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acids is superior to aspirin alone to prevent
or ameliorate sepsis or ARDS
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Abstract

It has been suggested that aspirin may be of benefit in treating sepsis and ARDS in view of its ability to block
cyclo-oxygenase-1 (COX-1) and COX-2 activities; inhibit nuclear factor kappa B (NF-kB); enhance the production

of endothelial nitric oxide (eNO) and lipoxin A4 (LXA4). Our previous studies revealed that plasma phospholipid
content of arachidonic acid (AA) and eicosapentaenoic acid (EPA) is low in patients with sepsis. This implies that
beneficial actions of aspirin in sepsis and ARDS is unlikely to be obtained in view of deficiency of AA and EPA, the
precursors of LXA4 and resolvins respectively that are potent anti-inflammatory compounds and enhancers of eNO
generation. In view of this, | propose that a combination of aspirin and AA and EPA (and possibly, docosahexaenoic
acid, DHA) is likely to be superior in the management of sepsis and ARDS compared to aspirin alone. This
suggestion is supported by the recent observation that trauma patients with uncomplicated recoveries had higher
resolvin pathway gene expression and lower gene expression ratios of leukotriene: resolvin pathways.
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Introduction

ARDS (acute respiratory distress syndrome), sepsis and
septic shock can lead to multiorgan dysfunction syn-
drome (MODS) that cause death among patients in
non-coronary critical care units. Several mechanisms
contribute to the pathogenesis of MODS. Some of these
include: bacterial toxins, inflammatory mediators secreted
by neutrophils, macrophages, and T cells; endothelial in-
jury, disturbed homeostasis, and microcirculatory failure.
Though the exact pathobiology of ARDS, sepsis and septic
shock is not clear, there is significant evidence to suggest
that inflammation and disruption of the hemostatic sys-
tem as a result of platelet-leucocyte interaction and conse-
quent enhanced production of inflammatory cytokines
such as interleukin (IL)-1p, IL-8, monocyte chemotactic
protein 1 and tumour necrosis factor-alpha (TNF-a) play
a major role [1-5]. The septic response is a complex chain
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of events involving inflammatory and antiinflammatory
processes, humoral and cellular reactions and circulatory
abnormalities [6—8]. Sepsis and evaluation of its severity is
complicated by the highly variable and non-specific nature
of the signs and symptoms of sepsis [9].

Sepsis is now defined as evidence of infection plus
life-threatening organ dysfunction, clinically character-
ized by an acute change of 2 points or greater in the
SOFA (Sequential [Sepsis-related] Organ Failure Assess-
ment) score. The criteria for septic shock include sepsis
with fluid-unresponsive hypotension, serum lactate level
greater than 2 mmol/L, and the need for vasopressors to
maintain mean arterial pressure of 65 mmHg or greater.
The new definitions [10—13] eliminated mention of SIRS
(systemic inflammatory response syndrome). Components
of SIRS include tachycardia, tachypnea, hyperthermia or
hypothermia, and abnormalities in peripheral white blood
cell count that are nearly ubiquitous in hospitalized pa-
tients and occur in many benign conditions, both related
and not related to infection, and thus are not adequately
specific for the diagnosis of sepsis. But, it needs to be
noted that patients with infections and organ dysfunction
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are exceptionally heterogeneous in terms of demographic
characteristics, underlying conditions, microbiology, and
other clinically relevant factors.

The close link among inflammation, disruption of the
hemostatic system as a result of platelet-leucocyte inter-
action and altered production of inflammatory cytokines
seen in sepsis led to the suggestion that thrombosis, in-
flammation and platelets play a significant role in sepsis
and hence, anti-platelet medications such as aspirin could
be of benefit in sepsis and ARDS [5, 6]. The potential
beneficial action of aspirin in ARDS and sepsis has been
attributed to its ability to (i) inhibition of COX; (ii)
inhibition of nuclear factor kappa B (NFkB); (iii) increase
in the production of endothelial nitric oxide (eNO) and
inhibition of inducible NO generation; (iv) enhanced pro-
duction of lipoxin A4 (LXA4) and (v) decrease in the
generation of platelet aggregator thromboxane A2 (TXA2)
and enhance prostacyclin (PGI2) production [5, 14—20].

The putative beneficial role of aspirin in ARDS and sep-
sis is supported by the observation that aspirin treatment
is effective in murine models of these diseases [5, 21-24].
These results are supported from human observational
studies wherein it was noted that aspirin treatment could
have decreased risk of developing sepsis and ARDS; re-
duced severity when they do develop sepsis or ARDS and
decreased mortality [5, 24—37]. But these results are not
without controversy [28]. These studies are interesting
and open a new avenue of managing sepsis and ARDS.
But, I suggest that use of aspirin alone may not be ad-
equate in sepsis and ARDS. I propose that a combination
of aspirin and unsaturated fatty acids: arachidonic acid
(AA, 20:4 n-6), eicosapentaenoic acid (EPA, 20:5 n-3) and
docosahexaenoic acid (DHA, 22:6 n-3), the precursors of
anti-inflammatory bioactive lipids lipoxin A4 (from AA);
resolvins (from EPA and DHA); and protectins and mare-
sins (from DHA) [38—40] is likely to be more suited and
beneficial in managing sepsis and ARDS.

Essential fatty acid (EFA) metabolism is altered in
sepsis and ARDS

Previously it was shown that AA metabolism is mark-
edly affected in patients with sepsis [41]. It was reported
that AA, AA analogues, and the cyclooxygenase-
associated metabolites: prostaglandin E2 (PGE2), 11-
hydroxyeicosatetraenoic acid, and thromboxane B2
(TXB2) were identified as differentiating metabolites
between septic patients and healthy subjects. AA, its
analogues, and PGE2 and TXB2 differed at baseline. It
is interesting that the inducibility of AA and the cyclo-
oxygenase metabolites 11-hydroxyeicosatetraenoic and
PGE2 were reduced by 80% to 90% in sepsis. Further-
more, the degree of the inducibility was associated with
severity of sepsis and clinical outcome. A reduced induc-
ibility of COX-2 but preserved inducibility of mPGES-1
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on gene expression level was confirmed in an inde-
pendent cohort of septic patients compared to healthy
controls [41].

Previously, we reported that patients with sepsis showed
increased production of superoxide anion and hydrogen
peroxide (H,O,) by their peripheral leukocytes; and
enhanced levels of circulating lipid peroxides with a
concomitant decrease in plasma phospholipid content
of GLA, DGLA, AA of n-6 series and ALA, EPA and
DHA of n-3 series (see Table 1) [42]. These findings
imply that decreased production of lipoxin A4 (LXA4),
resolvins, protectins and maresins may occur due to a
deficiency of their precursors (AA, EPA and DHA),
which are potent anti-inflammatory bioactive lipids that
may lead to perpetuation of the inflammatory process
seen in sepsis and ARDS. Though the exact cause for
this deficiency of GLA, DGLA, AA, ALA, EPA and
DHA is not clear, this may, in part be due to their per-
oxidation as a result of enhanced generation of free
radicals and the ability of TNF-a to suppress the forma-
tion of DGLA, AA, EPA and DHA. In an in vitro study,
it was noted that TNF-a incubation of HUVEC (human
umbilical vascular endothelial cells) caused an EFA de-
ficiency state reminiscent of long-term malnutrition
[43]. This interaction between TNF-a and possibly,
other pro-inflammatory cytokines and EFA metabolism
is significant since several PUFAs (polyunsaturated fatty
acids) inhibit TNF-a and IL-6 production and excess
free radical generation [38]. Thus, induction of EFA defi-
ciency state by TNF-« in sepsis (and possibly, other condi-
tions in which there is enhanced production of TNF-a
occurs) may exacerbate the inflammatory process due to
the absence of negative feedback control exerted by
PUFAs and their anti-inflammatory metabolites: LXA4,

Table 1 Leukocyte free radical generation, plasma lipid peroxides
and phospholipid content of unsaturated fatty acids in patients
with sepsis

Measurement Control (n=10)  Sepsis (n =14)
UM of formazan (O3")  without PMA 4510 648+30
with PMA 403+97 622+18"
UM of H,0, without PMA  4.76 +0.56 90+43"
With PMA 4424616 703+ 50
nmoles of MDA-eq 156 +0.36 237+06
18:3 n-6 (GLA) 0.13+0.09 004+ 005
20:3 n-6 (DGLA) 324079 046+ 054"
20:4 n-6 (AA) 88+20 58+16"
18:3 n-3 (ALA) 027+0.12 016+0.11"
20:5 n-3 (EPA) 0.25+026 0.01+001
22:6 n-3 (DHA) 1434043 12+1.14

All values are expressed as mean + SE. *P < 0.05 compared to control. All fatty
acids are expressed as % of PL (phospholipid)
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resolvins, protectins and maresins. In such an instance of
EFA deficiency states, administration of aspirin may not
be able to enhance the formation of LXA4 and aspirin-
triggered 15-epi-lipoxin A4 (ATL) (from AA), resolvins
(from EPA and DHA), protectins and maresins (from
DHA) due to decreased levels of their precursors AA,
EPA and DHA. In view of this, it is unlikely that aspirin
alone will be of significant benefit in ARDS and sepsis
wherein AA, EPA and DHA deficiency is present. This ar-
gument is supported by the observation that administra-
tion of aspirin produced controversial results in sepsis and
ARDS [28]. I propose that co-administration of PUFAs
(especially AA, EPA and DHA) along with aspirin is likely
to be of more beneficial and rational than administration
of aspirin alone. Such a combined provision of PUFAs
(especially AA, EPA and DHA) and aspirin is expected to
lead to enhanced formation of LXA4, resolvins, protectins,
maresins and 15-epi LXA4 (ATL) due to the availability of
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precursors of these anti-inflammatory bioactive lipids
(see Fig. 1).

Lipoxins, resolvins and protectins in sepsis and
ARDS

The role of PUFAs and their anti-inflammatory bioactive
lipids in sepsis is supported by the observation that in the
cecal ligation and puncture model of sepsis in rats admin-
istration of LXA4 (40 pg/kg intraperitoneally) 5 h after
surgery increased survival compared to control [44]. In
this study, it was noted that plasma IL-6, monocyte
chemotactic protein 1 and IL-10 levels were reduced in
addition to reduced phosphorylation of the p65 subunit of
NF-kB in LXA4 treated rats suggesting that LXA4 re-
duced systemic inflammatory events. In addition, LXA4
reduced bacterial load and increased peritoneal macro-
phage number that accounted for increased bacterial
clearance. These results suggested that LXA4 increased
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survival in sepsis by reducing systemic inflammation [44].
In this context, it is noteworthy that LXA4 but not its
stable analog 15-epi-16-(para-fluorophenoxy)-lipoxin A4
methyl ester (when both were given at a dose of 7 pg/kg,
iv.) in the cecal ligation and puncture (CLP) model of
sepsis increased 8 day survival despite the fact that both
compounds reduced plasma TNF-a and IL-6 concentra-
tions. It was observed that LXA4 analog increased plasma
IL-10 concentrations compared to rats given LXA4, while
LXA4 reduced blood bacterial load but LXA4 analog did
not [45]. These results suggest that endogenous LXA4 is
superior in the management of sepsis compared to its
more stable and structural analogs that one need to note
while developing therapies based on LXA4.

These results are further supported by the observa-
tion that resolvin D2, identified in resolving exudates,
decreased leukocyte—endothelial interactions in vivo by
endothelial-dependent nitric oxide production, and by
direct modulation of leukocyte adhesion receptor ex-
pression, decreased both local and systemic bacterial
burden, excessive cytokine production and neutrophil
recruitment, while increasing peritoneal mononuclear
cells and macrophage phagocytosis and thus, increased
survival from sepsis induced by caecal ligation and
puncture and surgery [46]. These beneficial actions of
resolvin D2 seem to be mediated by its receptor GPR-
18 (G-protein coupled receptor-18) that is expressed on
human leukocytes, monocytes and macrophages. The
ability of resolvin D2 to limit PMN infiltration, enhance
phagocyte clearance of bacteria and accelerate reso-
lution of inflammation was lost in GPR-18-deficient
mice emphasizing the role of resolvin D2-GPR-18 reso-
lution axis to control bacterial infections and prevent
sepsis and promote organ protection [47]. Thus, LXA4
and resolvin D2 and, possibly, other resolvins, protec-
tins and maresins are of significant benefit in sepsis and
ARDS.

In this context, it is noteworthy that the anti-
inflammatory and inflammation resolution promotor
actions of LXA4, resolvins, protectins and maresins is
balanced and antagonized by pro-inflammatory bio-
active lipid leukotriene B4 (LTB4). Mice with type 1
diabetes that are susceptible to chronic systemic in-
flammation and enhanced susceptibility to sepsis
showed increased expression of Alox5, which encodes
5-lipoxygenase (5-LOX), and enhanced concentrations
of IL-1p in peritoneal macrophages and serum, while
treatment with insulin reduced LTB4 concentrations.
On the other hand, type 1 diabetic mice lacking 5-LOX
or the receptor for LTB4 produced less IL-1f, survived
polymicrobial sepsis, and had decreased bacterial
counts [48]. These results [44—48] imply that under
normal physiological condition there is a balance main-
tained between pro- and anti-inflammatory bioactive
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lipids (LTB4 vs LXA4/resolvins/protectins/maresins) to
limit inflammation, regulate production of various cyto-
kines, control bacterial proliferation and their ability to
produce inflammation and ultimately control, prevent
and help in the recovery from sepsis and ARDS as pro-
posed previously [49, 50].

Pneumosepsis induced in mice by Klebsiella pneumo-
niae produced an early increase in LXA4 and its recep-
tor FPR2/ALX lung expression, local and systemic
infection and inflammation, and mortality, suggesting
that excess production of LXA4 may also be harmful.
On the other hand, treatment with LXA4 antagonist in
early sepsis increased leukocyte migration to the focus,
and reduced bacterial load and dissemination and im-
proved survival. In contrast, it was also noted that treat-
ment with LXA4 in early sepsis decreased cell migration
and worsened the infection. On the other hand, in late
sepsis, LXA4 improved the survival rate by reducing the
excessive inflammatory response. Thus, LXA4 and its re-
ceptor FPR2/ALX seem to have a dual role in sepsis and
its beneficial or harmful effects are critically dependent
on the time [51]. It is likely that resolvins, protectins and
maresins also may have actions similar to LXA4 in sep-
sis. These results emphasize the importance of timing in
the use of proresolving anti-inflammatory bioactive
lipids in the management of sepsis and ARDS.

The ability of insulin to suppress LTB4 and IL-1f
production is in tune with the previous suggestion that
insulin has anti-inflammatory actions and its infusion
may be of benefit in sepsis and ARDS [52-55]. Further-
more, insulin is known to activate A® and A® desaturases
that are needed for the conversion of EFAs: linoleic acid
(LA, 18:2 n-6) and a-linolenic acid (ALA, 18:3 n-3) to
their long-chain metabolites GLA, DGLA, AA, and EPA
and DHA respectively [20]. Thus, a co-ordinated and
negative and positive feedback regulatory action among
insulin, A® and A® desaturases, various PUFAs and their
pro- and anti-inflammatory bioactive lipids and cytokines
is needed to control infection and recover from sepsis and
ARDS.

PUFAs, LXA4, resolvins, protectins and maresins
have antibiotic-like actions and modulate
phagocytosis

It is interesting to note that PUFAs: LA, ALA, GLA, AA,
EPA and DHA have anti-bacterial actions [56, 57]. Recent
studies showed that GLA and AA enhance the activities of
ceftazidime and amikacin on multidrug-resistant Pseudo-
monas aeruginosa and Escherichia coli both in vitro and
in vivo. PUFAs are present in all cell membranes and re-
leased in response to many stimuli especially on exposure
to endotoxin (lipopolysaccharide: LPS) of bacteria due to
activation of phospholipase A2 (PLA2). These results sug-
gest that endogenous unsaturated fatty acids may function
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as natural antibiotics. This raises the intriguing possibility
that a deficiency of these endogenous unsaturated fatty
acids (especially of GLA and AA and EPA) may predis-
pose an individual to various infections. When the suscep-
tibility of 242 strains of Staphylococcus aureus and 117
strains of streptococci of groups A, B, C, and G to various
fatty acids were studied, it was found that GLA, AA, EPA
and DHA are effective against them [58-64]. Similar, if
not identical, anti-bacterial activity was shown to be pos-
sessed by resolvins and protectins which enhanced anti-
biotic ciprofloxacin therapeutic actions and enhanced
vancomycin clearance of Staphylococcus aureus [65]. But,
it is not yet clear whether resolvins, protectins, maresins
and LXA4 can directly inhibit bacterial growth similar to
PUFAs.

It is well known that hyperactivation of neutrophils that
is seen in early phase of sepsis leads to tissue injury. In
contrast, neutrophil dysregulation in the form of reduced
levels of migration, decreased apoptosis and inadequate
phagocytosis that occurs in the later part of sepsis impairs
host’s ability to clear infection. A recent study [66] showed
that in the cecal ligation and puncture rat model of sepsis,
LXAA4 given after 1 h reduced blood bacterial load at 24 h,
decreased neutrophil migration to the peritoneum but
augmented blood neutrophil phagocytic ability and pro-
moted apoptosis without affecting free radical production.
In addition, LXA4 increased peritoneal neutrophil
phagocytic ability without affecting apoptosis or free
radical production suggesting that effects of LXA4 were
compartment specific. Incubation ex vivo LXA4 (1 nM)
increased phagocytosis in blood neutrophils without
affecting apoptosis or free radical production. These re-
sults suggest that LXA4 increased neutrophil bacteria
clearing function without excessive free radical produc-
tion, a beneficial action needed in sepsis. Similar results
were also obtained in acute lung injury (ALI).

ALI is a severe illness with excess mortality and no
specific therapy and is often seen in sepsis that leads to
ARDS. In its early exudative phase, neutrophil activation
and accumulation in the lung lead to hypoxemia, wide-
spread tissue damage, and respiratory failure (ARDS). In
a spontaneously resolving experimental murine model of
ALIL inhibition of COX-2 blocked resolution of ALIL
Both LXA4 and 15-epi-LXA4 produced dramatic protec-
tion from ALI, indicating that LXA4 has a protective
role in ALI and ARDS and COX-2 expression is needed
for this purpose [67]. These results are supported by the
observation that inhalation of LPS (lipopolysaccharide)-
induced increased inflammatory cell counts, TNF-a and
protein concentration in bronchoalveolar lavage fluid
and lung injury and edema can be prevented by aspirin
triggered lipoxin A4 (ATL, 15-epi-16-parafluorophenoxy
lipoxin A4), a stable analogue of LXA4 [68]. In addition,
ATL promoted the formation of heme oxygenase-1 in
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the lung tissues. Heme oxygenase-1 activity, which of-
fers protection against prooxidant insults [69], was also
increased in the lung tissues after ATL treatment, dem-
onstrating that ATL significantly reduces LPS-induced
acute lung injury (and ARDS) in mice. In this context,
it is interesting to note that activation of the efferent
vagus nerve inhibits the release of TNF-« and attenu-
ates the development of endotoxin-induced shock in
rodents [70]. Stimulation of the efferent vagus nerve acti-
vates the release of acetylcholine. There is indirect evi-
dence to suggest that acetylcholine, an anti-inflammatory
molecule, augments LXA4 production [71]. Thus, there
appears to be a link between neurohumoral pathway and
anti-inflammatory lipid mediators such as LXA4, resolvins
and protectins.

Clinical studies

Despite many in vitro and animal studies, there is scarcity
of information on the role of LXA4, resolvins, protectins
and maresins in patients with sepsis and ARDS. In a re-
cent study, it was noted that the ratio of expression
between endogenous proinflammatory (leukotrienes) and
proresolving (resolvins) lipid mediator pathway genes was
significantly higher in patients with prolonged, compli-
cated recovery after blunt trauma, suggesting that patients
with complicated recoveries have dysregulated lipid medi-
ator signaling [72]. It is likely that resolvins, protectins
and maresins also may have actions similar to LXA4 in
sepsis. These results emphasize the importance of timing
in the use of proresolving anti-inflammatory bioactive
lipids in the management of sepsis and ARDS.

Examination of 7,945 intensive care unit admissions
showed a strong association between acetyl salicylic acid
and survival in intensive care unit SIRS and sepsis pa-
tients. These results led to the suggestion that low doses
of acetyl salicylic acid, acting through 15-epi-lipoxin A4,
are responsible for its beneficial action in reducing the
severity of SIRS and reduced mortality [30].

Despite many studies in experimental animals showing
beneficial action of PUFAs especially of EPA and DHA
(given in the form of fish oil in majority of the studies)
[73-75] in sepsis, these beneficial actions were not uni-
formly seen in patients [76, 77]. But some clinical stud-
ies did show that PUFAs may be beneficial in patients
with sepsis [78—84]. These contradictory results [73—84]
led ‘Surviving Sepsis Campaign: International Guidelines
for Management of Severe Sepsis and Septic Shock’ to
recommend that there is no sufficient evidence for the
use of immunomodulating nutritional supplements such
as PUFAs in sepsis [85], though larger trials are ongoing.
Based on these evidences, it is suggested that better de-
fined clinical studies with different combinations of
PUFAs (example: EPA + DHA + GLA + AA + DPA) using
different doses of fatty acids for various periods of time
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(example: few hours to days to weeks) are needed to de-
termine the efficacy of PUFAs in sepsis and ARDS.

Conclusions

Obviously sepsis and ARDS are as a result of multiple
causes with multiple mediators involved in their patho-
genesis. Though the concept of use of aspirin in sepsis
and ARDS appears interesting and novel, the presence
of EFA deficiency and an imbalance between pro and
anti-inflammatory molecules suggests that perhaps, use
of GLA, AA, EPA and DHA along with aspirin to en-
hance the production of anti-inflammatory LXA4,
resolvins, protectins and maresins is more prudent. A
recent multicentre study in patients undergoing mech-
anical ventilation with severe sepsis and septic shock
reported a 19.4% reduction in the absolute risk of mor-
tality, improved oxygenation, more days free from
mechanical ventilation, decreased stay at the ICU and
less development of new organic dysfunctions in the
group that received EPA, LA and anti-oxidants [86]. A
more recent multicenter study showed a significant de-
crease in the mean length of stay in the ICU without af-
fecting mortality or infectious complications in the
intention to treat analysis in those who received EPA
and GLA infusions [76]. It was reported that inclusion
of fish oil in parenteral nutrition provided to septic ICU
patients increased plasma EPA, suppressed inflammatory
cytokine concentrations and improves gas exchange [87].
These changes are associated with a tendency towards
shorter length of hospital stay. It is possible that had the
investigators included aspirin and DHA and AA in these
in the infusions, perhaps the results would have been
more encouraging.

In this context, it is worthwhile to measure plasma
levels of lipid peroxides, various cytokines, PUFAs, LXA4,
resolvins, protectins, maresins, LTB4 and correlate their
concentrations to the severity and prognosis of sepsis and
ARDS especially prior to embarking on the trial of aspirin
with various PUFAs in order to know the dynamics of
their changes in these patients as suggested previously
[50]. Such a knowledge will gives us a better handle as to
how much and when to administer aspirin, various PUFAs
and possibly, LXA4, resolvins, protectins and maresins to
those with sepsis and ARDS.

Acknowledgements
Not applicable.

Funding
Nil.

Availability of data and material
Not applicable.

Authors’ contributions
UND conceived the idea, searched the literature and drafted the manuscript.
UND solely contributed to this manuscript.

Page 6 of 8

Competing interests
The author declares that he has no competing interest.

Consent for publication
All authors have read and approve of this manuscript for publication.

Ethics approval and consent to participate
Not applicable.

Received: 1 July 2016 Accepted: 15 November 2016
Published online: 25 November 2016

References

1. Shi G, Morrell CN. Platelets as initiators and mediators of inflammation at
the vessel wall. Thromb Res. 2011;127:387-90.

2. Bozza FA, Shah AM, Weyrich AS, Zimmerman GA. Amicus or adversary
platelets in lung biology, acute injury, and infllmmation. Am J Respir Cell
Mol Biol. 2009;40:123-34.

3. Fiusa MM, Carvalho-Filho MA, Annichino-Bizzacchi JM, De Paula EV. Causes
and consequences of coagulation activation in sepsis: an evolutionary
medicine perspective. BMC Med. 2015;13:105.

4. Smith TL, Weyrich AS. Platelets as central mediators of systemic
inflammatory responses. Thromb Res. 2011;127:391-4.

5. Toner P, McAuley DF, Shyamsundar M. Aspirin as a potential treatment in
sepsis or acute respiratory distress syndrome. Crit Care. 2015;19:374.

6. Hotchkiss RS, Karl IE. The pathophysiology and treatment of sepsis. N Engl J
Med. 2003;348:138-50.

7. Gullo A, Bianco N, Berlot G. Management of severe sepsis and septic shock:
challenges and recommendations. Crit Care Clin. 2006;22:489-501.

8. Lever A, MackenZzie I. Sepsis: definition, epidemiology, and diagnosis. BMJ.
2007,335:879-83.

9. Pierrakos C, Vincent J-L. Sepsis biomarkers: a review. Crit Care. 2010;14:R15.

10.  Abraham E. New definitions for sepsis and septic shock continuing
evolution but with much still to be done. JAMA. 2016;315:757-9.

11, Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer
M, Bellomo R, Bernard GR, Chiche JD, Coopersmith CM, Hotchkiss RS, Levy
MM, Marshall JC, Martin GS, Opal SM, Rubenfeld GD, van der Poll T, Vincent
JL, Angus DC. The third international consensus definitions for sepsis and
septic shock (Sepsis-3). JAMA. 2016;315:801-10.

12, Seymour CW, Liu VX, lwashyna TJ, Brunkhorst FM, Rea TD, Scherag A,
Rubenfeld G, Kahn JM, Shankar-Hari M, Singer M, Deutschman CS, Escobar
GJ, Angus DC. Assessment of clinical criteria for sepsis: for the third
international consensus definitions for sepsis and septic shock (Sepsis-3).
JAMA. 2016;315:762-74.

13. Shankar-Hari M, Phillips GS, Levy ML, Seymour CW, Liu VX, Deutschman
CS, Angus DC, Rubenfeld GD, Singer M, Force SDT. Developing a new
definition and assessing new clinical criteria for septic shock: for the third
international consensus definitions for sepsis and septic shock (Sepsis-3).
JAMA. 2016;315:775-87.

14.  Boyle AJ, Di Gangi S, Hamid Ul, Mottram L-J, McNamee L, White G, et al.
Aspirin therapy in patients with acute respiratory distress syndrome (ARDS)
is associated with reduced intensive care unit mortality: a prospective
analysis. Crit Care. 2015;19:109.

15. Floyd CN, Ferro A. Mechanisms of aspirin resistance. Pharmacol Ther.
2014;141:69-78.

16.  Weber C, Erl W, Pietsch A, Weber PC. Aspirin inhibits nuclear factor B
mobilization and monocyte adhesion in stimulated human endothelial cells.
Circulation. 1995,91:1914-7.

17. Taubert D, Berkels R, Grosser N, Schroder H, Griindemann D, Schémig E.
Aspirin induces nitric oxide release from vascular endothelium: a novel
mechanism of action. Br J Pharmacol. 2004;143:159-65.

18.  Gilroy DW. New insights into the anti-inflammatory actions of aspirin-
induction of nitric oxide through the generation of epi-lipoxins. Mem Inst
Oswaldo Cruz. 2005;100 Suppl 1:49-54.

19.  El Kebir D, Jozsef L, Pan W, Wang L, Petasis NA, Serhan CN, et al. 15-epi-
lipoxin A4 inhibits myeloperoxidase signaling and enhances resolution of
acute lung injury. Am J Respir Crit Care Med. 2009;180:311-9.

20. Poorani R, Bhatt AN, Dwarakanath BS, Das UN. COX-2, aspirin and
metabolism of arachidonic, eicosapentaenoic and docosahexaenoic
acids and their physiological and clinical significance. Eur J Pharmacol.
2016;785:116-32.



Das Lipids in Health and Disease (2016) 15:206

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Halushka PV, Wise WC, Cook JA. Studies on the beneficial effects of aspirin
in endotoxic shock. Relationship to inhibition of arachidonic acid
metabolism. Am J Med. 1983;74:91-6.

Zarbock A, Singbartl K, Ley K. Complete reversal of acid-induced acute lung injury
by blocking of platelet-neutrophil aggregation. J Clin Invest. 2006;116:3211-9.
Looney MR, Nguyen JX, Hu Y, Van Ziffle JA, Lowell CA, Matthay MA. Platelet
depletion and aspirin treatment protect mice in a two-event model of
transfusion-related acute lung injury. J Clin Invest. 2009;119:3450-61.
Grommes J, Alard JE, Drechsler M, Wantha S, Morgelin M, Kuebler WM,
et al. Disruption of platelet-derived chemokine heteromers prevents
neutrophil extravasation in acute lung injury. Am J Respir Crit Care
Med. 2012;185:628-36.

Tsai MJ, Ou SM, Shih CJ, Chao PW, Wang LF, Shih YN, et al. Association of
prior antiplatelet agents with mortality in sepsis patients: a nationwide
population-based cohort study. Intensive Care Med. 2015;41:806-13.
Lésche W, Boettel J, Kabisch B, Winning J, Claus RA, Bauer M. Do aspirin and
other antiplatelet drugs reduce the mortality in critically ill patients?
Thrombosis. 2012;2012:720254.

Winning J, Neumann J, Kohl M, Claus RA, Reinhard K, Bauer M, et al.
Antiplatelet drugs and outcome in mixed admissions to an intensive care
unit. Crit Care Med. 2010;38:32-7.

Valerio-Rojas JC, Jaffer 1, Kor DJ, Gajic O, Cartin-Ceba R. Outcomes of severe
sepsis and septic shock patients on chronic antiplatelet treatment: a
historical cohort study. Crit Care Res Pract. 2013;2013:782573.

Chen W, Janz DR, Bastarache JA, May AK, O'Neal HR, Bernard GR, et al.
Prehospital aspirin use is associated with reduced risk of acute respiratory
distress syndrome in critically ill patients. Crit Care Med. 2015;43:801-7.
Eisen DP, Reid D, McBryde ES. Acetyl salicylic acid usage and mortality in
critically ill patients with the systemic inflammatory response syndrome and
sepsis. Crit Care Med. 2012;40:1761-7.

Sossdorf M, Otto GP, Boettel J, Winning J, Losche W. Benefit of low-dose
aspirin and non-steroidal anti-inflammatory drugs in septic patients. Crit
Care. 2013;17:402.

Boyle AJ, Di Gangi S, Hamid Ul, Mottram LJ, McNamee L, White G, et al.
Aspirin therapy in patients with acute respiratory distress syndrome (ARDS)
is associated with reduced intensive care unit mortality: a prospective
analysis. Crit Care. 2015;19:1-8.

Gori AM, Grifoni E, Valenti R, Giusti B, Paniccia R, Parodi G, et al. High on-
aspirin platelet reactivity predicts cardiac death in acute coronary syndrome
patients undergoing PCl. Eur J Intern Med. 2016;30:49-54.

Mazzeffi M, Kassa W, Gammie J, Tanaka K, Roman P, Zhan M, et al.
Preoperative aspirin use and lung injury after aortic valve replacement
surgery. Anesth Analg. 2015;121:271-7.

Sordi R, Menezes-de-Lima O, Horewicz V, Scheschowitsch K, Santos LF,
Assreuy J. Dual role of lipoxin A4 in pneumosepsis pathogenesis.
International Immunopharmacology. 2013;17(2):283-292.

O'Neal HR, Koyama T, Koehler EA, Siew E, Curtis BR, Fremont RD, et al.
Prehospital statin and aspirin use and the prevalence of severe sepsis and
ALI/ARDS. Crit Care Med. 2011;39:1343-50.

Kor DJ, Erlich J, Gong MN, Malinchoc M, Carter RE, Gajic O, et al. Association
of prehospitalization aspirin therapy and acute lung injury: results of a
multicenter international observational study of at-risk patients. Crit Care
Med. 2011;39:2393-400.

Das UN. Lipoxins, resolvins, protectins, maresins and nitrolipids: Connecting
lipids, inflammation, and cardiovascular disease risk. Current Cardiovascular
Risk Reports. 2010;4:24-31.

Serhan CN, Chiang N, Dalli J, Levy BD. Lipid mediators in the resolution of
inflammation. Cold Spring Harb Perspect Biol. 2014;7(2):a016311.

Serhan CN, Yacoubian S, Yang R. Anti-inflammatory and proresolving lipid
mediators. Annu Rev Pathol. 2008;3:279-312.

Bruegel M, Ludwig U, Kleinhempel A, Petros S, Kortz L, Ceglarek U, Holdt
LM, Thiery J, Fiedler GM. Sepsis-associated changes of the arachidonic acid
metabolism and their diagnostic potential in septic patients. Crit Care Med.
2012;40:1478-86.

Das UN, Ramesh G, Kumar SG, et al. Free radicals, lipid peroxidation and
essential fatty acids in patients with pneumonia, septicemia and collagen
vascular diseases. J Nutr Med. 1992:3:117-27.

Mayer K, Schmidt R, Muhly-Reinholz M, Bogeholz T, Gokorsch S, Grimminger
F, et al. In vitro mimicry of essential fatty acid deficiency in human
endothelial cells by TNF-a impact of w-3 versus w-6 fatty acid. J Lipid Res.
2002;43:944-51.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.
57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

Page 7 of 8

Walker J, Dichter E, Lacorte G, Kerner D, Spur B, Rodriguez A, Yin K. Lipoxin
A4 increases survival by decreasing systemic inflammation and bacterial
load in sepsis. Shock. 2011;36:410-6.

Wu B, Walker JA, Temmermand D, Mian K, Spur B, Rodriguez A, Stein TP,
Banerjee P, Yin K. Lipoxin A4 promotes more complete inflammation
resolution in sepsis compared to stable lipoxin A4 analog. Prostaglandins
Leukot Essen Fatty Acids. 2013,89:47-53.

Spite M, Norling LV, Summers L, Yang R, Cooper D, Petasis NA, Flower RJ,
Perretti M, Serhan CN. Resolvin D2 is a potent regulator of leukocytes and
controls microbial sepsis. Nature. 2009;461:1287-92.

Chiang N, Dalli J, Colas RA, Serhan CN. Identification of resolvin D2 receptor
mediating resolution of infections and organ protection. J Exp Med. 2015;
212:1203-17.

Filgueiras LR, Brandt SL, Wang S, Wang Z, Morris DL, Evans-Molina C,
Mirmira RG, Jancar S, Serezani CH. Leukotriene B4-mediated sterile
inflammation promotes susceptibility to sepsis in a mouse model of type 1
diabetes. Sci Signal. 2015;8ra10.

Das UN. Is sepsis a pro-resolution deficiency disorder? Med Hypotheses.
2013,80:297-9.

Das UN. HLA-DR expression, cytokines and bioactive lipids in sepsis. Arch
Med Sci. 2014;10(2):325-35.

Sordi R, Menezes-de-Lima Jr O, Horewicz V, Scheschowitsch K, Santos LF,
Assreuy J. Dual role of lipoxin A4 in pneumosepsis pathogenesis. Int
Immunopharmacol. 2013;17:283-92.

Das UN. Current advances in sepsis and septic shock with particular
emphasis on the role of insulin. Med Sci Monit. 2003;9:RA181-92.

Das UN. Insulin in sepsis and septic shock. J Assoc Physicians India.
2003;51:695-700.

Das UN. Possible beneficial action(s) of glucose-insulin-potassium regimen
in acute myocardial infarction and inflammatory conditions: a hypothesis.
Diabetologia. 2000;43:1081-2.

Das UN. Is insulin an anti-inflammatory molecule? Nutrition.
2001;17:409-13.

Das UN. Anti-biotic-like action of essential fatty acids. CMAJ. 1985;132:1350.
Das UN. Do unsaturated fatty acids function as endogenous anti-bacterial
and anti-viral molecules? Am J Clin Nutr. 2006;83:390-1.

Lacey RW, Lord VL. Sensitivity of staphylococci to fatty acids: novel
inactivation of linolenic acid by serum. J Med Microbiol. 1981;14:41-9.
McDonald MI, Graham |, Harvey KJ, et al. Antibacterial activity of hydrolysed
linseed oil and linolenic acid against methicillin-resistant Staphylococcus
aureus. Lancet. 1981;2:1056.

Heczko PB, Lutticken R, Hryniewicz W, Neugebauer M, Pulverer G.
Susceptibility of Staphylococcus aureus and group A, B, C, and G
streptococci to free fatty acids. J Clin Microbiol. 1979;,9:333-5.

Ko HL, Heczko PB, Pulverer G. Differential susceptibility of Propionibacterium
acnes, P. granulosum and P. avidum to free fatty acids. J Invest Dermatol.
1978;71:363-5.

Bostock RM, Kuc JA, Laine RA. Eicosapentaenoic and arachidonic acids from
Phytophthora infestans elicit fungitoxic sesquiterpenes in the potato.
Science. 1981;212:67-9.

Giamarellos-Bourboulis EJ, et al. Impact of n-6 polyunsaturated fatty
acids on growth of multidrug-resistant Pseudomonas aeruginosa:
Interactions with amikacin and ceftazidime. Antimicrobiol Agents
Chemotherapy. 2000;44:2187-9.

Giamarellos-Bourboulis EJ, Grecka P, Dionyssiou-Asteriou A, Giamarellou H.
In-vitro inhibitory activity of gamma-linolenic acid on Escherichia coli strains
and its influence on their susceptibilities to various antimicrobial agents. J
Antimicrob Chemother. 1995,36:327-34.

Chiang N, Fredman G, Backhed F, Oh SF, Vickery T, Schmidt BA, Serhan CN.
Infection regulates pro-resolving mediators that lower antibiotic
requirements. Nature. 2012;484:524-8.

Wu B, Walker J, Spur B, Rodriguez A, Yin K. Effects of lipoxinA4 on
antimicrobial actions of neutrophils in sepsis. Prostaglandins Leukot Essen
Fatty Acids. 2015,94:55-64.

Fukunaga K, Kohli P, Bonnans C, Fredenburgh LE, Levy BD. Cyclooxygenase
2 plays a pivotal role in the resolution of acute lung injury. J Immunol. 2005;
174:5033-9.

Jin S-W, Zhang L, Lian Q-Q, Liu D, Wu P, Yao S-L, Ye D-Y. Posttreatment
with aspirin-triggered lipoxin A4 analog attenuates lipopolysaccharide-
induced acute lung injury in mice: The role of heme oxygenase-1. Anesth
Analg. 2007;104:369-77.



Das Lipids in Health and Disease (2016) 15:206

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Morse D, Choi AM. Heme oxygenase-1: the “emerging molecule” has
arrived. Am J Respir Cell Mol Biol. 2002,27:8-16.

Rosas-Ballina M, Olofsson PS, Ochani M, Valdés-Ferrer SI, Levine YA, Reardon
C, Tusche MW, Pavlov VA, Andersson U, Chavan S, Mak TW, Tracey KJ. (2011)
Acetylcholine-synthesizing T cells relay neural signals in a vagus nerve
circuit. Science. 2011;334:98-101.

Su X, Feng X, Terrando N, Yan Y, Chawla A, Koch LG, Britton SL, Matthay
MA, Maze M. Dysfunction of inflammation-resolving pathways is associated
with exaggerated postoperative cognitive decline in a rat model of the
metabolic syndrome. Mol Med. 2013;18:1481-90.

Orr SK, Butler KL, Hayden D, Tompkins RG, Serhan CN, Irimia D. Gene
expression of proresolving lipid mediator pathways is associated with
clinical outcomes in trauma patients. Crit Care Med. 2015;43:2642-50.

Li CC, Yang HT, Hou YC, Chiu YS, Chiu WC. Dietary fish oil reduces systemic
inflammation and ameliorates sepsis-induced liver injury by up-regulating
the peroxisome proliferator-activated receptor gamma-mediated pathway
in septic mice. J Nutr Biochem. 2014;25:19-25.

Chen F, Fan XH, Wu YP, Zhu JL, Wang F, Bo LL, Li JB, Bao R, Deng XM.
Resolvin D1 improves survival in experimental sepsis through reducing
bacterial load and preventing excessive activation of inflammatory
response. Eur J Clin Microbiol Infect Dis. 2014;33:457-64.

Stapleton RD, Martin JM, Mayer K. Fish oil in critical illness: mechanisms and
clinical applications. Crit Care Clin. 2010;26:501-14.

Grau-Carmona T, Moran-Garcia V, Garcia-de-Lorenzo A, Heras-de-la-Calle G,
Quesada-Bellver B, Lopez-Martinez J, Gonzalez-Fernandez C, Montejo-
Gonzalez JC, Blesa-Malpica A, Albert-Bonamusa |, Bonet-Saris A, Herrero-
Meseguer JI, Mesejo A, Acosta J. Effect of an enteral diet enriched with
eicosapentaenoic acid, gamma-linolenic acid and anti-oxidants on the
outcome of mechanically ventilated, critically ill, septic patients. Clin Nutr.
2011;30:578-84.

Rice TW, Wheeler AP, Thompson BT, deBoisblanc BP, Steingrub J, Rock P.
NIH NHLBI Acute respiratory distress syndrome network of investigators.
Enteral omega-3 fatty acid, gamma-linolenic acid, and antioxidant
supplementation in acute lung injury. JAMA. 2011;306:1574-81.
Pontes-Arruda A, Martins LF, de Lima SM, Isola AM, Toledo D, Rezende E,
Maia M, Magnan GB. Investigating nutritional therapy with EPA, GLA and
antioxidants role in sepsis treatment (INTERSEPT) study group. Enteral
nutrition with eicosapentaenoic acid, y-linolenic acid and antioxidants in
the early treatment of sepsis: results from a multicenter, prospective,
randomized, double-blinded, controlled study: the INTERSEPT studly. Crit
Care. 2011;15:R144.

Sungurtekin H, Degirmenci S, Sungurtekin U, Oguz BE, Sabir N, Kaptanoglu
B. Comparison of the effects of different intravenous fat emulsions in
patients with systemic inflammatory response syndrome and sepsis. Nutr
Clin Pract. 2011,26:665-71.

Ferguson JF, Mulvey CK, Patel PN, Shah RY, Doveikis J, Zhang W, Tabita-
Martinez J, Terembula K, Eiden M, Koulman A, Griffin JL, Mehta NN, Shah R,
Propert KJ, Song WL, Reilly MP. Omega-3 PUFA supplementation and the
response to evoked endotoxemia in healthy volunteers. Mol Nutr Food Res.
2014;58:601-13.

Hall TC, Bilku DK, Al-Leswas D, Neal CP, Horst C, Cooke J, Metcalfe MS,
Dennison AR. A randomized controlled trial investigating the effects of
parenteral fish oil on survival outcomes in critically ill patients with sepsis: a
pilot study. JPEN J Parenter Enteral Nutr. 2015;39:301-12.

Mo Y, Hu X, Chang L, Ma P. The effect of w-3 fatty acid supplementation
in parenteral nutrition on the outcome of patients with sepsis: a
systematic review and meta-analysis. Zhonghua Wei Zhong Bing Ji Jiu Yi
Xue. 2014;26:142-7.

Hall TC, Bilku DK, Neal CP, Cooke J, Fisk HL, Calder PC, Dennison AR.
The impact of an omega-3 fatty acid rich lipid emulsion on fatty acid
profiles in critically ill septic patients. Prostaglandins Leukot Essent Fatty
Acids. 2016;112:1-11.

Kiers HD, Kox M, van der Heijden WA, Riksen NP, Pickkers P. Aspirin may
improve outcome in sepsis by augmentation of the inflammatory response.
Intensive Care Med. 2016;42(6):1096-1096.

Dellinger RP, Levy MM, Rhodes A, Annane D, Gerlach H, Opal SM, Sevransky
JE, Sprung CL, Douglas IS, Jaeschke R, Osborn TM, Nunnally ME, Townsend
SR, Reinhart K, Kleinpell RM, Angus DC, Deutschman CS, Machado FR,
Rubenfeld GD, Webb S, Beale RJ, Vincent JL, Moreno R. Surviving sepsis
campaign guidelines committee including the pediatric subgroup. Surviving
sepsis campaign surviving campaign: international guidelines for

86.

87.

Page 8 of 8

management of severe sepsis and septic shock, 2012. Intensive Care Med.
2013;39:165-228.

Pontes-Arruda A, Aragao AM, Albuquerque JD. Effects of enteral feeding
with eicosapentaenoic acid, gamma-linolenic acid, and antioxidants in
mechanically ventilated patients with severe sepsis and septic shock. Crit
Care Med. 2006;34:2325-33.

Barbosa VM, Miles EA, Calhau C, Lafuente E, Calder PC. Effects of a fish oil
containing lipid emulsion on plasma phospholipid fatty acids, inflammatory
markers, and clinical outcomes in septic patients: a randomized, controlled
clinical trial. Crit Care. 2010;14:R5.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	Abstract
	Introduction
	Essential fatty acid (EFA) metabolism is altered in sepsis and ARDS
	Lipoxins, resolvins and protectins in sepsis and ARDS
	PUFAs, LXA4, resolvins, protectins and maresins have antibiotic-like actions and modulate phagocytosis
	Clinical studies
	Conclusions
	Acknowledgements
	Funding
	Availability of data and material
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	References

