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ARTICLE INFO ABSTRACT

Keywords: Inflammation is an essential protective response against harmful stimuli, such as invading pathogens, damaged
Inflammation cells, or irritants. Physiological inflammation eliminates pathogens and promotes tissue repair and healing.
Cytokine storm Effective immune response in humans depends on a tightly regulated balance among inflammatory and anti-
32 inflammatory mechanisms involving both innate and adaptive arms of the immune system. Excessive inflam-
SPMs mation can become pathological and induce detrimental effects. If this process is not self-limited, an inappro-
Resolvins priate remodeling of the tissues and organs can occur and lead to the onset of chronic degenerative diseases. A
Covid-19 wide spectrum of infectious and non-infectious agents may activate the inflammation, via the release of medi-
CoV-2 ators and cytokines by distinct subtypes of lymphocytes and macrophages. Several molecular mechanisms

regulate the onset, progression, and resolution of inflammation. All these steps, even the termination of this
process, are active and not passive events. In particular, a complex interplay exists between mediators (belonging
to the group of Eicosanoids), which induce the beginning of inflammation, such as Prostaglandins (PGE2),
Leukotrienes (LT), and thromboxane A2 (TXA2), and molecules which display a key role in counteracting this
process and in promoting its proper resolution. The latter group of mediators includes: »-6 arachidonic acid
(AA)-derived metabolites, such as Lipoxins (LXs), @ -3 eicosapentaenoic acid (EPA)-derived mediators, such as E-
series Resolvins (RvEs), and o -3 docosahexaenoic (DHA)-derived mediators, such as D-series Resolvins (RvDs),
Protectins (PDs) and Maresins (MaRs). Overall, these mediators are defined as specialized pro-resolving medi-
ators (SPMs). Reduced synthesis of these molecules may lead to uncontrolled inflammation with possible harmful
effects. -3 fatty acids are widely used in clinical practice as rather inexpensive, safe, readily available sup-
plemental therapy. Taking advantage of this evidence, several researchers are suggesting that SPMs may have
beneficial effects in the complementary treatment of patients with severe forms of SARS-CoV-2 related infection,
to counteract the “cytokine storm” observed in these individuals. Well-designed and sized trials in patients

Abbreviations: AA, arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; LTs, leukotrienes; LXs, lipoxins; MaRs, maresins; PGs, prosta-
glandins; PTs, protectins; ReVE, resolvin E; ReV D, resolvin D; SPMs, specialized pro-resolving mediators; TXAs, thromboxanes.
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suffering from COVID-19 with different degrees of severity are needed to investigate the real impact in the
clinical practice of this promising therapeutic approach.

1. Introduction

The immune system counteracts harmful stimuli, such as invading
pathogens, damaged cells, or irritants by the activation of a protective
response which is defined as inflammation [1]. Each biological process
is characterized by an earlier phase of stimulation and
self-amplification, which promotes its onset and course, and by a later
stage of down-regulation, which leads to a progressive decrease in in-
tensity and strength of the process and its end. Several control mecha-
nisms are involved in modulating the development of all these events
and in their following inhibition [2]. This type of control helps to pre-
vent the development of deleterious effects on the body. Acute inflam-
mation also is a dynamic process and it is characterized by this type of
organization with a phase of onset, progression, and resolution [3]. It
has evolved in the higher organisms to protect them from both infectious
and non-infectious harmful stimuli. Inflammation represents a crucial
mechanism for the induction and the development of innate immune
response and orchestrates the stimulation of long-term adaptive im-
munity toward specific pathogens. This process depends on the tightly
regulated and sequential activation as well as on a proper balance
among inflammatory and anti-inflammatory factors. A wide spectrum of
distinct mediators is involved in modulating the different phases of this
protective response and in regulating innate immunity [1,4], such as
chemokines, cytokines, pro-oxidant and anti-oxidant species,
pro-inflammatory metabolites, molecules with the capability to actively
counteract inflammation and promote its proper resolution, defined
specialized pro-resolving mediators (SPMs) and several costimulatory
proteins [1]. The mechanisms regulating the development of inflam-
mation cause the change in the physical location of different blood
components. Under the action of the above-mentioned chemical medi-
ators, immune cells (monocytes, basophils, eosinophils, and neutro-
phils), plasma, and fluids, extravasate from blood vessels and are
recruited at the inflamed site, where they exert their effector function to
counteract the harmful stimulus. If this process occurs properly, the
dangerous element is eliminated, the acute defense response self-limits,
turns off and complete recovery of the involved tissues or organs arises.
On the other hand, if the cause of the injury is not removed, the
inflammation persists and may result in different clinical outcomes. This
process may become quickly uncontrolled, generating potentially
life-threatening clinical conditions, such as sepsis, acute respiratory
distress syndrome (ARDS), and multi-organ failure (MOF) [5-11]. These
very serious syndromes may require hospitalization in the Intensive Care
Units (ICUs) and are burdened with high mortality rates. On the other
hand, the persistence of inflammation may lead to the development of
diseases with a slower and prolonged clinical course, causing chronic
pathological conditions with different grades of severity and mortality
over time [12]. Therefore, all these reasons continue to stimulate Re-
searchers to improve the understanding of the biological events occur-
ring in the different steps of this defensive response as well as of complex
interplay among cells and mediators involved in this process. As a result
of these efforts, our knowledge about inflammation has progressively
increased in the last years and new concepts concerning these topics
have emerged from the most recent studies in comparison with the
earlier ones. Several investigations have been carried out to better
clarify the different phases of this process. The results of these studies
have changed, even deeply, the previously accepted notions and the
traditional views. In particular, although for a long time in the past the
resolution phase of inflammation has been considered to originate from
the downregulation or inactivation of proinflammatory mediators,
current evidence suggests that the termination of this process is an active
and not a passive event and it is mediated and regulated by the

generation of pro-resolving molecules [13]. Mediators and bioactive
molecules, mainly derived from polyunsaturated fatty acids (PUFA) and
known as specialized pro-resolving mediators (SPMs), modulate the
action of several signaling pathways and control the self-resolution of
inflammation [14]. In particular, several years ago, Serhan and his Team
were the first Researchers to focus their investigations on these mole-
cules, and afterward, they have contributed to increasing and updating
our knowledge about the cells, molecules, and events involved in this
process. They have detected SPMs in self-limited exudates formed in in
vivo animal models and human cells, using a liquid
chromatography-tandem mass spectrometry-based analysis [13,15].
Our paper aims to summarize in brief the following points:

1) main events involved in the physiological activation, development,
and termination of the inflammation in humans as well as factors
mediating an uncontrolled or unfavorable course;

2) the resolution phase of inflammation and the events and molecules
mediating it.

3) the occurrences and the mechanisms which develop during the
activation of an uncontrolled inflammatory response in patients with
severe forms of SARS-CoV-2 related infection.

1.1. Mechanisms and mediators involved in the onset of inflammation

Inflammation is triggered when different dangerous stimuli act on
the host’s tissues causing their damage. In response to this event, some
molecules, known as pathogen-associated molecular patterns (PAMPs)
or danger-associated molecular patterns (DAMPs), become detectable in
injured cells and are sensed by germline-encoded pattern recognition
receptors (PRRs) [16]. The stimulation of PRRs represents a crucial step
in the induction of innate immune responses as it triggers a series of
downstream signaling pathways, leading to the synthesis and release of
inflammatory cytokines, type I interferon (IFN), and other mediators.
Several classes of PRRs have been identified in mammalian cells,
including Toll-like receptors (TLRs), Retinoic acid-inducible gene-I-like
receptors (RIG-I-like receptors or RLRs), Nod-like receptors (NLRs),
AIM2-like receptors (ALRs), C-type lectin receptors (CLRs), and intra-
cellular DNA sensors such as cyclic-GMP-AMP (cGAMP) synthase
(cGAS) [17]. Among PRRs, TLRs and CLRs are transmembrane re-
ceptors, recognizing extracellular and endosomal-derived PAMPs,
whereas RLRs and NLRs proteins are cytosolic receptors, involved in the
intracellular surveillance toward infections and the recognition of
DAMPs. In particular, in response to tissue damage, NLRs and RLRs
contribute to generating supramolecular complexes, known as inflam-
masomes [10,11]. The classical form of these complexes consists of three
elements: a) a cytosolic-sensor, represented either by a nucleotide-
binding oligomerization domain and leucine-rich-repeat-containing
(NLR) protein or by a member of the AIM2 like receptor (ALR) family,
b) an adaptor protein apoptosis-associated speck-like protein, including
a domain with caspase activation and recruitment site (CARD; ASC) and
c) a pro-caspase-1. The assembly of inflammasomes stimulates the
conversion of this pro-enzyme into the active caspase. This catalytic
protein promotes the maturation and secretion of two key
pro-inflammatory cytokines, such as IL-1f and pro-IL-18 [18]. Both
these interleukins contribute to orchestrate the generation of the com-
plex inflammatory network in the damaged tissue microenvironment,
including cells, danger-sensing receptors, chemokines, growth factors,
reactive oxygen species, enzymes, and bioactive lipid-mediators. The
next paragraph focuses on the genesis, structure, and role of these latter
compounds in the initiation, course, and resolution of inflammation.
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1.2. Time course of the inflammatory response: onset, development,
resolution and class switch of the lipid-mediators

In the early phases of the host’s response to pathogens, causing tissue
damage, polyunsaturated fatty acids are released from the membrane
phospholipids of some cells, such as neutrophils, dendritic cells, and
macrophages, or of other blood components, such as platelets. These
molecules are converted by a large series of enzymes into specialized
pro-inflammatory mediators, including PGs, LTs, and TXs [19,20].
Among these metabolites, LTB4 displays a key role in orchestrating the
onset of inflammation, as it acts as a chemotactic factor for the
recruitment and the influx of further neutrophils to the site of infection
[19,21], LTB4 works in a coordinated manner with a large series of in-
terleukins, oxygen-species and other molecules, including PGs. In
particular, PGE; and PGD, amplify and accelerate the development of
inflammatory response. PGE2 and PGI2 regulate blood flow, LTC4 and
LTD4 modulate vascular permeability [19,21]. Therefore, Eicosanoids
orchestrate the onset of the inflammatory process and the activation of
the innate immune response, modulating its early and later phases [22].
Furthermore, these mediators connect innate with adaptive arms of
immunity, modulating the functions and the activity of the cells
belonging to both systems [23]. In particular, PGE2 regulates several
functions of immune cells, modulating the activities of both innate and
adaptive arms of immunity. Therefore, this mediator exerts a crucial role
in the connection of the two systems, involving antigen-presenting cells
(APCs) and T lymphocytes [23,24]. These molecules act together with
pro-inflammatory cytokines, which are produced in part from the cells
of the adaptive arm of the immune system, with some chemokines and
with complement factors (C5a and C3b), inducing the accumulation of
neutrophils at the site, where the damage occurs. Both infectious and
non-infectious stimuli may induce the onset of inflammation [19,21]. In
the first case, neutrophils, antigen-presenting cells, and inflammatory
macrophages cells engulf and kill pathogens [8,25]. Furthermore, these
immune cells are activated, when a non-infectious injury occurs, with a
similar pattern of cells and mediators involved. The resolution of the
inflammation is also an active temporal and spatial independent phys-
iological action in the process of non-sterile and sterile infections [14,
26,27] and modulatory mechanisms also exist in the host. They are
activated immediately and after the onset of this response and consist of
regulatory cells and molecules leading to its resolution. All these ele-
ments cooperate in a coordinated way to prevent an excessive and
exuberant inflammatory response, potentially leading to severe tissue
damage with harmful clinical effects [14,26,27]. This event occurs when
the immune cells progressively down-regulate the synthesis of
pro-inflammatory mediators, such as leukotrienes, and switch the im-
mune response from a pro-inflammatory phenotype towards a
pro-resolving one, with the production of other mediators, known as
pro-resolving lipoxins [28] at the site of infection. This crucial phase is
marked by critical modifications in the synthesis and release of
lipid-mediators by immune cells involved. This process is active and is
defined as class switching of lipid mediators [29]. In particular, the
synthesis of PGE2 and PGD2, occurring in the early stage of inflamma-
tion, is not only associated with the amplification of this response in its
initial step, but they also induce the enzyme 15-lipoxygenase (15-LOX)
[28,30]. This event results in the switching from the PMN phenotype,
producing LTB4, to the PMN phenotype, producing LXA4. Indeed, LXA4
is a stop signal to the recruitment of PMNs and is associated with the
sequential synthesis of a large spectrum of pro-resolving mediators
(SPMs), including Resolvins, Protectins, and Maresins. Overall, these
metabolites promote the onset of the resolution phase in the context of
the inflammatory response [28,30,31]. The mechanisms by which all
these mediators stimulate the end of inflammation are the following: a)
block of neutrophils recruitment; b) promotion of the apoptotic cells
efferocytosis and clearance of the cellular debris (the persistence of these
cell components contributes to maintaining inflammation) by macro-
phages; c) increase in phagocytosis of microbes; d) down-regulation or
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sequester of pro-inflammatory cytokines, by decreasing concentration of
prostanoids [32-36]. SPMs also display a crucial role in lymphocyte
maturation, T cell differentiation, and IgG switching and increase anti-
microbial responses against bacterial and viral pneumonia, by coun-
teracting cytokine storm and by protecting inflamed organs from injury
[37-41].

Classically, activated M1 macrophage populations with pro-
inflammatory activities and with pathogen-killing abilities are initially
predominant, during the onset of inflammation, but they are later
replaced by macrophages with an M2 phenotype. Following their
stimulation, these cells play important roles in the resolution of
inflammation, by promoting tissue regeneration [42,43]. Pro-resolving
M2 macrophages and also apoptotic neutrophils produce SPMs [44]
(Fig. 1). In particular, these mediators stimulate phagocytosis by M2
macrophages without stimulation of phlogosis and promote cell prolif-
eration and tissue repair [33,45].

The activation of an uncontrolled inflammatory process leads to se-
vere pathological conditions in humans, such as sepsis, ARDS, and MOF.
Several harmful stimuli may be involved in the development of these
syndromes. Taking advantage of the current knowledge, in the following
paragraph, we briefly consider the pathogenetic mechanisms, involved
in the onset of inflammatory events associated with SARS-CoV-2 related
infection and with COVID-19.

1.3. Inflammatory response in patients with severe forms of SARS-CoV-2
infection

In December of 2019, a novel single-stranded ribonucleic acid (RNA)
human-infecting coronavirus, defined SARS-CoV-2, has originated in
Wuhan, Hubei Province in China, and from there it has spread world-
wide, causing a severe pandemic. This pathological condition is now
known as Coronavirus Disease 19 (COVID-19) [46] and it is character-
ized by a wide spectrum of signs and symptoms, such as cough, sore
throat, fever, shortness of breath, sudden onset of anosmia, ageusia, or
dysgeusia, nausea or vomiting and diarrhea with different degrees of
severity [46], The World Health Organization (WHO) has declared this
epidemic “public health emergency of international concern” [47]. This
pandemic has already caused near 5 million deaths around the globe.
SARS-CoV-2 infection is associated with elevated morbidity and mor-
tality in the human population, due to the high risk of developing some
life-threatening pathological conditions, such as sepsis, ARDS, and MOF
[48]. The above-mentioned syndromes are characterized by the induc-
tion of a dysregulated host immune response, resulting in an uncon-
trolled self-amplifying proinflammatory cascade through the production
of a large spectrum of mediators and cytokines. A recent review has
summarized structure, mechanisms of pathogenicity, immune response,
clinical course, and potential short- and long-term effects in the affected
patients of SARS-CoV-2 and has compared its biological behavior with
that of other well-known RNA-viruses, such as Hepatitis C Virus (HCV),
Human Immunodeficiency Virus (HIV) and Influenza Viruses (IVs). This
paper has aimed to search common biological characteristics among all
these viruses so that to draw useful lessons and insights about
SARS-CoV-2 and its related disease (Coronavirus Disease or COVID-19).
This methodological approach may increase our knowledge of this virus
and contribute to improving the management and treatment of the pa-
tients affected by this pathogen [49]. This complex process is triggered
by the hyperactivation of the inflammasome, leading to the rapid syn-
thesis and release of lipid molecules. This event has been defined as an
“eicosanoid storm” and it is characterized by increased production of
pro-inflammatory mediators [19,50-52]. The stimulation of eicosanoid
release, in turn, is associated with an uncontrolled and rapid production
and activation of cytokine self-amplifying cascade by cells belonging to
the adaptive arm of the immune system [50]. This process is known as
“cytokine storm” (CS), according to Cron’s and Behrens’ definition [53],
although some studies have suggested that COVID-19 is not properly
characterized by the development of this pathological condition, as
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Fig. 1. Chronobiology of cellular and mo-
lecular events which characterize the evo-
lution of the self-limiting inflammatory
process. The molecular and cellular events
associated with classic signs of inflammation
onset (Calor: heat; Rubor: redness; Tumor:
swelling; Dolor: pain); include: a) the synthesis
and release of molecular mediators (Comple-
ment, Cytokines, Chemokines, Prostaglandins,
Leukotrienes), b) the recruitment of leukocytes
(PMNs, eosinophils) and their extravasation
from blood vessels into the inflamed tissues.
Harmful stimuli activate phospholipase (FLP)
A2 that produces free AA. This PUFA is the
precursor of eicosanoids, such as prostaglandins
(PGs) and leukotrienes (LTs), as well as pros-
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»  tacyclins, thromboxanes, lipoxins, hydroxy-,
and hydroperoxyl-fatty acids. LTs and in
particular LTB4 induce the onset of the in-
flammatory response, whereas PGD2 and PGE2

MaR 1-2 Sponsf ¢
not only amplify this process but also stimulate
RvD, ; DPA the activity of 15-lipoxygenase (15-LOX). It is a
PD , ;DPA crucial enzyme in initiating the resolution of
Mar ‘ ;DPA inflammation, as it catalyzes the production of
RvT mediators with pro-resolving capabilities. Dur-
ing this phase, critical modifications in the

N-3 DPA

synthesis and release of lipid-mediators by im-
mune cells occur, a process known as class
switching of lipid mediators. These metabolites
are defined as specialized pro-resolving media-
tors (SPMs) and regulate the final stage of
inflammation, which is now known as an active
process. Cessation of PMN recruitment, modu-
lation of leukocyte trafficking, macrophage
reprogramming from M1 to M2 phenotype,
macrophage efferocytosis, and increased

phagocytosis of apoptotic neutrophils by non-inflammatory macrophages with an M2 phenotype represent critical events during this phase. Whether all these events
develop in a proper qualitative and quantitative way, the acute inflammation will resolve completely, with restoration of tissue homeostasis and without their
excessive damage, whereas the activation of excessive or uncontrolled inflammatory responses or the presence of defective pro-resolving mechanisms may cause the
development of severe pathological conditions in humans, such as sepsis, ARDS, and MOF. AA: arachidonic acid, DHA: docosahexaenoic-acid, EPA: eicosapentaenoic
acid, N3 DPA: Docosapentaenoic acid;IL-1: Interleukin 1; RvDs: D-series Resolvin; RvEs: E-series Resolvins; Leukotriene (LT), Thromboxane (TX), Thromboxane A2

(TXA2), Protectin D: (PD).

observed in other syndromes, such as Sepsis, ARDS unrelated-COVID,
Cytokine Release Syndrome and Severe Acute Pancreatitis, but rather
it is associated with a “quasi-cytokine storm”. This conclusion seems to
be confirmed even in individuals, suffering from ARDS associated with
COVID-19, requiring mechanical ventilation. Serum median levels of
IL-6 and IL-8 in subjects with severe COVID-19 are about 10 until 100
times lower than those of patients with the above-mentioned syndromes
[42,54]. The group of cytokines involved in the development of these
syndromes includes IL-2, IL-6, IL-8, IL-17, IFN-y, TNF-a. They are
released by macrophages and some subclasses of lymphocytes. Cytokine
Release Syndrome. Sepsis, ARDS, and MOF are characterized by an
exuberant and excessive systemic inflammation and are also associated
with a status of immunosuppression [55], blood hypercoagulability, and
thrombophilia [42,56]. The action of inflammatory mediators, which
are released following strong harmful stimuli, is systemic [57]. A wide
spectrum of infectious and non-infectious agents may induce CS,
including viral respiratory infections such as H5N1 influenza,
Epstein-Barr virus, cytomegalovirus, and group A streptococcus and
non-infectious conditions such as graft-versus-host disease and chimeric
antigen receptor (CAR)-T cell therapy. Although several reports have
suggested that severe forms of SARS-CoV-2 infection are also associated
with the development of CS [9,58-61], further studies are needed to
clarify this point [54]. Based on the results emerging from current evi-
dence, such as autopsy studies, the most important causes of deaths
associated with SARS-CoV-2 infection are represented by respiratory
failure, thrombosis, and sepsis [62]. In particular, two major pathogenic

mechanisms have been described in patients with COVID-19, including
vessel endothelium and dysfunction and immunothrombosis [63,64].
The latter term indicates an intrinsic effector cascade of the innate im-
munity, which is activated by infectious agents to counteract their
diffusion and their survival in the host [65]. According to available data,
COVID-19 is characterized by a prothrombotic state and micro-
thrombosis is one of the key signs of this syndrome [66]. In general, a
large series of systems regulates crucial defensive functions in the
human body, such as inflammation-, complement- and
coagulation-cascades as well as platelet-activation. Overall, these
pathways form a closely interconnected network. The activation of the
elements belonging to each of these systems may lead to the stimulation
of other components involved in this complex axis [67]. In particular,
some elements of the complement cascade, such as C3a and C5a, may
stimulate the coagulation process [68]. On the other hand, Thrombin
may activate C3 and C5 as well as von Willebrand Factor (vWF) mod-
ulates the function of the complement system [69]. Small vVWF compo-
nents induce the complement inhibitor factor I and the inactivation of
C3b, whereas large vWF ones stimulate the C3b and promote the action
of several elements, belonging to the complement system [70]. Some
activated components of the coagulation pathway (FIXa, FXa, FXIa as
well as plasmin) may generate C3a and C5a from C3 and C5, respectively
[71]. C5a displays a prothrombotic activity, inducing the upregulation
of the Tissue Factor (TF) [72]. Endothelial cells, neutrophils, monocytes,
and interleukins/cytokines, originating a cross-talk between inflamma-
tion and coagulation pathways are involved in this process, leading to
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the inflammation of microvessels. Some interleukins exert crucial roles
in these events. In particular, 1) IL-6 is able to increase both the syn-
thesis and activity of the platelets and the expression of tissue factor (TF)
2) interferon-y (IFN-y), enhances platelets production; 3) IL-2 upregu-
lates plasminogen-activator inhibitor-1 (PAI-1) decreasing the fibrino-
lysis; 4) IL-8 predisposes to the formation of neutrophil extracellular
traps (NETs) by attracting the neutrophils to the site of infection [73,
74]. Viral proteins, produced by SARS-CoV2, may perturb the function
of the host’s complement- and coagulation systems. A recent study has
reported that the Spike 1 protein of this virus may damage the endo-
thelium of microvessels, causing endotheliitis and cell injury [75]. This
event leads to the generation of vVWF and the release of the plasminogen
activator inhibitor-1 (PAI-1), promoting or exacerbating thrombosis.
Coagulopathy detectable in COVID-19 patients is generally character-
ized by high levels of fibrinogen, von Willebrand factor (VWF) and
D-dimer in the blood. On the other hand, these individuals generally
present no or only small modifications in prothrombin time, activated
partial thromboplastin time (coagulation time), antithrombin levels,
and activated protein C values [76,77]. SARS-CoV-2-induced alteration
in the function of vessel endothelium and of platelets in the infected
patients causes the development of a pro-adhesive phenotype of endo-
thelial cells [78] and these events activate the inflammatory-, comple-
ment- and neutrophil-cascades. LTB4, C3 and C5 act as potent
chemoattractant factors for neutrophils and monocytes that are
recruited into different organs, such as at pulmonary level. The activa-
tion of these mediators generates neutrophil extracellular traps (NETs),
which activate the alternative complement pathway. This process trig-
gers a feedback loop and induces a state of hypercoagulability, endo-
theliopathy, thrombotic microangiopathy, leading to severe clinical
manifestations, such as ARDS in patients with severe forms of COVID-19
[79]. However, all these events occur not only in lung tissue, but also in
other organs, including heart, kidney, brain, and skin in patients with
SARS-CoV-2 infection [80,81].

A schematic representation of the pathogenetic events occurring in
the course of severe COVID-19 forms as well as the mechanisms involved
are shown in Fig. 2 [82,83].

In recent years, several studies have reported an interesting role of
SPMs as a complementary treatment of several infectious pathogens,
including bacteria, viruses, and fungi [84]. The mechanisms of actions of
these lipid mediators have been investigated in patients affected by
these microorganisms. In particular, the biological activities of SPMs
have been examined in some viral infections, caused by Influenza-,
Respiratory Syncytial- and Herpes Simplex Viruses [82]. The results
from available experimental and clinical studies suggest that these me-
diators contribute to attenuating or inhibiting the inflammatory process.
Furthermore, the biological activities of SPMs may modulate and
regulate viral pathogenicity and its ability to disseminate within the host
[83]. A complex interplay exists between some viruses and these lipid
molecules. In particular, a study carried out in a mouse model of
infection has suggested that systemic spread of H5N1 influenza virus
results both in down-regulation of genes codifying molecules, such as
SPMs, with resolving ability of inflammatory process and in
up-regulation of mediators, such as cytokines and eicosanoids, with
pro-inflammatory properties. This unbalanced inflammatory response is
associated with increased virulence of the influenza A virus [85]. The
levels of these mediators may be decreased by more virulent viral strains
as well as distinct SPMs may exert antiviral activity [86]. A further and
important point must be considered. The use of non-steroidal anti-in-
flammatory-drugs (NSAIDs) and anti-COX-2 ones may have harmful
effects in patients with various types of viral infection, as these sub-
stances inhibit or block not only the production of pro-inflammatory
eicosanoids but also the synthesis and release of these lipid mediators,
therefore reducing their anti-inflammatory activities [87,88]. Taking
advantage of all these data, the strategies aimed at stimulation of SPMs
production and release may be a useful approach to prevent or to
counteract the most severe forms of SARS-CoV-2 related infections. In
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Fig. 2. The first line of defense against viruses is represented by the
interferon response (IFNs I and III). Interferons trigger an inflammatory
response. SARS CoV-2 can infect the alveolar- and endothelial cells of the lung,
via the binding with the membrane receptor ACE2. Virus entry activates the
inflammasome and the transcription factor NF-kB, inducing the onset of the
inflammation. Several pathogenetic mechanisms are involved in this complex
process. Activated endothelial cells support inflammation (endotheliitis) and
promote coagulation disorders (thrombosis). These events, in turn, maintain
and amplify the inflammatory process in several tissues and organs, mainly in
the lungs. The resulting damage in the pulmonary alveolar cells contributes to
the progressive worsening of endotheliitis and coagulation disorders (throm-
bosis and disseminated intravascular coagulation). At least 3 mechanisms of
self-amplification of inflammation are involved (in the figure they are
numbered from 1 to 3). They can cause the production and release of pro-
inflammatory cytokines into the systemic circulation (cytokine storm). The
anti-inflammatory therapies tested up to now have been directed against the
inflammation effectors (tocilizumab: anti-IL-6 receptor or Anakinra: anti-IL-1
receptor). Their use is associated with a real risk of causing immunosuppres-
sion. However, regulatory anti-inflammatory innate mechanisms exist in the
host and they are generally activated immediately after the onset of the
inflammation to counteract an excessive response, potentially leading to severe
tissue damage with harmful clinical effects. A large series of endogenous mol-
ecules, derived from the omega-3 eicosanoids (resolvins, maresins, protectins),
with pro-resolving functions of inflammation have been detected and studied.
These mediators can limit the triggering of inflammation, but without inducing
immunosuppression. Resolvins, maresins, protectins exhibit unique and very
interesting mechanisms of action. They turn off the inflammatory process and
promote the elimination of cellular debris and dead cells by macrophages, also
counteracting coagulation disorders, but in the absence of inflammation.
Therefore, resolvins, maresins, and protectins attenuate or block tissue injury.
On the other hand, the anti-inflammatory and anti-COX-2 drugs block not only
the production of pro-inflammatory eicosanoids but also the synthesis and
release of these very important molecules with anti-inflammatory activities.

particular, some interesting experimental studies in animal models have
investigated the possible ability of these lipid mediators to promote the
resolution of the inflammatory process in the lung, decreasing tissue
injury [37]. A review article has summarized the current evidence for
the use of omega-3 fatty acids supplementation in the prevention and
therapy of a wide spectrum of human diseases, including coronary artery
disease, diabetes, hypertension, arthritis, and other inflammatory and
autoimmune conditions. Current evidence suggests that omega-3 fatty
acids exert a key therapeutic role in these pathologies. They actively
modulate the inflammatory process by inducing the synthesis of SPMs.
These mediators down-regulate the excessive synthesis of
pro-inflammatory lipid-derived molecules and cytokines and decrease
the extent of the inflammatory process, promoting its active resolution
[89]. Some papers have suggested that systemic dysregulation of
metabolism and widespread changes in the lipidome and
lipid-mediators synthesis may occur and it may contribute to the in-
flammatory progression to severe forms of COVID-19 [90,91]. These
results are in accordance with the current epidemiological studies,
reporting that SARS-CoV2 positive patients with advanced age, hyper-
tension, diabetes, and obesity are at higher risk of both more severe
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forms of disease and mortality [92,93].

A recent study has analyzed the serum pattern of PUFAs and pre-
cursors of lipid-mediators in healthy subjects, in hospitalized COVID-19
positive patients with respiratory symptoms not requiring Intensive Care
Unit (ICU) admission as well as in COVID-19 positive individuals with
respiratory symptoms requiring ICU treatment. In particular, it has been
reported a dysregulation in the pattern of PUFA containing lipids be-
tween patients with SARS-CoV-2 infection and controls. Decreased
levels of PUFA-containing phosphatidylcholine, PUFA-containing
phosphatidylserine, and PUFA-containing phosphatidylethanolamine-
plasmalogen and increased levels of PUFA free fatty acids, as well as
PUFA-containing phosphatidylethanolamine, PUFA-containing lyso-
phospholipids, and PUFA-containing triacylglycerols, were observed in
patients with COVID-19 in comparison with healthy individuals and this
change was more evident in individuals with severe forms of the disease.
Furthermore, subjects with moderate clinical manifestations of SARS-
CoV-2 related infection presented significantly more elevated serum
amounts of lipid metabolites with pro-resolving activities, such as
resolvin (Rv) E3 as well as with a trend toward higher levels of some PG
family members, mainly PGE2, PGD2, and PGF2a. On the other hand, in
patients with severe forms of COVID-19, the pattern of lipid-mediators
mainly consisted of free PUFAs levels, monohydroxylated species, and
AA-derived dihydroxylation elements. All these metabolites are the
expression of the increased Lypoxygenases 5 and cytochrome p450 ac-
tivities and the down-regulated production of compounds, mediated by
COX2 and Lypoxygenases 12 [94]. Furthermore, some studies are
investigating the type and magnitude of the host’s immune responses
against the proteins of SARS-CoV-2 and their capability to trigger SPMs
biosynthesis. A recent article has shown the efficacy of RvD1 and RvD2
in modulating the inflammatory and antimicrobial responses, which
were elicited by the viral spike 1 glycoprotein (S1) in macrophages
obtained from patients with cystic fibrosis (CF) or healthy controls. In
particular, this viral protein has been able to activate SPMs biosynthesis
as well as it was able to cause a reduction in FPR2/ALX (formyl peptide
receptor 2/lipoxin A4 receptor), RvDI receptor, and RvD2 receptor
genes expression in macrophages of both groups of individuals. In
macrophages from volunteers with and without CF stimulated by S1,
RvD1 and RvD2 have also restored the functionality of these receptors,
suppressed by S1, and have decreased the production of IL-8, Monocyte
chemoattractant protein 1 (MCP-1) and Macrophage inflammatory
protein-1p (MIP-1p). Overall, this study has demonstrated the regulatory
activity of RvD1 and RvD2 on SARS-CoV-2-caused inflammation [95].
Taking advantage of all the available results and data, it may be hy-
pothesized that, in patients suffering from severe forms of SARS-CoV-2
infection, the use of SPMs in clinical practice as a complementary
treatment of COVID-19 may provide possible beneficial effects [96,97].

The promising heart and lung-protective mechanisms of -3 poly-
unsaturated fatty acids reported in the literature include 1) the change in
the membrane cell composition with the replacement of w-6 poly-
unsaturated fatty acids with ©-3 polyunsaturated fatty acids. This event
produces a modification in physical properties of the cell membrane
bilayer, such as its fluidity, and modulates the structure and the activity
of cell membrane and very important complexes, known as lipid rafts.
These specialized microdomains function as platforms, enriched in
cholesterol, sphingolipid, and proteins regulating the signaling cascade
pathways. Overall, these modifications affect protein trafficking, syn-
thesis of cytokines, production of lipid mediators, and gene transcrip-
tion, inducing a switching from proinflammatory to antiinflammatory
response of immune cells [98-100].

2) Modulation of mitochondrial function. The excessive production
of proinflammatory metabolites caused by viral infections causes
harmful effects in the activities of mitochondria, by inducing oxidative
stress with different degrees of severity in these micro-organelles and
cell cytoplasm. The decrease in amounts of these molecules contributes
to restoring the normal function of mitochondria. The detrimental ef-
fects induced by SARS-CoV-2 infection may be attenuated by -3
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polyunsaturated fatty acids similarly [101].

3) Possible decrease in viral load via a direct and/or indirect inter-
action. 0-3 polyunsaturated fatty acids may induce the damage or lysis
of viral envelopes, causing their destruction and inactivation as well as
may promote the production of antibodies to counteract the SARS-CoV-2
related infection.

4) Potential role in improving disorders in the system of blood
coagulation. SARS-CoV-2 infection is associated with the development
of coagulopathy with different degrees of severity. Various alterations
have been described, consisting of a widespread micro-vessel throm-
bosis, elevated circulatory levels of prothrombin, D-dimer and its
products of degradation, prolongation of the prothrombin time,
thrombocytopenia, and reduction in fibrinogen amounts. ®-3 poly-
unsaturated fatty acids are able to modify the composition and structure
of phospholipids incorporated into platelet membranes, therefore
causing a modification in their physical properties, such as their stiffness
and fluidity. This event is associated with a change in the biological
characteristics of platelet plasmatic membranes and of the mediators,
deriving from the metabolism of »-3 polyunsaturated fatty acids. Ac-
cording to available data, these lipid molecules display antithrombotic
activities, decreasing the stimulation of platelets and the process of their
aggregation as well as modulating the process of coagulation by regu-
lating the function of the molecules and factors involved in the activa-
tion of the thrombin, collagen, and adenosine diphosphate pathways
[102]. 5) regulatory activity on renin/angiotensin/aldosterone system.
In particular, SARS-CoV-2 can bind to the angiotensin-converting
enzyme-2 (ACE2) receptor, causing its entry into the cells with its
consequent down-regulation on the cell membrane surface. This event is
associated with elevated levels of circulatory Angiotensin II. The rise in
the amounts of this mediator causes harmful effects, including the
release of pro-inflammatory cytokines, the enrolment of inflammatory
cells, the stimulation of arterial vessel vasoconstriction, and the increase
in ACE and blood pressure [103-105]. A recent review has summarized
the potential pathogenetic role of an unbalanced stimulation, concern-
ing the pathway ACE2/Angiotensin and derived (1-7) peptides as well
as of the inhibition in the activity of renin and ACE/Ang II/AT1R axis in
the development of some severe human pathological conditions, such as
sepsis, severe acute pancreatitis, and COVID-19. The researchers have
suggested that these distinct and different syndromes may display
common pathogenetic mechanisms [42]. Therefore, the modulation of
this cascade activity may contribute to preventing the arising of severe
COVID-19 forms. A recent paper has suggested that spike protein im-
pairs endothelial function via down-regulation of ACE-2 [75]. Based on
these concepts, the adoption of diets including not only ®-3 poly-
unsaturated fatty acids, but also other nutrients, such as vitamin D,
vitamin A, vitamin E, vitamin B1, vitamin B6, vitamin B12, vitamin C,
Iron, Zinc, and Selenium may exert beneficial effects, mainly in some
types of patients with Sars-CoV-2 infection [11,106,107] as well as some
trials designed to investigate these perspectives are currently in progress
[108]. Obese individuals are at high risk to develop severe forms of
COVID-19. These individuals have a persistent pro-inflammatory status
associated with a major probability of death due to cardiovascular-,
respiratory-, neoplastic- causes. Moreover, they have a higher risk to
develop more severe Sars-CoV-2 infections. These individuals have a
persistent pro-inflammatory status associated with a major probability
of death due to cardiovascular-, respiratory-, neoplastic- causes.
Furthermore, they have a higher risk to develop more severe
SARS-CoV-2 infections with a more elevated mortality rate in compar-
ison with normal-weight people [109]. Some studies have demonstrated
the beneficial role of parenteral nutrition enriched with ®-3 poly-
unsaturated fatty acids on survival outcomes in critically ill patients
with sepsis. Taking advantage of these current data, it is conceivable
that the supplementation of patients with severe forms of COVID-19,
using the prior reported nutrients may have a real benefit. A large se-
ries of experimental studies in vitro, in animal models, and in humans,
are suggesting that SPMs have a beneficial role in restoring homeostasis
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in tissues damaged by several infectious (deriving from both viral- or
bacterial-pathogens) or non-infectious insults [110]. Several mecha-
nisms are involved in these effects. These lipid-mediators may act by
decreasing viral load and lung inflammation in mice, during Respiratory
Syncytial Virus Infection [111], by reverting
lipopolysaccharide-induced pulmonary endothelial damage in bacterial
infections [112], by improving pulmonary edema fluid clearance via
activation of the sodium channel and lymphatic drainage in
lipopolysaccharide-induced ARDS [113]. SPMs may exert a protective or
restoring function in endothelial dysfunction and endothelitis in patients
with COVID-19, although no trials have investigated this topic and
definitive conclusions are not available [75].

Furthermore, the possible cooperative activities of SPMs and fat-
soluble vitamins, such as vitamin D have not been investigated, but it
may represent an interesting research field. To date, only a small study
has studied the effects of 1,25D3 and RvD1 on phagocytosis and
inflammation in Alzheimer’s disease patients. Both these compounds
have been able to retune the imbalance between phagocytosis and
inflammation in these individuals [114]. Based on the trials reporting
beneficial effects of supplemental intravenous n-3 fatty acids adminis-
tration and n-3 fatty acid status on the outcome of critically ill elderly
patients in the ICU, some researchers have proposed the use of this
therapeutic strategy also in patients with severe forms of SARS-CoV-2
infections [115]. However, although the data concerning this
approach are promising, no definitive results are available [116].
Therefore, well-designed and sized trials evaluating this type of treat-
ment in clinical practice are needed [117-119].

2. Conclusion

Inflammation is an essential protective response against infectious
and non-infectious stimuli. Physiological inflammation eliminates
pathogens, promotes repair and healing of tissues [1]. Some syndromes
such as sepsis, ARDS [120], and MOF are caused by different patho-
logical conditions, including polytrauma, burns, graft-versus-host dis-
ease, and chimeric antigen receptor (CAR)-T cell therapy as well as
severe forms of infections due to bacteria, fungi, and viruses including
SARS-CoV-2 [9,58-61].

All above-mentioned syndromes are characterized by a condition of
uncontrolled hyperinflammation associated with a condition of immu-
nosuppression. If the phlogosis course is not controlled, the remodeling
of the tissues can lead to the onset of severe pathological conditions, like
sepsis and MOF [48]. The resolution of inflammation is an active process
that occurs when the class switching of the lipid mediators of inflam-
mation promotes the release of Lipoxins, Resolvins, Protectins, and
Maresins [121]. This phase is characterized by the cessation of neutro-
phil recruitment and the enrolment and differentiation of macrophages.
These cells clear apoptotic cells and tissue debris to restore tissue ho-
meostasis. The resolving lipid mediators stimulate the resolution of
inflammation by interrupting the recruitment of neutrophils, promote
the efferocytosis of the apoptotic cells and the clearance of the cellular
debris (which would maintain inflammation) by macrophages, increase
the phagocytosis of microbes, down-regulate the synthesis of
pro-inflammatory cytokines and prostanoids [121]. Based on the above
mentioned pathogenetic mechanisms detectable in inflammatory pro-
cesses, it is now known that some compounds, such as ®-3 poly-
unsaturated fatty acids, fat-soluble and water-soluble vitamins as well as
some micronutrients such as iron, selenium, and zinc may have bene-
ficial effects in critically ill patients with severe forms of sepsis and they
have been proposed in clinical practice [122]. Taking advantage of these
results and from the current knowledge about COVID-19, it has been
suggested that some similarities may exist in the pathogenesis of these
pathological conditions. Therefore, it has been suggested that a wide
spectrum of nutrients may have a potentially useful role in the com-
plementary treatment of patients with SARS-CoV-2 related infections
[123]. These compounds might effectively counteract both the

Prostaglandins and Other Lipid Mediators 159 (2022) 106619

“eicosanoid and cytokine storm” which characterizes the inflammatory
conditions, and which is also observed in individuals, suffering from
COVID-19 with different degrees of severity [89,124,125].
Furthermore, it has been shown that SPMs may effectively down-
regulate and attenuate the phlogistic process arising in ARDS [120].
Currently, no definitive data about this interesting therapeutic approach
are available for the treatment of patients with COVID-19. Therefore,
well-designed and well-sized trials are needed to investigate the real
impact in the clinical practice of this promising strategy in individuals
suffering from SARS-CoV-2 infection with different degrees of severity.
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