelium from microvessels, what results in the
formation of microclots.

Therefore, the course and duration of the process
depends on several mediators that participate in the
inflammatory reaction. What is curious, the profile
of activity of such mediators may change depending
on coexisting molecular and cellular conditions in
which an inflammation is progressing. That is why
an inconsistent classification of pro-inflammatory
ediators may be encountered M. The above-men-
tioned pro-inflammatory mediators and inflamma-
tory reactions refer to the most important mecha-
nisms and constitute only the outline of a complex
adaptation process. Further review of mechanisms
governing inflammatory process together with the

['] One of the widely-used classification of inflammatory me-
diators is based on their biochemical properties. According
to such classification mediators may be divided into seven
groups: 1. vasoactive amines (histamine, serotonin); 2.
vasoactive peptides (e.g. substance P, kinines, fibrinopep-
tides A and B, products of proteolysis of Hageman factor,
thrombins, plasmins); 3. components of complement sys-
tem (especially anaphylotoxins: C3a, C4a and C5a); 4. lipid
mediators (eicosanoids, platelet-activating factor); 5. pro-
inflammatory cytokines (e.g. TNF-alpha, IL-1, IL-6, IL-8);
6. chemokines; and 7. proteolytic enzymes (e.g. elastins,
cathepsins, matrix metalloproteinases).

characteristics of other mediators and signals may
be found in recent English [4, 9, 17, 20, 48, 50] or
Polish [6, 19, 24, 30, 42] review articles.

Resolution of acute inflammatory
reaction — passive or active process

Clinical symptomatology has been well-known for
a long time both for cardinal signs of inflamma-
tion ie. elevated temperature, redness, swelling,
pain and loss of function (described by Roman
physicians; the first four were described by Celsus,
while the last one was introduced by Galen; the
fifth sign was renewed in 19c. by Virchow) and for
(patho-)morphological manifestation. However,
many detailed molecular and cellular mechanisms
being the cause of (or taking part in) inflammatory
process including para-inflammation were identi-
fied quite recently [2-6, 20, 30, 37, 42, 50].

In spite of the extensive knowledge the resolution of
acute inflammatory process still remains unsolved
(Fig. 1). The last stage of acute inflammation pro-
cess — the resolution is very important for a patient,
because, if proceeding without any problem, it
decreases or even eliminates the risk of possible com-
plications and pathology development. If the resolu-
tion of acute inflammation does not occur, the acute
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Figure 2: Sequential occurrence of various cells in the area of short- and long-lasting acute

inflammation. Description in the text

process consistently transforms into the chronic one,
which may proceed in two manners: either symp-
tomatically, when the patient complains of specific
ailments and additional tests confirm the presence
of functional and/or morphological lesions of a cell/
tissue or other pathology, or asymptomatically -
without any visible clinical symptoms or measurable
laboratory parameters of the inflammation. Being
often underestimated, the new situation takes place,
which is a potential cause of further health complica-
tions that may occur in any moment in life (e.g. the
above-mentioned AMD pathology [23, 33]).

So why in some, quite frequent cases the inflam-
mation does not end rapidly, but stretches in time
and transforms into a chronic form? The question
concerns the resolution of acute inflammatory
process, therefore the mechanism which governs
the full healing process. It may be assumed that if
the damaging and triggering inflammatory reac-
tion factor was not too heavy and lasted for a short
period of time, the whole reconstructive process
will proceed fast, without exposing for complica-
tions in the form of transition to chronic phase.
If the cause of inflammation happened to be an
infection, the organism has to manage to annihi-
late a microbial invasion.

This aspect may prolong the duration necessary for
recovery and restoring the homeostasis. However,
in this case the risk of potential distant complica-
tions still remains, because the endogenous (physi-
ological) or exogenous (therapeutic, e.g. antibiotic
therapy) treatment may not result in full eradication
of an intruder, whose presence may be felt unexpect-
edly in distant time from invasion, e.g. Chlamydia
pneumonia infections and further complications) 2.

Apart from pro-inflammatory cytokines that par-
ticipate in development and implementation of
the ‘inflammation programme, anti-inflammatory
cytokines can be found in the area of inflammation,
i.a. IL-4, IL-10 or TGF-P. Moreover, the activity of
kininases occurs which contributes to decreases
in the concentration of kinines and afterwards the
concentration of anti-inflammatory endogenous
corticosteroids. The presence of listed anti-inflam-

[*] Infections caused by Chlamydia pneumoniae usually af-
fect children (upper respiratory tract infections — rhini-
tis, pharyngitis) and are benign or asymptomatic with
tendency to self-healing. They are hard to detect, often
resistant to antibiotic therapy and easily transform into
a chronic form, whereas microbes may survive in the
tissues for a very long time (an asymptomatic carrier or
chronic infection with subclinical course)
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matory factors as well as a number of observa-
tions pointing at the participation of other direct
or indirect anti-inflammatory mechanisms sug-
gests that the resolution of acute inflammation
is not a passive process that results from neu-
tralisation or spontaneous elimination of damag-
ing (pro-inflammatory) factor. On the contrary,
the resolution seems to be an active process, in

of acute inflammatory reaction, such compounds
are also called proresolving agonists. They con-
stitute a large group of mediators derived from
polyunsaturated fatty acids omega-6 (lipoxins
and oxylipins) and omega-3 (resolvins, maresin,
(neuro-)protectin). Figure 3 shows chemical
structures and characteristics or three omega-6
and omega-3 polyunsaturated fatty acids (ara-

T 16 14 13

15

A-4.7.10,13,16,19-docosahexaenoic acid - DHA
A-5,8,11,14,17-eicosapentaenoic acid - EPA
A-5,8,11,14-eicosatetraenoic (arachidonic) acid - AA

11 10 B T

5 4 2
—\/__\\//_\\/\\COOH
8 ] 3

:22 20 18 i
n 18 12

Docosahexaenoic acid — C;,Hi:0;, 22:6-03; m.w. 325,448

18_ 17 1-5_ TI.i 1.2 1

e P N

19 14 13 10

COOH

Eicosapentaenoic acid — CagHz 04, 20:5-03; m.w. 302,451

@Iﬂ 18 16 13 i T 4 2
M_—__ /\\_/\\/\cum{
18 17 15 14 12 1 k] a & 5 3

Arachidonic acid — C;H3:05. 20:4-626; m.w. 304,467

Figure 3: Chemical structures and basic characteristic of three omega-3 (EPA, DHA) and

omega-6 (AA) PUFA.

which mediators specifically programmed for
the participation in the final phase of inflam-
matory response are present. Such mediators are
lipid compounds with an anti-inflammatory and
proresolving potential, i.e. anti-inflammatory
proresolving mediators, whose name refers to the
term describing the final phase of inflammation
— the resolution of inflammation®. In order to
highlight their active participation in resolution

[*] Resolution (Eng.) = resolution (Lat.) = katabasis (Gr.) = ka-
tabaza (Polish equivalent) i.e. delitescence or absorption
(e.g. of infiltration, exudate). This is the last phase of in-
flammation, a return from the phase of active inflamma-
tory process to recovery, which also refers to the abatement
of the illness (pathology) and return to homeostasis (phys-
iology). According to ‘Wielki Stownik Medyczny’ (pub-
lished by PZWL in 1996), resolution = catabasis is the final
stage of acute inflammation course, which depends on
factor causing inflammation, reactive properties of a tissue
and whole organism and leads either to recovery (return
to the initial state) or turns into a chronic inflammation.

chidonic acid, AA; eicosapentaenoic acid, EPA,
docosahexaenoic acid, DHA), from which the
majority of proresolving mediators is derived.
Figure 3 does not show below-mentioned (in the
next subchapter) omega-6 docosapentaenoic acid
(DPA-w6), which is a compound closing ‘classic’
conversion of omega-6 acids (linoleic acid > // >
AA > //>DPA-w6) [27, 28]. It has been suggested
that the conversion of acute inflammation into a
chronic one is related to functional malfunctions
in the resolving phase — the resolution. It is sup-
posed to result from dysfunction of proresolving
mediators (proresolving agonists). Such a view
on healing of inflammatory process and forma-
tion of chronic inflammation is quite inventive,
but based on more and more conclusive scientific
evidence.
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The role of omega-6 and
omega-3 PUFA-derived lipid
mediators in the resolution of
acute inflammatory reaction

As mentioned before, the acute inflammation is a
defense reaction of an organism for tissue dam-
age and disturbed homeostasis on the cellular and
tissue level. Restoring the homeostasis on every
level of cellular and tissue organization requires
activation of both local and systemic mechanisms.
However, the activation of local mediators - es-
pecially those produced from substrates present
in the area of inflammation - guarantees fast re-
sponse exactly through localized actions. Prore-
solving mediators, thus mediators having anti-in-
flammatory potential, participate in the final phase
of acute inflammatory reaction. Their local bio-
synthesis and presence in the area of inflammation
is a natural response of cells/tissues threatened by
functional destabilisation accompanying or be-
ing a result of inflammatory reaction. Proresolv-
ing mediators seem to be similar to a physiologi-
cal ‘handy’ weapon used by an organism forced to
defend itself, especially that they are derived from
polyunsaturated fatty acids (PUFAs) present in

plasma membrane of each cell and delivered with
food or by supplementation, and transported to
the area of inflammation [11, 27, 28]. Anti-inflam-
matory proresolving mediators i.e. lipoxins, re-
solvins, oxylipins, (neuro-)protectin and maresin
are derived from four PUFAs either from the fam-
ily of omega-3 acids (w3; EPA and DHA) and from
the family of omega-6 acids (w6; AA and DPA) [3,
7,8, 22, 38-40, 43-45]:

* Arachidonic acid (AA; C20:4-6) lipoxins (LXA4 and
LXB4) and AT-lipoxins (15-epi-LXA4 and 15-epi-LXB4);

* Eicosapentaenoic acid (EPA; C20:5-3)resolvins E
(RvVE1 and RVE2);

» Docosahexaenoic acid (DHA; C22:6-3)resolvins D
(RvD1, RvD2, RvD3, RvD4) and AT-resolvins-D (AT-
RvD1, AT-RvD2, AT-RvD3, AT-RvD4);
(neuro-)protectins(docosatriens; NPD1/PD1)
maresins (MaR1);

» Docosapentaenoic acid omega-6 (DPA-w6; C22:5-6)
oxylipins — resolvins (17-HDPA-w6, 10,17-HDPA-w6).

Derived from four PUFAs, the anti-inflammatory
lipid mediators identified so far constitute 8 fami-
lies (lipoxins, AT-lipoxins, resolvins-E, resolvins-D,
AT-resolvins-D, maresins, protectins, oxylipins),
each containing 1 to 4 active compounds. In total

Omega-6 Omega-3
AA || DPA-we | EPA | | DHA |
/\_ ) Cellcall Interaction (LOX/COX-A LO){] _*__‘__4:::
f \ Resolving-D
Prostaglandins Lipoxins Oxylipins e RvD,AT-RvD
Leukotrienes LX (Resclvins) RVE,AT-RVE {Neuro)Protectin
= = DPA-w6 NPD
o %, ASA-COX ASA-COX _
/ \ ATL AT-RVE Marezin
/ \ MaR1
IKri’r‘c:uinfl.an'imatn::rr:\-ji | _ _ |
|I actions } e e
X / (_\h‘ Anti-inflammatory pro-resolvingactions ,_,)
N\ / — R
. 74 S— B

‘ Initiation — Development — Biosynthesis of anti-inflammatery lipidic mediators — Resolution
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(time-frame)
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Figure 4: Temporal course of acute inflammatory reaction taking into consideration pro-
inflammatory and anti-inflammatory (proresolving) lipid mediators. Description in
the text
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there are 18 such well-characterized, biologically
active compounds, but their number may increase
rapidly, because in in vivo conditions the possibility
of various enzymatic and non-enzymatic changes of
many PUFAs including the formation of stereoiso-
meric compounds differing in biological properties
2,3, 30, 39, 41].

The production of the above-mentioned anti-
inflammatory lipid mediators takes place in cell-
specific process defined as a transcellular bio-
synthesis. Two different cells present in the area
of inflammation participate in this process, e.g.
leukocytes — platelets, epithelial cells - leukocytes
or endothelial cells/epithelial cells/monocytes -
leukocytes. Being present in specified cells, the
enzymes from the family of lipoxygenases (LOX-
5, LOX-12, LOX-15) and cyclooxygenases (COX-2
or ASA-COX2; the latter is the enzyme acetylated
with the aid of acetylsalicylic acid, a common aspi-
rin) as well as monooxygenases from the family of
cytochrome P450, sequentially catalyse changes of
initial substrates (AA, EPA, DHA, DPA) to lipid
compounds with anti-inflammatory potential.
Biosynthesis of anti-inflammatory lipid mediators

requires therefore interaction of various types of
cells, which transfers semi-finished products for
further processing to each other and spontane-
ous non-enzymatic reactions (e.g. epoxidation or
hydrolysis). Detailed description of biosynthesis
and inactivation, pharmacological properties and
mechanisms of action of particular mediators can
be found in other articles of the author [29, 31] as
well as in many recently published original and
review articles [2, 3, 5, 35, 36, 37, 39, 41].

Among the mentioned anti-inflammatory media-
tors derived from omega-3 and omega-6 PUFAs,
a number of compounds preceded with an abbre-
viation ‘AT’ (AT-lipoxins, AT-resolvins) originating
from, i.e., can be found. The abbreviation AT means
‘aspirin-triggered’ — dependent on aspirin (acetyl-
salicylic acid); it aims at emphasizing the fact that
AT-mediators were produced by COX-2 acetylated
with the aid of aspirin, i.e. ASA-COX2. It should be
mentioned that acetylation of COX-2 deprives the
enzyme capacity to catalyze transformation of e.g.
AA into pro-inflammatory compounds (i.a. pros-
taglandins and leukotrienes), and simultaneously
opens the way for new metabolic pathways, as the

Table 1: Anti-inflammatory and pro-inflammatory action of derivatives of omega-3 PUFA: eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA) and of omega-6 PUFA: arachidonic acid (AA) and docosapentaenoic acid (DPA- w6)

Omega-6 ¢ 3 Omega-3
Agent mediators originating rnediaters criginating
from Physiologic Physiologic fram
Arachidonic acid actian action EPA and DHA
P30, PGE, _ _ _ PGD,, PGE:
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acetylated enzyme acquires new catalytic proper-
ties concentrated on the changes of PUFAs to anti-
inflammatory mediators [2, 18, 43].

Table 1 shows anti-inflammatory lipid mediators as
well as other biologically important inflammatory
mediators derived from omega-3 and omega-6 fatty
acids together with their physiological activities.

Figure 4 is the specification of a diagram shown in
Fig. 1 and contains suggested answers to still unsolved
issue of resolution of acute inflammatory process. Of
the two manners of resolution of inflammation shown
in Fig. 1, i.e. the passive one (as a result of a decrease
of activity and/or elimination of pro-inflammatory
agents) or active one (resulting from activation and
action of ‘agonistic’ anti-inflammatory proresolving
factors), the second manner seems to be more likely to
occur in the light of current knowledge.

A necessary condition for generation of proresolving
mediators is the presence in the area of inflamma-
tion of cells capable of expressing specific enzymes
(LOX, COX) and capable of interacting with each
other in order to proceed with transcellular biosyn-
thesis of such compounds. If such situation arises,
it points at a far advanced specificity of biosynthe-
sis of lipoxins, resolvins, protectins, maresins and
oxylipins derived from DPA-omega-6 (Fig. 4). Such
situation determines also some delay in initiating
defensive mechanisms, whose task is to actively fin-
ish inflammatory reaction via catabasis — resolution
phase of inflammatory reaction.

The dynamic aspect of generating in vivo anti-
inflammatory proresolving mediators was a sub-
ject of meaningful study in the past years and it is
essential to recall the most important results show-
ing the generation of such compounds within the
inflammatory reaction. Studies conducted on mice
with induced peritonitis through intraperitoneal
injection of zymosan revealed the increase of DHA,
EPA and AA concentration with peak level after
2 h (DHA) and 4 h (EPA, AA) from inducing the
inflammation. Generation of protectin D1 (PD1)
derived from DHA occurred biphasely with two
peaks after 2 h and 24 h and increased concentra-
tion observed after 24 h was slowly reducing after
24-72 h, still not reaching the basic (initial) level in
the investigated period of time [2].

The same study has revealed that intraperitoneal
injection of proresolving mediators derived from
AA (15-epi-LXA)), EPA (RvE1) and DHA (PD1) in
dose of 300 ng (5 minutes before zymosan adminis-
tration) rapidly and effectively reduced ‘pro-inflam-
matory’ migration of leukocytes and macrophages as
well as generation of pro-inflammatory chemokines/
cytokines in catabasis phase [2]. Further studies con-
ducted in vivo on mice treated with omega-3 PUFA

tagged with deuterium (d,) confirmed rapid (during
2 h) translocation of d,-EPA and d.-DHA to the area
of inflammation, displaying a correlation of anti-
inflammatory effect with the generation of proresolv-
ing mediators and a correlation between the occur-
rence of anti-inflammatory effect with the presence
of the same mediators, and not their precursors [11].

A progression of acute inflammation to the chronic
one is associated — according to current knowledge
- with insufficient production and/or ineffective
action of proresolving mediators. The rightness of
such concept may be supported with the fact that
exogenous administration of metabolically stable
lipoxins and AT-lipoxin analogues increases the
rate of healing of inflammatory lesions both in vitro
and in vivo conditions [14, 34, 35-37, 41]. Such tests
show that agonist drug may be an effective anti-
inflammatory agent, which mimics the actions of
endogenously generated proresolving mediators,
and hence strengthen physiological mechanisms.

In recent years numerous studies in several laborato-
ries were aimed at synthesizing various metabolically
stable analogues of both lipoxins and resolvins [3, 35].
Lipoxin analogues are currently being tested as drugs
in human organism. The tests generally included
derivatives mainly of AT-LXA4 (15-epi-LXA4) - the
structures generally being more resistant to metabo-
lism and inactivation in vivo. These compounds are
known as ATLal and ATLa2 that is 15 R/S-methyl-
LXA4 and 15-epi-16-(p-fluoro)phenoxy-LXA4
respectively (the latter one occurs as methyl ester
being a pro-drug). Other promising lipoxin ana-
logues are 3-o0xo-15-epi-16-(p-fluoro)-phenoxy-
LXA4 (ZK-994), o-[9, 12]-benzo-omega6-epi-LX A4
and 16-phenoxy-LXA4. Moreover, resolvin ana-
logues series E and D such as19-(p-fluorophenoxy)-
RvEI and 17-(R/S)-methyl RvD1 (both in the form
of carboxymethyl ester) are currently undergoing
advanced and promising pre-clinical studies and pre-
liminary clinical trials [3, 14, 35, 36, 41, 47].

Intensive researches are in progress, they bring
closer the day, which may turn into a breakthrough
in the therapy of acute and chronic inflammations
[3, 47]. In the latter group many diseases condi-
tioned by the presence of chronic inflammatory
process with typical course and defined as a para-
inflammation may be placed. They all are difficult
to treat and constitute serious medial concern. Will
metabolically stable analogues of proresolving anti-
inflammatory mediators meet a challenge? The time
will show.

Acknowledgements:

Article funded by Medical University of L6dz
within the statutory activity (503-10230-1).

28 http://www.milpharmed.com



© Military Pharmacy and Medicine « 2011« 1+ 29 — 30

Jerzy Z. Nowak: Inflammation: course and role of PUFA-derived lipid mediators in the. ...

References:

1.

10.

11.

12.

13.

Adir-Kirk TL, Senior RM. Fragment sof extracellular
matrix as mediators of inflammation. Int ] Biochem
Cell Biol 2008; 40: 1101-1110.

. Bannenberg GL, Chiang N, Ariel A, Tjonahen E,

Gotlinger KH, Hong S, Serhan CN. Molecular circuits
of resolution: formation and actions of resolvins and
protectins. ] Immunol 2005; 174: 4345-55.

. Bannenberg GL. Therapeutic applicability of anti-

inflammatory and proresolving polyunsaturated
fatty acid-derived lipid mediators. The
ScientificWorldJOURNAL 2010; 10: 676-712.

. Bradlay JR. TNF-mediated inflammatory disease. |

Pathol 2008; 214: 149-160.

. Calder PC. Polyunsaturated fatty acids and

inflammatory processes: new twists in an old tale.
Biochimie 2009; 91: 791-5.

. Caloksinski I, Dobrzynski M, Caloksiniska M, Seweryn

E, Bronowicka-Szydelko A, Dzierzba K, Ceremuga I,
Gamian A. Charakterystyka odczynu zapalnego. Post
Hig Med Dosw 2009; 63: 395-408.

. Dangi B, Obeng M, Nauroth JM, Chung G, Bailey-

Hall E, Hallenbeck T, Arterburn LM: Metabolism

and biological production of resolvins derived from
docosapentaenoic acid (DPAn-6). Biochem Pharmacol
2009; 79: 251-60.

. Dona M, Fredman G, Schwab JM, Chiang N, Arita M,

Goodarzi A, Cheng G, von Andrian UH, Serhan CN:
Resolvin E1, an EPA-derived mediator in whole blood,
selectively counterregulates leukocytes and platelets.
Blood 2008; 112: 848-55.

. Glaros T, Larsen M, Li L. Macrophages and fibroblasts

during inflammation, tissue damage and organ injury.
Front. Biosci 2009; 14: 3988-93.

Jozwiak-Bebenista M, Nowak JZ. Hialuronian:
charakterystyka i praktyczne zastosowanie w
medycynie. Farm Pol 2010; 66: 882-93.

Kasuga K, Yang R, Porter TE, Agrawal N, Petasis NA,
Irimia D, Toner M, Serhan CN. Rapid appearance of
resolvin precursors in inflammatory exudates: novel
mechanisms in resolution. ] Immunol 2008; 181: 8677-87.

Kelly M, Hwang JM, Kubes P. Modulating leukocyte
recruitment in inflammation. J Allergy Clin Immunol
2007; 120: 3-10.

Klaska I, Nowak JZ. Rola uktadu dopetniacza w fizjologii
i patologii. Post Hig Med Dosw 2007; 61: 167-77.

14. Levy BD, Lukacs NW, Berlin AA, Schmidt B, Guilford W7,

15.

16.

Serhan CN et al. Lipoxin A4 stable analogs reduce allergic
airway responses via mechanisms distinct from CysLT1
receptor antagonism. FASEB ] 2007; 21: 3877-3884.

Libby P, Ridker PM, Hansson GK: Inflammation in
atherosclerosis: from pathophysiology to practice. ] Am
Coll Cardiol 2009; 54: 2129-38.

Lukiw WJ, Cui JG, Marcheselli VL, Bodker M, Botkjaer
A, Gotlinger K et al. A role for docosahexaenoic acid-

17.

18.

19.

20

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

derived neuroprotectin D1 in neural cell survival and
Alzheimer disease. ] Clin Invest 2005; 115: 2774-83.

Markiewski MM, Lambris JD. The role of complement
in inflammatory diseases from behind the scenes into
the spotlight. Am J Pathol 2007; 171: 715-27.

Martins V, Valenca SS, Farias-Filho FA, Molinaro

R, Simoes RL, Ferreira TPT et al. ATLa, an aspirin-
triggered lipoxin A4 synthetic analog, prevents the
inflammatory and fibrotic effects of bleomycin-induced
pulmonary fibrosis. ] Immunol 2009; 182: 5374-5381.

Maélinski S, Gajewski M. Zapalenie. W: Patofizjologia
(red. Maslinski S, Ryzewski J). Wydawnictwo Lekarskie
PZWL, Warszawa 2009; Tom 1, 243-75.

. Medzhitov R. Origin and physiological roles of

inflammation. Nature 2008; 454: 428-35.

Murdoch JR, Lloyd CM. Chronic inflammation and
asthma. Mutat Res 2010; 690: 24-39.

Nauroth JM, Van Elswyk M, Liu Y, Arterburn LM.
Anti-inflammatory activity of algal oils containing
docosahexaenoic acid (DHA) and omega-6
docosapentaenoic acid (DPAn-6). ] Immunol 2007;
178: 101.5.

Nowak JZ. Age-related macular degeneration (AMD):
pathogenesis and therapy. Pharmacol Rep 2006; 58:
353-63.

Nowak JZ. Podwoéjne oblicze uktadu dopelniacza

- rozwazania o tym jak fizjologiczny mechanizm
obronny przeistacza si¢ w reakcje patogenng. W:
Neuroimmunologia (red. Basta-Kaim A, Kubera M).
Krakéw Instytut Farmakologii PAN 2008;137-162.

Nowak JZ. Zwyrodnienie plamki zwigzane z wiekiem
a uklad odporno$ciowy: ile immunologii jest w AMD?
Mag Lek Okul 2009; 3: 102-14.

Nowak JZ. W poszukiwaniu biomarkeréw dla
zwyrodnienia plamki zwigzanego z wiekiem (AMD).
Mag Lek Okul 2009; 3: 132-140.

Nowak JZ. Wielonienasycone kwasy ttuszczowe
omega-3 w siatkowce i praktyce medycznej — blaski i
cienie. Mag Lek Okul 2009; 3: 208-20.

Nowak JZ. Wielonienasycone kwasy ttuszczowe
omega-3: aspekty biochemiczne, funkcjonalne i
praktyczne. Farmakoterapia w Psychiatrii i Neurologii
2009; 3-4: 127-46.

Nowak JZ. Hialuronian: aspekty biochemiczne i
funkcjonalne. Mag Lek Okul 2010; 4: 37-49.

Nowak JZ. Przeciwzapalne ,prowygaszeniowe”
pochodne wielonienasyconych kwaséw thuszczowych
omega 3 i omega 6. Post Hig Med Dosw 2010; 64: 115-
132.

Nowak JZ. Pochodne wielonienasyconych kwasow
tluszczowych omega-3 i omega-6 o potencjale
przeciwzapalnym i protekcyjnym. Mag Lek Okul 2009;
3:208-220.

Nowak JZ. Biosynteza i wladciwos$ci przeciwzapalnych
»prowygaszeniowych” pochodnych wielonienasyconych
kwasow tluszczowych omega-3 i omega-6. Wojskowa
Farmacja i Medycyna 2011; 4 (w druku).

http://www.milpharmed.com 29



© Military Pharmacy and Medicine « 2011 « 1+ 30 - 30

Original article

33.

34.

35.

36.

37.

38.

39.

40.

41.

Nowak JZ, Bienias W. Zwyrodnienie plamki zwigzane
z wiekiem (AMD): etiopatogeneza i strategie
terapeutyczne. Post Hig Med Dosw 2007; 61: 83-94.

Ohira T, Bannenberg G, Arita M, Takahashi M, Ge Q,
Van Dyke TE et al. A stable aspirin-triggered lipoxin
A4 analog blocks phosphorylation of leukocyte-specific
protein 1 in human neutrophils. ] Immunol 2004; 173:
2091-98.

Parkinson JFE. Lipoxin and synthetic lipoxin analogs:

an overview of antiinflammatory functions and new
concepts in immunomodulation. Inflamm Allergy Drug
Targets 2006; 5: 91-106.

Ryan A, Godson C. Lipoxins: regulators of resolution.
Curr Opin Pharmacol 2010; 10: 166-72.

Serhan CN. Controlling the resolution of acute
inflammation: a new genus of dual anti-inflammatory
and proresolving mediators. ] Periodontol 2008; 79
(Suppl.): 1520-26.

Serhan CN, Gotlinger K, Hong S, Lu Y, Siegelman

J, Baer T et al. Anti-inflammatory actions of
neuroprotectin D1/protectin D1 and its natural
stereoisomers: assignments of dihydroxy-containing
docosatrienes. ] Immunol 2006; 176: 1848-1859.

Serhan CN, Yang R, Martinod K, Kasuga K, Pillai PS,
Porter TF, Oh SF, Spite M. Maresins: novel macrophage
mediators with potent anti-inflammatory and
proresolving actions. ] Exp Med 2009; 206: 15-23.

Spite M, Summers L, Porter TF, Srivastava S, Bhatnagar
A, Serhan CN. Resolvin D1 controls inflammation
initiated by glutathione-lipid conjugates formed during
oxidative stress. Br ] Pharmacol 2009; 158: 1062-73.

Stables MJ, Gilroy DW. Old and new generation lipid
mediators in acute inflammation and resolution. Prog
Lipid Res 2011; 50: 35-51.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Stachura J. Zapalenia. W: Patologia — znaczy stowo
o chorobie (red. Stachura J, Domagata W.). Krakow:
Polska Akademia Umiejetnosci — Wydziat Lekarski
2008, Tom I, 57-74.

Sun YP, Oh SE Uddin J, Yang R, Gotlinger K, Campbell
E, et al. Resolvin D1 and its aspirin-triggered 17R
epimer: stereochemical assignments, anti-inflammatory
properties and enzymatic inactivation. ] Biol Chem
2007; 282: 9323-34.

Tian H, Lu Y, Sherwood AM, Honggian D, Hong
S. Resolvins E1 and D1 in choroid-retinal pigment
epithelial cells and leukocytes: biosynthesis and
mechanisms of anti-inflammatory actions. Invest
Ophthalmol Vis Sci 2009; 50: 3613-20.

Tjonahen E, Oh SE, Siegelman J, Elangovan S, Percarpio
KB, Hong S et al. Resolvin E2: identification and
anti-inflammatory actions: pivotal role of human
5-lipoxygenase in resolving E series biosynthesis. Chem
Biol 2006; 13: 1193-1202.

Tuppo EE, Arias HR. The role of inflammation in
Alzheimer’s disease. Int ] Biochem Cell Biol 2005; 37:
289-305.

Uddin M, Levy BD:.Resolvins: natural agonists for
resolution of pulmonary inflammation. Prog Lipid Res
2011; 50: 75-88.

Van Dyke TE, Korman KS. Inflammation and factors
that may regulate inflammatory response. J Periodontol
2008; 79 (Suppl): 1503-1507.

Whitton PS. Inflammation as a causative factor in the
aetiology of Parkinson’s disease. Br ] Pharmacol 2007;
150: 963-76.

Xu H, Chen M, Forrester JV. Para-inflammation in the
aging retina. Prog Retin Eye Res 2009; 28: 348-368.

30

http://www.milpharmed.com



