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Abstract Sepsis, defined as the dysregulated im-
mune response to an infection leading to organ
dysfunction, is one of the leading causes of mortality
around the globe. Despite the significant progress in
delineating the underlying mechanisms of sepsis
pathogenesis, there are currently no effective treat-
ments or specific diagnostic biomarkers in the clin-
ical setting. The perturbation of cell signaling
mechanisms, inadequate inflammation resolution,
and energy imbalance, all of which are altered during
sepsis, are also known to lead to defective lipid
metabolism. The use of lipids as biomarkers with
high specificity and sensitivity may aid in early
diagnosis and guide clinical decision making. In
addition, identifying the link between specific lipid
signatures and their role in sepsis pathology may lead
to novel therapeutics. In this review, we discuss the
recent evidence on dysregulated lipid metabolism
both in experimental and human sepsis focused on
bioactive lipids, fatty acids, and cholesterol as well as
the enzymes regulating their levels during sepsis.
We highlight not only their potential roles in sepsis
pathogenesis but also the possibility of using these
respective lipid compounds as diagnostic and prog-
nostic biomarkers of sepsis.
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Sepsis is a systemic inflammatory disease with high
morbidity and mortality caused by a dysregulated host
immune response to an infection. Sepsis strikes more
than 1.5 million patients in the United States per year,
resulting in 250,000 deaths annually. Globally, sepsis has
been estimated to account for 20% of all deaths (1). In
the United States, the most common sources of sepsis
are bacterial pneumonia, urinary tract infections, and
abdominal infections (2). The dysregulated and sys-
temic immune response during sepsis can lead to host
tissue injury, organ failure, and death. Central to sepsis-
elicited organ injury and mortality are complex
interactions between blood cells, microbes, and endo-
thelium, resulting in multiorgan microcirculatory fail-
ure. In sepsis, activated endothelial cells lead to an
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increased propensity for leukocyte and platelet adhe-
sion and increased permeability barrier dysfunction
(3, 4). In addition, the coagulation cascade is systemi-
cally activated, and endogenous anticoagulant factors
are unable to sufficiently match the increased demand
to appropriately control clotting (5). Platelets contribute
to microthrombi formation, in addition to propagating
proinflammatory signaling (6). Collectively, these
changes to the endothelium and microvascular envi-
ronment in sepsis lead to decreased oxygenated blood
flow to target organs, contributing to organ failure. In
addition to hypoxic injury, tissues can be damaged
directly by the release of toxic leukocyte-derived
proinflammatory mediators (7, 8). Dysfunctional neu-
trophils in sepsis are hyperinflammatory (9), have sig-
nificant defects in localization and trafficking (10), and
are resistant to regulatory apoptotic signaling pathways
(11). These dysfunctional alterations further drive tissue
damage and organ injury through the release of reac-
tive oxygen species and proteases. Treatments for sepsis
are limited to antibiotics targeting the infectious source
and supportive care for organ dysfunction. Delineating
the mechanisms underlying sepsis-induced microcir-
culatory collapse and the dysregulated immune
response may lead to both improved therapeutic in-
terventions and new biomarkers indicative of early
sepsis and organ-specific risk.

Alterations in lipid metabolism and the activation of
lipid signaling pathways are components of the com-
plex milieu underlying the pathophysiological sequelae
of sepsis. Lipid mediators play an important role in the
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proinflammatory and counterregulatory anti-
inflammatory changes in the microvasculature in
sepsis. Some of these lipids display significant inherent
bioactivity, whereas others may be by-products and
reflect important metabolic alterations in a septic pa-
tient. A better understanding of the various lipid spe-
cies, their production and metabolism, and their
bioactivity has the potential to lead to the development
of early biomarkers and therapeutic targets in sepsis.
This review focuses on the role of lipid alterations
during sepsis and the potential of lipids to provide both
new biomarkers and therapeutic targets to improve
outcomes in sepsis.

EICOSANOIDS AND SPECIALIZED
PRORESOLVING MEDIATORS

Leukocytes are recruited to sites of infection and
inflammation, contributing to a multifactorial proin-
flammatory response, a component of which is the
release of proinflammatory cytokines and eicosanoid
mediators. This initial proinflammatory cascade acti-
vates antimicrobial systems intended to kill pathogens
(12, 13). However, this response requires self-limitation
to prevent exaggerated immune reactions from
damaging host tissue. Thus, the proinflammatory
Fig. 1. Eicosanoids and SPMs in sepsis. Sepsis leads to either incre
Secretory phospholipase A2 (sPLA2) activity is increased to liberate a
cyclooxygenase 2 (COX2) activity results in elevated production of
of proinflammatory mechanisms during sepsis. Proinflammatory m
covery of sepsis. EPA, DHA, and DPA derived SPMs are increased
oxygenase 1/2; CYP450, cytochrome P450; cys-LT, cysteinyl leukotrien
acid; LOX, lipoxygenase; LTB4, leukotriene B4; PGD2, prostaglandi
resolvin D 1–6; RvE1-3, resolvin E 1–3; RvT 1–4, resolvin T 1–4; sPLA2
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response is balanced against an anti-inflammatory
response mediated by anti-inflammatory cytokines
and a class of lipids known as specialized proresolving
mediators (SPMs). The proinflammatory eicosanoids
are a family of bioactive lipids derived from arach-
idonic acid (AA). AA is released from membrane
phospholipids by the phospholipase A2 (PLA2) enzymes
(14–16). Liberated AA is then oxidized into eicosanoids
by a variety of enzymes, including the cyclooxygenase
(COX), lipoxygenase (LOX), and cytochrome P450
(CYP450) families. In an analogous manner, omega-3
fatty acids, including DHA, docosapentaenoic acid (n-
3DPA), and EPA, exist in esterified pools in membrane
phospholipids and are also released by PLA2. These
liberated omega-3-fatty acids are themselves subse-
quently metabolized to yield the SPMs (Fig. 1).

The roles of eicosanoids and SPMs have been inves-
tigated in sepsis and inflammatory processes (17–21).
Mice subjected to the cecal ligation puncture (CLP)
model of sepsis accumulate thromboxane B2 (derived
from biologically active thromboxane A2) and 12-
HETE, major platelet-derived eicosanoids that pro-
mote thrombus formation by inducing platelet activa-
tion, platelet aggregation, and vasoconstriction (22). The
accumulation of these prothrombotic lipids in CLP
sepsis is subsequently accompanied by increased
ased or decreased (red arrows) eicosanoid and SPM production.
rachidonic (AA) from plasma phospholipids, and then inducible
cyclooxygenase-derived eicosanoids. Eicosanoids are mediators
echanisms are counter-regulated by SPMs, which aid in the re-
leading to reduction in inflammatory damage. COX1/2, cyclo-
e; DHET, dihydroxyeicosatrienoic acid; EET, epoxyeicosatrienoic
n D2; PGE2, prostaglandin E2; PGF2α, prostaglandin F2α; RvD1-6,
, secretory phospholipase A2; TXB2, thromboxane B2.



thrombi formation in lung capillaries and enhanced
monocyte, neutrophil, and platelet aggregates. Throm-
bosis and thrombocytopenia are common complica-
tions in human patients with sepsis owing to
overconsumption of platelets for aggregation or adhe-
sion to the endothelium and leukocytes (23, 24). Other
studies also demonstrated similar elevations in eicosa-
noid lipid mediators during sepsis across species. Serum
levels of the prostaglandins PGE2 and PGD2 are almost
doubled in human subjects with sepsis. This elevated
AA-derived eicosanoid production in human sepsis is
accompanied by increased secretory PLA2 group IIA
and COX-2 activity (25). Similarly, both CLP-septic and
lipopolysaccharide (LPS)-treated mice have increased
plasma PGE2 and PGE2 levels (26). Prostacyclin levels
are also increased in sepsis, indicated by increased sta-
ble metabolite levels of 6-keto-PGF1α in plasma and
perivascular adipose tissues of septic rats (27, 28). These
studies also suggested that prostacyclin has a role in
sepsis-induced vasoplegia and cardiovascular failure.

LPS administration and CLP sepsis in mice results in
variable responses in plasma levels of various hydroxy-
FA, dihydroxy-FA, and epoxy-FA eicosanoid species
(26). The dihydroxy-FA species 14,15-DiHETE and 14,15-
DiHETrE are elevated in plasma, suggesting targeting
of EPA and AA acid, respectively, by CYP450 and then
epoxygenase. Epoxy-eicosatrienoic acids (EETs) are
metabolized to dihydroxyeicosatrienoic acids (DHETs)
by soluble epoxide hydrolase (sEH) (29), and targeting
this pathway may be important in sepsis owing to the
anti-inflammatory properties of EETs. In CLP mice, sEH
protein expression is increased in the brain tissues,
mainly in endothelial cells, and is associated with
cognitive deficits of sepsis-associated encephalopathy.
Pharmacological inhibition of sEH with N-[1-(1-
oxopropyl)-4-piperidinyl]-N′-[4-(trifluoromethoxy)
phenyl]-urea (TPPU) in septic mice has improved the
blood-brain barrier function and cognitive functions
(30). TPPU has been shown to be a potent inhibitor of
sEH resulting in increased EET levels and reduced
inflammation (31). Recently, TPPU treatment of CLP
mice was shown to increase EET levels, reduce multi-
organ dysfunction, and reduce inflammation (32). The
use of TPPU or other sEH inhibitors has yet to go for-
ward in clinical trials, but this approach appears to be a
promising potential treatment to be further explored.

Leukotriene B4 (LTB4) is a potent neutrophil che-
moattractant and enhances phagocytosis (33). In mice
subjected to fungal sepsis, complement activation in-
duces LTB4-elicited intravascular neutrophil clustering
(34). Both elevated LTB4 and cysteinyl leukotrienes are
associated with pulmonary hemorrhage, hypoxemia,
neutrophil infiltration, lung damage, and poor clinical
outcomes in septic mice (35). Genetic ablations target-
ing either the LTB4 receptor or 5-lipoxygenase enzyme
have been used to reduce leukotriene biological activity
in sepsis models (34, 35). These manipulations attenuate
inflammation and neutrophil recruitment in the lungs
and the associated lung injury in septic mice. Further-
more, pharmacological inhibition of the LTB4 receptor
increases anti-inflammatory cytokine IL-10 production
in lungs and plasma of septic mice (35).

Significant alterations in SPM metabolism are evident
in sepsis, suggesting defects in the resolution phase of
acute inflammation. Resolvins (Rvs) are a class of SPMs
and can be categorized into several subclasses: D series
resolvins (RvD1-RvD6) derived from DHA, E series
resolvins (RvE1-RvE3) derived from EPA, and T series
resolvins (RvT1-RvT4) derived from n-3 DPA (Fig. 1).
Resolvin concentrations are dramatically altered in hu-
man sepsis nonsurvivors and may potentially have prog-
nostic value (21). Plasma RvD1-RvD6 and Maresin-1 are
elevated in patients with sepsis, and significantly elevated
concentrations of RvD5 are associated with sepsis non-
survival (19, 36). Plasma RvT1-RvT4 and RvE1-RvE3 are
also significantly elevated in patients with sepsis (36).
Riché et al. (37) investigated temporal changes in resolvins
in patients with sepsis. At the onset of sepsis, plasma RvD1
and RvD5 are at lower concentrations and are accompa-
niedby anupregulatedproinflammatory state. Following
intensive care treatment and during long-term recovery,
resolvin levels are elevated, potentially reflecting an
attempt to counterbalance ongoing inflammation (37).
Moreover, upregulated plasma protectin D1 isomer,
10(S),17(S) dihydroxy docosahexaenoic acid (10S,17S-
diHDHA) levels correlate with acute respiratory distress
syndrome (ARDS) development in patients with sepsis
(19). In addition to a potential prognostic/diagnostic role,
resolvins may also, in part, mediate sepsis pathophysi-
ology, as RvD2 supplementation in CLP septic mice en-
hances clearance of bacteria, prevents sepsis-induced
lethality, reduces neutrophil infiltration into the perito-
neum, and inhibits proinflammatory cytokine produc-
tion (38, 39). Intraperitoneal administration of RvT in
Escherichia coli-infected mice protects mice from hypo-
thermia, decreases neutrophil recruitment to sites of
inflammation, and increases bacterial phagocytosis (36).

Taken together, it is well established that oxidation
products derived from n-3 and n-6 fatty acids are pro-
duced in human and animal models of sepsis. These
oxidation products have both proinflammatory and
anti-inflammatory roles, and they have major roles in
the complex biochemistry that drives sepsis pathophys-
iology. The complex nature of inflammatory balance
during sepsis, in which the early-onset proinflammatory
condition is followed by a compensatory immunosup-
pressive response, makes the role of these oxidized lipids
crucial targets of further investigation, since they likely
have a key mechanistic role in this balance. These anti-
and proinflammatory roles as they relate to sepsis
inflammation and resolution are summarized in Fig. 1.

LYSOPHOSPHATIDYLCHOLINE

Products of PLA2 activity are fatty acids and lyso-
phospholipids. Phosphatidylcholine (PC) hydrolysis by
Lipobiology of sepsis 3



PLA2 yields fatty acid and lysophosphatidylcholine
(LPC). LPC levels are tightly regulated by PLA2 activity
and several isozymes of lysophosphatidylcholine acyl-
transferase (LPCAT), which are responsible for the
reacylation of LPC (40). Alternatively, LPC can be
further hydrolyzed by phospholipase D or autotaxin
(ATX) to produce lysophosphatidic acid (LPA) (Fig. 2).
LPC contributes to inflammation by increasing che-
mokine production and activating endothelium, neu-
trophils, monocytes, macrophages, and lymphocytes.
Total serum LPC levels are significantly lower in hu-
man sepsis (21, 41), and other studies demonstrated that
the major LPC molecular species (16:0 LPC, 18:0 LPC,
18:1 LPC, and 18:2 LPC) are decreased 50% in serum and
plasma of patients with sepsis (42, 43). Less common
species including 15:0 LPC, 18:3 LPC, 20:3 LPC, 20:4 LPC,
and 20:5 LPC are also decreased in plasma and eryth-
rocytes isolated from patients with sepsis (44).

Serum LPC concentrations may have utility in pre-
dicting sepsis severity. In human patients with sepsis,
serum and plasma LPC concentrations increase over
time in survivors but not in nonsurvivors, while persis-
tently lower plasma LPC levels associate with 28- and
90-day mortality (45, 46). Of interest, lower plasma 24:0
LPC at day 7 is a strong predictor of 90-day mortality in
Fig. 2. Lipids altered in sepsis. Sepsis induces alterations in lipid s
downregulated lipids (big red arrows) and enzymes (small red arro
sepsis. 2-AG, 2-arachidonoylglycerol; 2-ClFA, 2-chlorofatty acid; 2-C
arachidonoylethanolamine; ATX, autotaxin; CB1/2, cannabinoid r
amide; CerS, ceramide synthase; CETP, cholesteryl ester transfer pro
amide hydrolase; GCS, glucosylceramide synthase; Gly-Cer, glycosyl
acid; LPC, lysophosphatidylcholine; LPCAT, lysophosphatidylcholin
charide; LTA, lipoteichoic acid; MPO, myeloperoxidase; NAPE,
phosphatidylcholine; PE, phosphatidylethanolamine; PLTP, phosp
sphingomyelinase; SMS, sphingomyelin synthase; Sph, sphingosine; S
A2; SPPase, S1P-phosphatase.
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patients with sepsis (45, 46). In addition, the molar ratio
of LPC/PC is markedly decreased both in plasma and
erythrocytes of patients with sepsis compared with
heathy subjects (42, 44). Moreover, plasma LPC/PC is
significantly decreased in sepsis nonsurvivors
compared with survivors, and this ratio can predict 30-
day mortality (42). Serum LPC may predict the source
of infection in sepsis, potentially guiding appropriate
antimicrobial therapy. For instance, elevated 26:1 LPC
discriminates patients sick due to community-acquired
pneumonia from those sick from other sources. In
addition, LPC is lower in bacteremic compared with
nonbacteremic sepsis (41, 47).

Ahn et al. (48) investigated mechanisms responsible
for this decrease in plasma LPC levels in sepsis by
assessing precursors, metabolites, and relevant enzymes
in mice subjected to CLP. LPC was the only examined
lipid that was decreased, whereas PC and LPA levels
were increased in CLP mice. The activities of enzymes
responsible for LPC production in plasma, lecithin-
cholesterol acyltransferase and sPLA2, were greatly
attenuated in these mice. Upregulated plasma LPCAT1-
3 activity, accompanied with higher PC concentration,
suggests that sepsis triggers LPC conversion to PC. Of
interest, plasma ATX levels were decreased, yet plasma
ignaling mechanisms (gray boxes). Red arrows indicated up- or
ws) relevant to respective lipid biosynthesis that are evident in
lFALD, 2-chlorofatty aldehyde; AA, arachidonic acid; AEA, N-
eceptor 1/2; CDase, ceramidase; CE, cholesterol ester; Cer, cer-
tein; DAG, diacylglycerol; FC, free cholesterol; FFAH, fatty acid
ated ceramide; HOCl, hypochlorous acid; LPA, lysophosphatidic
e acyltransferase; LPD, lysophospholipase D; LPS, lipopolysac-
N-acyl phosphatidylethanolamine; PA, phosphatidic acid; PC,
holipid transfer protein; S1P, sphingosine-1-phosphate; SMase,
phk1/2, sphingosine kinase 1/2; sPLA2, secretory phospholipases



LPA levels were increased in septic mice, suggesting
that mechanisms responsible for the reacylation of
LPA were not activated, unlike those for LPC reac-
ylation (48).

Exogenous LPC enhances neutrophil bacterial killing
and augments monocyte chemotaxis in vitro (49, 50).
Exogenous LPC acts through the G protein–coupled
receptor, G2A, to inhibit the production of the proin-
flammatory cytokines IL-1β and TNF-α (51). In vivo,
exogenous LPC increases bacterial clearance, reduces
organ damage, and improves survival rates in septic
mice and rats when administered alone or in combi-
nation with an antimicrobial agent (51–54).

The role of LPC in sepsis needs to be further
explored, as plasma and serum levels may provide
improved prognostic biomarkers in human sepsis.
Although animal studies suggest that increasing plasma
LPC with exogenous administration is protective in
sepsis, this would need to be carefully examined
further in animal models to determine critical levels
that are therapeutically advantageous. Alternately,
pathways downstream of LPC could be identified to
replicate the potentially beneficial role of LPC in sepsis,
as LPC also has many deleterious consequences,
including proinflammatory, atherogenic, and arrhyth-
mogenic effects (55–57).
PHOSPHOLIPASE A2

Both secretory phospholipase A2 (sPLA2) and cyto-
solic PLA2 (cPLA2) have roles in regulating arachidonic
acid release and subsequent oxylipid production as well
as lysophospholipid production and degradation.
Several studies have shown an upregulation of sPLA2

and cPLA2 in serum and plasma of patients with sepsis
(58–60). cPLA2 activity in peripheral neutrophils iso-
lated from patients with sepsis is increased 2-fold
compared with activity in control neutrophils (61).
This increased neutrophil cPLA2 activity returns to
normal levels as sepsis resolves (4). Using a genetic
knockout approach in mice, cPLA2-α knockout mice
subjected to CLP have been shown to have an attenu-
ated inflammatory response to sepsis. These mice had
lower PGE2, LTB4, and 6-keto-PGF1α levels in peritoneal
lavage fluid compared with control CLP mice. Howev-
er, genetic ablation of cPLA2-α did not increase survival
rates in these sepsis studies (62). It should also be
appreciated that cPLA2-α is known to have lysophos-
pholipase activity, which can modulate LPC levels and
may contribute to deleterious effects in sepsis (63).

Of the two groups of sPLA2, subtype A (of the ten
subtypes) of class II (i.e., sPLA2-IIA) has been shown to
be associated with sepsis (64). Serum sPLA2-IIA activity
has a positive correlation with early sepsis diagnosis in
adult patients as well as with bacterial etiology (64, 65).
Similarly, in neonatal sepsis plasma, sPLA2 activity was
elevated, whereas infants with respiratory distress
syndrome had higher sPLA2 activity (66). Furthermore,
sPLA2-IIA has been shown to promote antibacterial
activity (67–69). In other studies, reducing sPLA2 and
cPLA2 activity with oligonucleotides against sPLA2-IIA
and cPLA2-α led to increased survival in septic rats (70).
Although sPLA2-IIA inhibitors have some beneficial
effects in animal models of sepsis, clinical trials of the
sPLA2-IIA inhibitor, LY315920NA/S-5920, failed to
improve outcomes in human sepsis (71).
PLATELET-ACTIVATING FACTOR

Platelet-activating factor (PAF) also likely contributes
to sepsis pathophysiology. PAF is synthesized either by a
remodeling pathway or by de novo biosynthesis (72–76).
Proinflammatory signals such as LPS and thrombin
induce PAF production by neutrophils and endothelial
cells (77–79). Many cells and tissues express the PAF
receptor, including monocytes, neutrophils, B-cells,
platelets, endothelial cells, and lung tissue (80, 81). PAF
can bind to, activate, and induce the aggregation of
leukocytes and platelets (82–84) as well as reactive ox-
ygen species production, NETosis, and platelet adher-
ence (85–89). Considering its effects on cells in the
microvasculature environment, it is unsurprising that
PAF and enzymes responsible for PAF metabolism are
implicated in sepsis (90).

In endotoxemia models, PAF levels associate with
poor clinical outcomes. Overexpression of the PAF re-
ceptor increases LPS-induced mortality, as does PAF
administration directly after LPS injections (91, 92).
Conversely, enhancement of PAF metabolism leads to
improved outcomes. PAF is metabolized by PAF-
acetylhydrolase, which is expressed by many tissues
and also associates with plasma lipoproteins (93–96).
Recombinant PAF-acetylhydrolase improves bacterial
clearance in CLP models and survival after both CLP
and endotoxemia (97, 98). In addition, PAF receptor
blockade improves survival, leukocyte migration, and
pathogen clearance after CLP (99).

Data from human patients with sepsis reinforces the
association between PAF and mortality. Patients with
sepsis have increased platelet-associated PAF
compared with other patients (100). One study
demonstrated that PAF in sepsis nonsurvivors has an
increased half-life in plasma compared with sepsis
survivors or healthy subjects. The same study also
demonstrated that patients with sepsis have reduced
plasma PAF-acetylhydrolase activity, increased plasma
PLA2 activity, and decreased plasma lyso-PAF con-
centrations (101). Decreased PAF-acetylhydrolase ac-
tivity is associated with multiorgan failure (102).
Conversely, increased activity of PAF-acetylhydrolase
7 days following the diagnosis of ARDS is associated
with survival (103). Unfortunately, however, recombi-
nant PAF-acetylhydrolase did not improve sepsis out-
comes in a phase III clinical trial (104).
Lipobiology of sepsis 5



SPHINGOLIPIDS

Sphingolipids have profound functions in cell
signaling and regulating inflammatory responses (105).
Cellular processes regulated by sphingolipids include
lymphocyte trafficking, mediating pro- and anti-
inflammatory effects, and maintaining endothelial
barrier integrity (105, 106). Investigations focusing on
the role of sphingolipids in sepsis have predominantly
focused on SM, ceramide (Cer) and sphingosine-1-
phosphate (S1P) as biomarkers of sepsis outcomes.
Several studies have shown decreased plasma levels of
SM in patients with sepsis and decreased plasma levels
of SM in patients with sepsis with acute lung injury (44,
107). A statistical model using combined serum 22:3 SM
and 24:0 LPC concentrations discriminates sepsis from
systemic inflammatory response syndrome (SIRS), a
nonspecific state of systemic inflammation that does
not require an infectious source (47). Other studies
demonstrate that nonsurvivors within 28 days of sepsis
diagnosis had a marked decline in plasma 20:2 SM
compared with survivors (46). However, CLP rodents do
not have decreased levels of plasma SM. Rather, 24 h
after CLP, rodents have increased SM levels (108, 109).
This is just one of many examples of the differences
between human and rodent sepsis, which have made
dissection of biochemical mechanisms in rodents
difficult to translate into humans and have generated
controversy regarding the applicability of rodent
models of sepsis (110, 111).

Others have assessed the sphingomyelinase product,
Cer, in sepsis. Both total Cer content and individual
molecular species of Cer, including 16:0, 18:0, 20:0, 22:1,
and 24:1, are elevated in plasma from patients with
sepsis (42, 112). Furthermore, increased levels of Cer in
peripheral blood mononuclear cells isolated from pa-
tients with sepsis are associated with the incidence of
multiple organ dysfunction (113). The product/precur-
sor ratio of Cer/SM has also been shown to progres-
sively increase from day 1 to day 11 in human sepsis
nonsurvivors (42).

S1P is a lipid mediator that regulates many physio-
logical and pathological processes (114). Serum or
plasma S1P levels in patients with septic are approxi-
mately 50% lower compared with healthy controls
(115–118), and S1P concentrations inversely correlate
with Cer concentration and sequential organ failure
assessment (SOFA) score, an assessment of the severity
of critically ill patients (112). In blood, S1P is bound to
apo-M on HDL particles and albumin (119). A marked
loss of HDL and apo-M is observed in both septic pa-
tients and animal models of sepsis, which may account
for decreased plasma S1P levels (116, 117). Diminished
S1P levels likely have a role in lung injury during sepsis
as treatments with S1P as well as its analog, FTY720,
have been shown to improve barrier function (120, 121).

Plasma acid sphingomyelinase and neutral sphingo-
myelinase activity in platelets are increased in septic
6 J. Lipid Res. (2021) 62 100090
patients, suggesting an increase in SM metabolism in
sepsis (112, 122). Treating endothelial cells with serum
from septic patients resulted in endothelial cell SM loss
accompanied by a sharp and rapid production of Cer,
which then is further metabolized to glycosylated Cers
(122). However, these results were not observed by
Goeritzer et al. (123), who observed decreases in brain
endothelial cell levels of Cer and an associated loss of
barrier function after treatment with septic patient
serum. Decreased S1P levels in human sepsis is likely the
result of reduced sphingosine kinase (Sphk1 and Sphk2)
activity (112). Sepsis-induced cardiac dysfunction, lung
edema, and declined anti-inflammatory responses can
be reversed by genetic ablation or pharmacological
inhibition of sphingomyelin phosphodiesterase
(SMPD1) and Sphk in septic rodents (118, 124–126).
Overall, these investigations indicate that dysregulated
sphingomyelin and Cer homeostasis have a significant
role in sepsis pathogenesis.

PLASMA LIPOPROTEINS, CHOLESTEROL, AND
TRIGLYCERIDES

HDL can bind to LPS and modulate infection and
inflammation. LPS has greater affinity for HDL than it
has for VLDL and LDL (127). It has been suggested that
phosphates and the diglucosamine backbone, the
functional groups of LPS, interact with HDL particles
(128). Henning et al. (129) demonstrated that LPS binds
to apo-A1, the major protein found in HDL particles.
HDL can also bind to lipoteichoic acid (LTA), a
component of gram-positive bacterial cell walls (130).
The binding of HDL to either LPS or LTA interferes
with its ability to bind to Toll-like receptors (TLRs) in
macrophages (131). HDL also impairs TLR signaling by
interfering with lipid rafts and by inducing ATF3, a key
transcriptional modulator of innate immune response
(131, 132). ATF3 activation by HDL acts as a negative-
feedback loop to downregulate TLR-driven inflam-
matory responses (131). In addition to its endotoxin
detoxification function, HDL modulates immune cell
responses. HDL inhibits integrin CD11b and cytokines in
monocyte and neutrophils (133, 134). It also suppresses
neutrophil adhesion, spreading, and migration (134).
HDL protects endothelium by modulating eNOS-
dependent vascular tone, decreasing leukocyte adhe-
sion to the endothelium, and promoting COX2 and
prostacyclin to inhibit thrombosis (135–137). Nofer et al.
demonstrated that HDL binds to S1P and interacts with
S1P receptors on endothelium to activate eNOS in an
Akt-dependent manner, whereas Yuhanna et al.
demonstrated that HDL binds to scavenger receptor B1
to stimulate eNOS activity, resulting in vasorelaxation
(135, 138). A recent study has shown that HDL-S1P levels
are negatively correlated with endothelial dysfunction
in septic patients and animal models (139). HDL-S1P
administration also reduces LPS-induced acute lung
injury in rats (139). Collectively, the protective actions of



HDL on endothelium and sequestration of endotoxin
suggest that HDL is protective during sepsis.

However, plasma HDL levels are decreased in human
sepsis. An approximate 30% drop of HDL occurs in
patients with sepsis on the day of hospital admission
(usually defined as day 0) compared with healthy con-
trols (140, 141). Decreased HDL levels are associated with
increased sepsis mortality and can predict multiorgan
dysfunction (142–145). Furthermore, longitudinal
studies reveal that serum HDL continually declines in
sepsis nonsurvivors at day 0, day 3, and day 10
compared with survivors (144). Septic patients who have
HDL concentrations lower than 25.1 mg/dl on hospital
admission are highly susceptible to adverse outcomes,
such as requirement of intensive care unit care, devel-
opment of multiple- or single-organ dysfunctions (res-
piratory, circulatory, hepatic, or renal), and mortality
(143). Low HDL has been associated with the develop-
ment of sepsis-associated acute kidney injury and long-
term declines in estimated glomerular filtration rate,
suggesting that HDL may serve as biomarker of renal
dysfunction in sepsis (146). HDL levels in septic patients
are inversely correlated with proinflammatory cyto-
kines such as TNF-α and IL-6 (144, 147). This decrease in
HDL levels appears to be specific for systemic inflam-
mation due to infection, as no decreases are observed in
trauma, local infection, or SIRS (148, 149). Even after
clinical recovery from sepsis, HDL remains at lower
concentrations with marked reduction of anti-
inflammatory properties, leaving the patients more
vulnerable to secondary infection (141).

Small HDL particles have anti-inflammatory and
antioxidant properties, and HDL particle size is altered
in sepsis. Following low-dose endotoxemia in humans,
the number of small and medium-sized HDL particles
are decreased (150, 151). Patients with sepsis have shifts
to large HDL particle sizes from intermediate and small
HDL particles (140). This shift is due to impaired HDL
maturation and increased catabolism of the small and
medium-sized HDL particles. During endotoxemia,
HDL particle remodeling is associated with increased
endothelial lipases and sPLA2 and decreased plasma
cholesteryl ester transfer protein (CETP) and lecithin-
cholesterol acyltransferase activity (150). In addition,
carriers of a rare variant in CETP have greater CETP
activity and decreased HDL levels along with increased
sepsis mortality (152).

Several studies have also examined the amounts of
LDL-C, total cholesterol (TC), triglycerides (TGs), and
apoproteins during sepsis (144, 145, 153). LDL-C, TC,
apoA-1, and apoB were significantly decreased in sepsis
nonsurvivors and decreased apoA-1 predicted sepsis-
related 30-day mortality (142). TC, VLDL, and apoA-1
concentrations are significantly increased from day 1
to day 7 in pediatric patients with sepsis (153). Moreover,
TC is negatively correlated with C-reactive protein, a
well-known inflammatory biomarker of sepsis (153).
Another study demonstrated an association of
decreased TG levels with sepsis nonsurvival (145).
Furthermore, adding TG levels to SOFA score im-
proves the predictive accuracy of 28-day mortality (145).
However, the utility of plasma TG as a prognostic
marker is controversial, as Sharma et al. (154) found that
TG concentrations do not change between sepsis sur-
vivors, sepsis nonsurvivors, and healthy controls.

Both LDL and HDL are important scavengers of
toxins and bioactive lipids that can be taken up by the
liver to provide protection. LDL uptake by the liver is
dependent on membrane surface LDL receptor, which
is reduced in the presence of proprotein convertase
subtilisin/kexin type 9 (PCSK9). Walley and coworkers
have shown human PCSK9 loss of function subjects in
septic shock have improved survival and decreased in-
flammatory cytokine production (155). Furthermore, in
mouse sepsis models, PCSK9 inhibition improved sur-
vival and reduced inflammation, which was not
observed in similar experiments performed with LDL
receptor–deficient mice. HDL has also been tested as a
sepsis therapeutic in animal models. Recombinant high
density lipoprotein (rHDL) reconstituted with apoA-1
Milano administered to endotoxin-challenged rats at-
tenuates hepatic and renal dysfunction and enhances
the anti-inflammatory and antioxidant capacity (156).
Tanaka et al. (157) demonstrated that HDL improved
survival rates, reduced inflammation, and enhanced
bacterial clearance in animal models. In addition, the
apoA-1 mimetic peptide 4F improves survival rates and
cardiac performance in septic rats (158, 159). rHDL
administered to experimental endotoxemic humans
shows remarkable HDL elevation in plasma (160).
Although these studies showing HDL protective actions
in sepsis are promising, to date there have been no
human sepsis studies conducted with either rHDL or
mimetic peptides. However, there is a related ongoing
phase I/II trial designed to stabilize cholesterol levels in
sepsis and septic shock patients using a lipid emulsion
containing fish oil (161, 162).

CHLORINATED LIPIDS

Neutrophils are early mediators of the host immune
response during sepsis. The oxidants produced during
neutrophil activation are important for bacterial
killing, and they also have a role in organ damage
through the release of reactive oxygen species (8,
163–166). These reactive oxygen species target host tis-
sue lipids. The chlorinated lipidome represents an
important group of lipids produced by neutrophil-
derived reactive oxygen species. Neutrophil-derived
myeloperoxidase (MPO) produces hypochlorous acid
(HOCl), a strong halogenating and oxidizing agent that
reacts with both microbe and host molecules. The Ford
group discovered that MPO-derived HOCl targets the
vinyl ether bond at the sn-1 position of plasmalogen
lipids (167). Plasmalogen vinyl ether oxidation by HOCl
liberates 2-chlorofatty aldehyde (2-ClFALD) (168, 169),
Lipobiology of sepsis 7



which is the precursor of other members of the chlo-
rinated lipidome including 2-chlorofatty acid (2-ClFA)
and 2-chlorofatty alcohol (170, 171).

Chlorinated lipids have been examined in both ani-
mal and human sepsis. Pike et al. (172) used a rat sepsis
cecal slurry (CS) model that mimics early stages of hu-
man sepsis with antibiotic treatment and fluid resusci-
tation. Following CS treatment, rat sepsis nonsurvivors
have higher plasma free 2-ClFA levels compared with
survivors. Both free and esterified 2-ClFA are also
increased in kidney, liver, lung, spleen, colon, and ileum
of CS-treated rats. Moreover, exogenous 2-ClFA
administration to rats results in loss of renal barrier
function (172). Plasma 2-ClFA levels are also elevated in
rat endotoxemia (173). In addition, the urinary meta-
bolic clearance product of 2-ClFA, 2-chloroadipic acid,
resulting from ω-oxidation and subsequent β-oxidation
of 2-ClFA, is elevated in rats administered LPS (173).
Brain and heart levels of 2-ClFALD have also been
shown to be elevated in mouse endotoxemia (174, 175).

2-ClFA has also been investigated as a biomarker of
human sepsis (176). Plasma levels of both free and
esterified 2-chloropalmitic acid (2-ClPA) and 2-
chlorostearic acid (2-ClSA) were assessed in the Molec-
ular Epidemiology of Sepsis in the ICU cohort of hu-
man sepsis. Free and esterified forms of 2-ClSA and 2-
ClPA plasma levels are significantly elevated in both
sepsis survivors and sepsis nonsurvivors compared with
healthy controls. Moreover, plasma 2-ClFA levels are
elevated in patients who develop ARDS and 2-ClFA
levels associate with 30-day mortality. When the
plasma free 2-ClSA level is combined with the acute
physiology and chronic health evaluation (APACHE)
III score, ARDS prediction is significantly improved. Of
interest, in septic neutropenic patients, plasma 2-ClFA
levels are decreased, providing evidence that chlori-
nated lipid production is MPO dependent.

The potential roles of 2-ClFALD and 2-ClFA in sepsis
and proinflammatory actions in the circulatory system
have been investigated. Early studies demonstrated 2-
ClFALD is a neutrophil chemoattractant and elicits
endothelial P-selectin surface expression (168, 177).
Subsequently, 2-ClFALD was shown to inhibit eNOS
activity (178). 2-ClFA associates with endothelial Weibel-
Palade bodies and mobilizes these granules, resulting in
P-selectin surface expression, von Willebrand factor
release, and angiopoietin 2 release. The mobilization of
these granule contents results in increased neutrophil
and platelet adherence, as well as loss of endothelial
barrier function (179). 2-ClFA also induces neutrophil
extracellular trap formation (180). Human monocytes
treated with 2-ClFA undergo ER stress and produce
reactive oxygen species (181). 2-ClFALD has also been
shown to elicit brain endothelial barrier dysfunction
(174) . However, the effects of 2-ClFALD on endothelial
dysfunction and adhesion molecule surface expression
is heterogeneous and varies with the tissue of origin of
the endothelial vascular bed (182). 2-ClFA also elicits
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COX-2 expression in endothelial cells (183) and induces
ER stress and mitochondrial dysfunction in brain
endothelial cells (184). In vivo effects of 2-ClFA coupled
with pharmacological manipulation have also been
observed in the mesenteric microcirculation utilizing
intravital microscopy (185, 186). Both 2-ClFALD and 2-
ClFA elicit leukocyte rolling and adherence during
superfusion in the mesenteric circulation (185).
Furthermore, MPO inhibition with the pharmacologic
inhibitor KYC reduces 2-ClFA levels, leukocyte rolling
and adherence, and acute lung injury in CLP septic rats
(186).

The role of chlorinated lipids in sepsis is a relatively
new area of investigation compared with other lipids
reviewed herein. 2-ClFA appears to be a good
biomarker of sepsis outcomes that requires further
multicenter evaluation and longitudinal studies.
Furthermore, in addition to chlorinated lipids being
biomarkers, they have profound effects at the level of
the blood-vascular interface, which needs to be mech-
anistically explored as a therapeutic target to prevent
microcirculatory collapse, organ failure, and mortality.

ENDOCANNABINOIDS

Although endocannabinoids have a long-established
role in central nervous system function, significant
roles have been identified in inflammation, cardiovas-
cular function, and gastrointestinal function (187).
Among nine endocannabinoid species identified so far,
the two most extensively studied are anandamide (N-
arachidonoylethanolamine: AEA) and 2-arachido
noylglycerol (2-AG) (188). AEA and 2-AG are found
mainly in brain tissue; however, 2-AG can also be found
in the gut (189, 190) . Both AEA and 2-AG bind to
cannabinoid receptors CB1 and CB2, which are G
protein–coupled receptors (191). CB1 receptors are
enriched in the brain and spinal cord, whereas they are
expressed at a lower degree in liver and pancreatic islet
cells. CB2 receptors are found in immune cells such as
macrophages and lymphocytes, with a reduced expres-
sion in neuronal cells (192).

The endocannabinoids have biological activity
directed at the blood-vascular interface, which is critical
in sepsis. 2-AG induces E-selectin and P-selectin on
endothelial cells, resulting in leukocyte adhesion to
endothelial cells, as well as promoting eosinophil
chemotaxis and reducing endothelial cell viability
(193–195). Endocannabinoids also have profound effects
on immune cells (196); both 2-AG and AEA have
immunosuppressive functions. AEA suppresses IL-12
and IL-6 production in monocytes (197), and endo-
cannabinoids inhibit TNF-α release in LPS-treated
microglia cells (198). Mestre et al. (199) demonstrated
that AEA suppresses VCAM-1 and leukocyte migration
through CB1 activation following viral infection in
endothelial cells. Endocannabinoid metabolites also
mediate inflammation, as AEA is hydrolyzed by fatty



acid amidehydrolase into ethanolamine andAA, and the
liberated AA serves as a substrate for COX-2, LOX, and
P450, as discussed above (200). Fatty acid amide hydro-
lase mRNA levels in the whole blood of patients with
sepsis is significantly reduced compared with healthy
controls and remains low in sepsis mortality (201).

Endocannabinoid receptors have been examined as
potential targets for sepsis therapeutics. Tschöp et al.
(202) and Gui et al. (203) demonstrated that deletion of
CB2 receptors results in increased mortality following
CLP-induced sepsis or LPS-induced endotoxemia.
Twenty-four hours following CLP sepsis induction,
CB2-deficient mice have increased lung damage,
neutrophil activation, and leukocyte recruitment in
lungs (202). However, Kapellos et al. (204) did not
observe a significant difference in neutrophil recruit-
ment to the lungs following 2 and 8 h of LPS challenge
in CB2 knockout mice. In these mice, splenic chemo-
kines were increased following 2 h of LPS challenge,
which was accompanied by transient neutrophil
recruitment to the spleen (204). The conflicting data on
neutrophil recruitment to the lungs with CB2 knock-
down may be attributed to both the differences in the
duration of the treatment and differences in bacterial
sepsis and LPS endotoxemia (202, 204). On the other
hand, pharmacological activation of CB2 receptors re-
duces sepsis-induced leukocyte adherence in the
microcirculation, neutrophil recruitment to lungs, and
lung damage in rodents (202, 205, 206). Deleting the CB2
receptor in LPS-treated or CLP-septic mice results in
increased serum IL-6 and TNF-α levels, and CB2 ago-
nism prevents the increases in proinflammatory cyto-
kine levels in septic animals (202, 203, 206). Also, the
CB2 agonist, HU308, decreases plasma levels of ICAM
and VCAM in septic mice (206).

CB2 agonism may have a beneficial role in sepsis,
whereas antagonism of the CB1 receptor seems to have
a protective role (207). The CB1 antagonist, rimonabant,
administered 4 h following the induction of CLP-sepsis
in rats provides a significant increase in survival
compared with vehicle-treated rats. CB1 blocking does
not change sepsis-induced leukopenia, neutrophil
migration, or plasma IL-6 levels. However, CB1 blockage
in late-stage sepsis in CLP rats significantly increases
plasma arginine vasopressin, a mediator associated with
septic shock, multiple-organ failure, and death (208,
209). Thus, blocking CB1 may have a beneficial role in
restoring patient blood pressure in late phase sepsis.

ACYLCARNITINE AND FATTY ACID
METABOLISM

During sepsis, lipids are mobilized from adipose tis-
sue and liver (210, 211). Accordingly, investigations have
evaluated fatty acid intermediates as biomarkers of
sepsis. Chung et al. (212) and Schmerler et al. (213)
demonstrated short- and medium-chain acylcarnitines
(C2–C10) are elevated in the plasma of patients with
sepsis. The elevated plasma acylcarnitines are associated
with SOFA score, hepatobiliary and renal dysfunction,
thrombocytopenia, and hyperlactatemia (212). Plasma
acetylcarnitine has a positive correlation with plasma
IL-6, IL-8, and IL-10 as well as sepsis severity in patients
(212). Plasma acylcarnitine levels may also provide a
prognostic tool in human sepsis. Twenty-eight-day
sepsis nonsurvivors have a 2-fold increase in plasma
concentrations of cis-4-decenoylcarnitine (C10:1), hex-
anoylcarnitine (C6), butyroylcarnitine (C4) compared
with sepsis survivors (214). Furthermore, increased
plasma concentrations of medium-chain acylcarnitines
differentiate sepsis from noninfectious SIRS (213).
Elevated acylcarnitine levels detected during neonatal
blood spot screening associate strongly with develop-
ment of neonatal sepsis (215).

Mitochondrial function and fatty acid β-oxidation is
compromised in human sepsis (216–218). In addition to
elevated levels of acylcarnitines, elevated concentrations
of tricarboxylic acid cyclemetabolites such as lactic acid,
pyruvate, and citric acid further confirm dysfunctional
energy production due tomitochondrial defects (21, 214).
Several investigators have studied the underlying mo-
lecular mechanisms of dysregulated lipid oxidation
observed in sepsis (219–222). Experimental animal sepsis
identified decreased expression of fatty acid transport
protein-2, fatty acyl-CoA synthase, carnitine
palmitoyltransferase-1, medium-chain acyl-CoA dehy-
drogenase, acyl-CoA oxidase, and PPARs (219–222). The
role of PPAR-α is of particular interest, as leukocyte
PPAR-α expression declines with the severity of sepsis in
humans (223). In addition, in mouse CLP, liver PPAR-α is
decreased, leading to increased plasma free fatty acids
and hepatic lipotoxicity (211). The PPAR-α agonist
pemafibrate reversed liver lipotoxicity following CLP
sepsis (211). PPAR-α agonists also reduce LPS-elicited
acute lung injury (223, 224). Septic PPAR-α-deficient
mice also have reduced cardiac function and hepatic
metabolic compensation compared with wild-type mice
(225, 226). Although these studies suggest PPAR-α ago-
nists to be potential human sepsis therapeutics, it is un-
clear whether altered PPAR-α levels are causal or
coincidental (227). No clinical trials have been attempted
with PPAR-α agonists in sepsis, which may be due to the
cardiac, skeletal muscle, renal, and bone marrow toxic-
ities caused by PPAR-α agonist in clinical trials for pa-
tients with atherogenic hypercholesterolemia or
dyslipidemia (228).

CONCLUDING REMARKS

Sepsis is the most common cause of death in hospi-
talized patients. The diverse sources of infection, the
heterogeneity of immune and vascular responses, as well
as multiorgan failure make sepsis extremely difficult to
biochemically dissect to improve therapeutics. There is
also a desperate need to improve early sepsis detection
since mortality from sepsis increases 4% for every 1-h
Lipobiology of sepsis 9



delay in sepsis diagnosis (229). Understanding the role of
lipid biology during sepsis has the potential to provide
new insights into the pathophysiology of sepsis and
provide new therapeutic targets. This reviewhas focused
on lipid signaling molecules; fatty acid and cholesterol
metabolism and transit via their macromolecular com-
plexes; and new classes of lipids produced as a result of
interactions with reactive oxygen species. As we move
forward with future investigations focusing on the lipid
biology of sepsis, it will be important to consider the
limitations of animal models and consider studies that
include human cells or organoids. There are consider-
able interspecies differences in genomes and innate and
adaptive immunity responses, and within the human
population itself, there is significant heterogeneity and
variable comorbidities (230). Although animal models
maynot completely recapitulate human sepsis, theyhave
been a key tool in understanding the pathogenicity of
sepsis. Variability between different animal models (e.g.,
CLP, LPS administration, pneumonia models), the
infection dosing strategy, and any clinical interventions
such as antibiotics or fluid resuscitation may affect the
identification of lipid-mediated pathology and lipid
biomarkers. In addition, the diversity of sepsis sources,
immune responses, and outcomes requires large sample
sizes and multicenter studies in order to move forward
with translational studies involving lipids. Finally, the
integration of lipidomics with other omic platforms and
big data sets from patient studies, in conjunction with
artificial intelligence and computational modeling,
should provide new insights in the lipid biology in
sepsis.

Author contributions
K. A. and D. P. P. writing-original draft; K. A., D. P. P., and

D. A. F. writing-review and editing; K.A. visualization.

Funding and additional information
This study was supported by research funding from the

National Institutes of Health R01GM115553 and
R01GM129508 to D. A. F. and F30HL142193 to D. P. P. The
content is solely the responsibility of the authors and does
not necessarily represent the official views of the National
Institutes of Health.

Conflict of interest
The authors declare that they have no conflicts of interest

with the contents of this article.

Abbreviations
AA, arachidonic acid; AEA, N-arachidonoylethanolamine;

2-AG, 2-Arachidonoylglycerol; ARDS, acute respiratory
distress syndrome; ATX, autotaxin; CEPT, cholesteryl ester
transfer; Cer, ceramide; 2-ClFA, 2-chlorofatty acid; 2-
ClFALD, 2-chlorofatty aldehyde; CLP, cecal ligation punc-
ture; 2-ClPA, 2- chloropalmitic acid; 2-ClSA, 2-chlorostearic
acid; COX, cyclooxygenase; cPLA2, cytosolic PLA2; CS,
cecal slurry; CYP450, cytochrome P450; cys-LTs, cysteinyl
leukotrienes; DHET, dihydroxyeicosatrienoic acid; DPA,
10 J. Lipid Res. (2021) 62 100090
docosapentaenoic acid; EET, epoxy-eicosatrienoic acid;
HOCl, hypochlorous acid; LOX, lipoxygenase; LPA, lyso-
phosphatidic acid; LPC, lysophosphatidylcholine; LPCAT,
lysophosphatidylcholine acyltransferase; LPS, lipopolysac-
charide; LTA, lipotechoic acid; LTB4, leukotriene B4; MPO,
myeloperoxidase; PAF, platelet-activating factor; PC, phos-
phatidylcholine; PCSK9, proprotein convertase subtilisin/
kexin type 9; PLA2, phospholipase A2; rHDL, recombinant
HDL; Rv, resolvin; RvD1-RvD6, D series resolvins; RvE1-
RvE3, E series resolvins; RvT1-RvT4, T series resolvins;
10S,17S- diHDHA, 10(S),17(S) dihydroxy docosahexaenoic
acid; sEH, soluble epoxide hydrolase; SIRS, systemic
inflammatory response syndrome; S1P, sphingosine-1-
phosphate; sPLA2, secretory phospholipase A2; Sphk, sphin-
gosine kinase; SPMs, specialized pro-resolving mediators;
SOFA, sequential organ failure assessment; TC, total
cholesterol; TG, triglycerides; TLR, Toll-like receptors;
TPPU, N-[1-(1-oxopropyl)-4-piperidinyl]-N′-[4-(tri-
fluoromethoxy)phenyl]-urea; TXB2, thromboxane B2.

Manuscript received April 8, 2021, and in revised from May
20, 2021. Published, JLR Papers in Press, June 1, 2021, https://
doi.org/10.1016/j.jlr.2021.100090

REFERENCES

1. Rudd, K. E., Johnson, S. C., Agesa, K. M., Shackelford, K. A., Tsoi,
D., Kievlan, D. R., Colombara, D. V., Ikuta, K. S., Kissoon, N.,
Finfer, S., Fleischmann-Struzek, C., Machado, F. R., Reinhart, K.
K., Rowan, K., Seymour, C. W., et al. (2020) Global, regional, and
national sepsis incidence and mortality, 1990-2017: analysis for
the gobal burden of disease study. Lancet. 395, 200–211

2. Mayr, F. B., Yende, S., and Angus, D. C. (2014) Epidemiology of
severe sepsis. Virulence. 5, 4–11

3. Opal, S. M., and van der Poll, T. (2015) Endothelial barrier
dysfunction in septic shock. J. Int. Med. 277, 277–293

4. Colbert, J. F., and Schmidt, E. P. (2016) Endothelial and micro-
circulatory function and dysfunction in sepsis. Clin. Chest Med.
37, 263–275

5. Levi, M., and van der Poll, T. (2010) Inflammation and coagu-
lation. Crit. Care Med. 38, S26–34

6. Katz, J. N., Kolappa, K. P., and Becker, R. C. (2011) Beyond
thrombosis: the versatile platelet in critical illness. Chest. 139,
658–668

7. Delano, M. J., and Ward, P. A. (2016) The immune system's role
in sepsis progression, resolution, and long-term outcome.
Immunol. Rev. 274, 330–353

8. Shen, X. F., Cao, K., Jiang, J. P., Guan, W. X., and Du, J. F. (2017)
Neutrophil dysregulation during sepsis: an overview and up-
date. J. Cell Mol. Med. 21, 1687–1697

9. Drifte, G., Dunn-Siegrist, I., Tissières, P., and Pugin, J. (2013)
Innate immune functions of immature neutrophils in patients
with sepsis and severe systemic inflammatory response syn-
drome. Crit. Care Med. 41, 820–832

10. Lerman, Y. V., and Kim, M. (2015) Neutrophil migration under
normal and sepsis conditions. Cardiovasc. Hematol. Disord. Drug
Targets. 15, 19–28

11. Hotchkiss, R. S., Monneret, G., and Payen, D. (2013) Sepsis-
induced immunosuppression: from cellular dysfunctions to
immunotherapy. Nat. Rev. Immunol. 13, 862–874

12. Cicchese, J. M., Evans, S., Hult, C., Joslyn, L. R., Wessler, T., Millar,
J. A., Marino, S., Cilfone, N. A., Mattila, J. T., Linderman, J. J., and
Kirschner, D. E. (2018) Dynamic balance of pro- and anti-
inflammatory signals controls disease and limits pathology.
Immunol. Rev. 285, 147–167

13. Rastogi, D., Ratner, A. J., and Prince, A. (2001) Host-bacterial
interactions in the initiation of inflammation. Paediatr. Respir.
Rev. 2, 245–252

14. Dennis, E. A., Cao, J., Hsu, Y-H., Magrioti, V., and Kokotos, G.
(2011) Phospholipase A2 enzymes: physical structure, biological

http://doi.org/https://doi.org/10.1016/j.jlr.2021.100090
http://doi.org/https://doi.org/10.1016/j.jlr.2021.100090
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref1
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref1
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref1
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref1
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref1
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref1
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref1
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref2
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref2
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref2
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref3
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref3
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref3
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref4
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref4
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref4
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref4
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref5
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref5
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref5
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref6
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref6
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref6
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref6
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref7
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref7
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref7
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref7
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref8
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref8
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref8
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref8
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref9
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref9
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref9
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref9
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref9
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref9
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref10
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref10
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref10
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref10
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref11
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref11
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref11
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref11
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref12
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref12
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref12
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref12
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref12
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref12
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref13
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref13
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref13
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref13
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref14
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref14


function, disease implication, chemical inhibition, and thera-
peutic intervention. Chem. Rev. 111, 6130–6185

15. Balsinde, J., Balboa, M. A., Insel, P. A., and Dennis, E. A. (1999)
Regulation and inhibition of phospholipase A2. Annu. Rev.
Pharmacol. Toxicol. 39, 175–189

16. Lambeau, G., and Gelb, M. H. (2008) Biochemistry and physi-
ology of mammalian secreted phospholipases A2. Annu. Rev.
Biochem. 77, 495–520

17. Tam, V. C. (2013) Lipidomic profiling of bioactive lipids by mass
spectrometry during microbial infections. Semin. Immunol. 25,
240–248

18. Serhan, C. N., and Levy, B. D. (2018) Resolvins in inflammation:
emergence of the pro-resolving superfamily of mediators. J.
Clin. Invest. 128, 2657–2669

19. Dalli, J., Colas, R. A., Quintana, C., Barragan-Bradford, D., Hur-
witz, S., Levy, B. D., Choi, A. M., Serhan, C. N., and Baron, R. M.
(2017) Human sepsis eicosanoid and proresolving lipid medi-
ator temporal profiles: correlations with survival and clinical
outcomes. Crit. Care Med. 45, 58–68

20. Bruegel, M., Ludwig, U., Kleinhempel, A., Petros, S., Kortz, L.,
Ceglarek, U., Holdt, L. M., Thiery, J., and Fiedler, G. M. (2012)
Sepsis-associated changes of the arachidonic acid metabolism
and their diagnostic potential in septic patients. Crit. Care Med.
40, 1478–1486

21. Wang, J., Sun, Y., Teng, S., and Li, K. (2020) Prediction of sepsis
mortality using metabolite biomarkers in the blood: a meta-
analysis of death-related pathways and prospective validation.
BMC Med. 18, 83

22. Vardon Bounes, F., Mémier, V., Marcaud, M., Jacquemin, A.,
Hamzeh-Cognasse, H., Garcia, C., Series, J., Sié, P., Minville, V.,
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Díaz, C., Pérez Del Palacio, J., López Cortés, L. F., Pachón, J., and
Smani, Y. (2016) Efficacy of lysophosphatidylcholine in com-
bination with antimicrobial agents against Acinetobacter bau-
mannii in experimental murine peritoneal sepsis and
pneumonia models. Antimicrob. Agents Chemother. 60, 4464–4470

55. Schmitz, G., and Ruebsaamen, K. (2010) Metabolism and
atherogenic disease association of lysophosphatidylcholine.
Atherosclerosis. 208, 10–18

56. Han, J. H., Cao, C., Kim, S. M., Piao, F. L., and Kim, S. H. (2004)
Attenuation of lysophosphatidylcholine-induced suppression
of ANP release from hypertrophied atria. Hypertension. 43,
243–248

57. Cedars, A., Jenkins, C. M., Mancuso, D. J., and Gross, R. W. (2009)
Calcium-independent phospholipases in the heart: mediators of
cellular signaling, bioenergetics, and ischemia-induced electro-
physiologic dysfunction. J. Cardiovasc. Pharmacol. 53, 277–289

58. Endo, S., Inada, K., Nakae, H., Takakuwa, T., Yamada, Y.,
Suzuki, T., Taniguchi, S., Yoshida, M., Ogawa, M., and Teraoka,
H. (1995) Plasma levels of type II phospholipase A2 and cyto-
kines in patients with sepsis. Res. Comm. Mol. Path. Pharmacol. 90,
413–421

59. Vadas, P., Scott, K., Smith, G., Rajkovic, I., Stefanski, E., Schouten,
B. D., Singh, R., and Pruzanski, W. (1992) Serum phospholipase
A2 enzyme activity and immunoreactivity in a prospective
analysis of patients with septic shock. Life Sci. 50, 807–811

60. Green, J. A., Smith, G. M., Buchta, R., Lee, R., Ho, K. Y., Rajkovic,
I. A., and Scott, K. F. (1991) Circulating phospholipase A2 ac-
tivity associated with sepsis and septic shock is indistinguishable
from that associated with rheumatoid arthritis. Inflammation. 15,
355–367

61. Levy, R., Dana, R., Hazan, I., Levy, I., Weber, G., Smoliakov, R.,
Pesach, I., Riesenberg, K., and Schlaeffer, F. (2000) Elevated
cytosolic phospholipase A(2) expression and activity in human
neutrophils during sepsis. Blood. 95, 660–665

62. Uozumi, N., Kita, Y., and Shimizu, T. (2008) Modulation of lipid
and protein mediators of inflammation by cytosolic phospho-
lipase A2 alpha during experimental sepsis. J. Immunol. 181,
3558–3566

63. Yamashita, A., Tanaka, K., Kamata, R., Kumazawa, T., Suzuki,
N., Koga, H., Waku, K., and Sugiura, T. (2009) Subcellular
localization and lysophospholipase/transacylation activities of
human group IVC phospholipase A2 (cPLA2gamma). Biochim.
Biophys. Acta. 1791, 1011–1022

64. Tan, T. L., Ahmad, N. S., Nasuruddin, D. N., Ithnin, A., Tajul
Arifin, K., Zaini, I. Z., and Wan Ngah, W. Z. (2016) CD64 and
group II secretory phospholipase A2 (sPLA2-IIA) as biomarkers
for distinguishing adult sepsis and bacterial infections in the
emergency department. PLoS One. 11, e0152065

65. Tan, T. L., and Goh, Y. Y. (2017) The role of group IIA secretory
phospholipase A2 (sPLA2-IIA) as a biomarker for the diagnosis
of sepsis and bacterial infection in adults-A systematic review.
PLoS One. 12, e0180554

66. Schrama, A. J., de Beaufort, A. J., Poorthuis, B. J., Berger, H. M.,
and Walther, F. J. (2008) Secretory phospholipase A2 in
newborn infants with sepsis. J. Perinatology. 28, 291–296

67. Weinrauch, Y., Abad, C., Liang, N. S., Lowry, S. F., and Weiss, J.
(1998) Mobilization of potent plasma bactericidal activity dur-
ing systemic bacterial challenge. Role of group IIA phospho-
lipase A2. J. Clin. Invest. 102, 633–638

68. Nevalainen, T. J., Graham, G. G., and Scott, K. F. (2008) Anti-
bacterial actions of secreted phospholipases A2. Biochim. Biophys.
Acta. 1781, 1–9

69. Movert, E., Wu, Y., Lambeau, G., Kahn, F., Touqui, L., and
Areschoug, T. (2013) Secreted group IIA phospholipase A2
protects humans against the group B streptococcus: experi-
mental and clinical evidence. J. Infect. Dis. 208, 2025–2035

70. Liu, M. S., Liu, C. H., Wu, G., and Zhou, Y. (2012) Antisense in-
hibition of secretory and cytosolic phospholipase A2 reduces
the mortality in rats with sepsis. Crit. Care Med. 40, 2132–2140
12 J. Lipid Res. (2021) 62 100090
71. Zeiher, B. G., Steingrub, J., Laterre, P. F., Dmitrienko, A.,
Fukiishi, Y., Abraham, E., and EZZI Study Group (2005)
LY315920NA/S-5920, a selective inhibitor of group IIA secre-
tory phospholipase A2, fails to improve clinical outcome for
patients with severe sepsis. Crit. Care Med. 33, 1741–1748

72. Lordan, R., Tsoupras, A., Zabetakis, I., and Demopoulos, C. A.
(2019) Forty years since the structural elucidation of platelet-
activating factor (PAF): historical, current, and future
research perspectives. Molecules. 24, 4414

73. Prescott, S. M., Zimmerman, G. A., Stafforini, D. M., and McIn-
tyre, T. M. (2000) Platelet-activating factor and r elated lipid
mediators. Annu. Rev. Biochem. 69, 419–445

74. Wykle, R. L., Malone, B., and Snyder, F. (1980) Enzymatic synthesis
of 1-alkyl-2-acetyl-sn-glycero-3-phosphocholine, a hypotensive
and platelet-aggregating lipid. J. Biol. Chem. 255, 10256–10260

75. Holland, M. R., Venable, M. E., Whatley, R. E., Zimmerman, G.
A., McIntyre, T. M., and Prescott, S. M. (1992) Activation of the
acetyl-coenzyme A:lysoplatelet-activating factor acetyl-
transferase regulates platelet-activating factor synthesis in
human endothelial cells. J. Biol. Chem. 267, 22883–22890

76. Lee, T. C., Malone, B., and Snyder, F. (1986) A new de novo
pathway for the formation of 1-alkyl-2-acetyl-sn-glycerols,
precursors of platelet activating factor. Biochemical charac-
terization of 1-alkyl-2-lyso-sn-glycero-3-P:acetyl-CoA acetyl-
transferase in rat spleen. J. Biol. Chem. 261, 5373–5377

77. Triggiani, M., Schleimer, R. P., Warner, J. A., and Chilton, F. H.
(1991) Differential synthesis of 1-acyl-2-acetyl-sn-glycero-3-
phosphocholine and platelet-activating factor by human in-
flammatory cells. J. Immunol. 147, 660–666

78. Watanabe, J., Marathe, G. K., Neilsen, P. O., Weyrich, A. S.,
Harrison, K. A., Murphy, R. C., Zimmerman, G. A., and McIn-
tyre, T. M. (2003) Endotoxins stimulate neutrophil adhesion
followed by synthesis and release of platelet-activating factor
in microparticles. J. Biol. Chem. 278, 33161–33168

79. Prescott, S. M., Zimmerman, G. A., and McIntyre, T. M. (1984)
Human endothelial cells in culture produce platelet-activating
factor (1-alkyl-2-acetyl-sn-glycero-3-phosphocholine) when stim-
ulated with thrombin. Proc. Natl. Acad. Sci. U.S.A. 81, 3534–3538

80. Muller, E., Dagenais, P., Alami, N., and Rola-Pleszczynski, M.
(1993) Identification and functional characterization of
platelet-activating factor receptors in human leukocyte pop-
ulations using polyclonal anti-peptide antibody. Proc. Natl. Acad.
Sci. U.S.A. 90, 5818–5822

81. Honda, Z., Nakamura, M., Miki, I., Minami, M., Watanabe, T.,
Seyama, Y., Okado, H., Toh, H., Ito, K., Miyamoto, T., and Shi-
mizu, T. (1991) Cloning by functional expression of platelet-
activating factor receptor from guinea-pig lung. Nature. 349,
342–346

82. Zimmerman, G. A., McIntyre, T. M., and Prescott, S. M. (1985)
Thrombin stimulates the adherence of neutrophils to human
endothelial cells in vitro. J. Clin. Invest. 76, 2235–2246

83. Lorant, D. E., Patel, K. D., McIntyre, T. M., McEver, R. P., Pre-
scott, S. M., and Zimmerman, G. A. (1991) Coexpression of GMP-
140 and PAF by endothelium stimulated by histamine or
thrombin: a juxtacrine system for adhesion and activation of
neutrophils. J. Cell Biol. 115, 223–234

84. Weyrich, A. S., McIntyre, T. M., McEver, R. P., Prescott, S. M., and
Zimmerman, G. A. (1995) Monocyte tethering by P-selectin
regulates monocyte chemotactic protein-1 and tumor necrosis
factor-alpha secretion. Signal integration and NF-kappa B
translocation. J. Clin. Invest. 95, 2297–2303

85. Rouis, M., Nigon, F., and Chapman, M. J. (1988) Platelet acti-
vating factor is a potent stimulant of the production of active
oxygen species by human monocyte-derived macrophages.
Biochem. Biophys. Res. Commun. 156, 1293–1301

86. Takahashi, S., Yoshikawa, T., Naito, Y., Tanigawa, T., Yoshida,
N., and Kondo, M. (1991) Role of platelet-activating factor (PAF)
in superoxide production by human polymorphonuclear leu-
kocytes. Lipids. 26, 1227–1230

87. Yost,C.C.,Cody,M. J.,Harris, E. S., Thornton,N.L.,McInturff,A.M.,
Martinez, M. L., Chandler, N. B., Rodesch, C. K., Albertine, K. H.,
Petti, C. A., Weyrich, A. S., and Zimmerman, G. A. (2009) Impaired
neutrophil extracellular trap (NET) formation: a novel innate
immune deficiency of human neonates. Blood. 113, 6419–6427

88. Zhou, W., Javors, M. A., and Olson, M. S. (1992) Platelet-acti-
vating factor as an intercellular signal in neutrophil-dependent
platelet activation. J. Immunol. 149, 1763–1769

http://refhub.elsevier.com/S0022-2275(21)00072-9/sref52
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref52
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref52
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref53
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref53
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref53
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref53
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref53
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref54
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref54
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref54
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref54
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref54
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref54
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref54
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref54
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref54
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref54
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref54
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref54
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref54
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref54
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref54
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref54
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref54
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref54
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref55
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref55
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref55
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref55
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref56
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref56
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref56
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref56
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref56
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref57
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref57
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref57
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref57
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref57
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref58
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref58
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref58
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref58
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref58
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref58
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref59
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref59
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref59
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref59
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref59
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref60
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref60
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref60
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref60
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref60
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref60
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref61
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref61
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref61
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref61
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref61
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref62
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref62
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref62
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref62
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref62
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref62
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref63
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref63
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref63
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref63
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref63
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref63
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref63
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref63
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref64
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref64
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref64
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref64
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref64
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref64
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref64
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref65
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref65
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref65
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref65
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref65
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref65
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref66
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref66
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref66
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref66
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref66
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref67
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref67
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref67
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref67
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref67
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref67
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref68
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref68
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref68
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref68
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref68
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref69
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref69
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref69
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref69
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref69
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref70
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref70
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref70
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref70
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref70
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref71
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref71
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref71
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref71
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref71
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref71
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref72
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref72
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref72
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref72
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref73
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref73
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref73
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref73
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref74
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref74
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref74
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref74
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref75
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref75
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref75
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref75
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref75
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref75
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref76
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref76
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref76
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref76
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref76
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref76
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref77
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref77
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref77
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref77
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref77
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref78
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref78
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref78
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref78
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref78
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref78
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref79
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref79
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref79
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref79
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref79
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref80
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref80
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref80
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref80
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref80
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref80
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref81
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref81
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref81
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref81
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref81
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref81
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref82
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref82
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref82
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref82
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref83
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref83
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref83
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref83
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref83
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref83
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref84
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref84
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref84
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref84
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref84
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref84
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref85
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref85
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref85
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref85
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref85
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref86
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref86
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref86
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref86
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref86
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref87
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref87
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref87
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref87
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref87
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref87
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref88
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref88
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref88
http://refhub.elsevier.com/S0022-2275(21)00072-9/sref88


89. Ninio, E., Leyravaud, S., Bidault, J., Jurgens, P., and Benveniste, J.
(1991) Cell adhesion by membrane-bound paf-acether. Int.
Immunol. 3, 1157–1163

90. Yost, C. C., Weyrich, A. S., and Zimmerman, G. A. (2010) The
platelet activating factor (PAF) signaling cascade in systemic
inflammatory responses. Biochimie. 92, 692–697

91. Ishii, S., Nagase, T., Tashiro, F., Ikuta, K., Sato, S., Waga, I., Kume,
K., Miyazaki, J., and Shimizu, T. (1997) Bronchial hyperreactiv-
ity, increased endotoxin lethality and melanocytic tumorigen-
esis in transgenic mice overexpressing platelet-activating factor
receptor. EMBO J. 16, 133–142

92. Jeong, Y. I., Jung, I. D., Lee, C. M., Chang, J. H., Chun, S. H., Noh,
K. T., Jeong, S. K., Shin, Y. K., Lee, W. S., Kang, M. S., Lee, S. Y.,
Lee, J. D., and Park, Y. M. (2009) The novel role of platelet-
activating factor in protecting mice against
lipopolysaccharide-induced endotoxic shock. PLoS One. 4, e6503

93. Stafforini, D. M., McIntyre, T. M., Zimmerman, G. A., and Pre-
scott, S. M. (1997) Platelet-activating factor acetylhydrolases. J.
Biol. Chem. 272, 17895–17898

94. Stafforini, D. M., McIntyre, T. M., Carter, M. E., and Prescott, S.
M. (1987) Human plasma platelet-activating factor acetylhy-
drolase. Association with lipoprotein particles and role in the
degradation of platelet-activating factor. J. Biol. Chem. 262,
4215–4222

95. Blank, M. L., Lee, T., Fitzgerald, V., and Snyder, F. (1981)
A specific acetylhydrolase for 1-alkyl-2-acetyl-sn-glycero-3-
phosphocholine (a hypotensive and platelet-activating lipid).
J. Biol. Chem. 256, 175–178

96. Farr, R. S., Wardlow, M. L., Cox, C. P., Meng, K. E., and Greene,
D. E. (1983) Human serum acid-labile factor is an acylhydrolase
that inactivates platelet-activating factor. Fed. Proc. 42, 3120–3122

97. Teixeira-da-Cunha, M. G., Gomes, R. N., Roehrs, N., Bozza, F. A.,
Prescott, S. M., Stafforini, D., Zimmerman, G. A., Bozza, P. T.,
and Castro-Faria-Neto, H. C. (2013) Bacterial clearance is
improved in septic mice by platelet-activating factor-acetylhy-
drolase (PAF-AH) administration. PLoS One. 8, e74567

98. Gomes, R. N., Bozza, F. A., Amancio, R. T., Japiassu, A. M.,
Vianna, R. C., Larangeira, A. P., Gouvea, J. M., Bastos, M. S.,
Zimmerman, G. A., Stafforini, D. M., Prescott, S. M., Bozza, P. T.,
and Castro-Faria-Neto, H. C. (2006) Exogenous platelet-
activating factor acetylhydrolase reduces mortality in mice
with systemic inflammatory response syndrome and sepsis.
Shock. 26, 41–49

99. Moreno, S. E., Alves-Filho, J. C., Rios-Santos, F., Silva, J. S., Fer-
reira, S. H., Cunha, F. Q., and Teixeira, M. M. (2006) Signaling
via platelet-activating factor receptors accounts for the
impairment of neutrophil migration in polymicrobial sepsis. J.
Immunol. 177, 1264–1271

100. Lopez Diez, F., Nieto, M. L., Fernandez-Gallardo, S., Gijon, M. A.,
and Sanchez Crespo, M. (1989) Occupancy of platelet receptors
for platelet-activating factor in patients with septicemia. J. Clin.
Invest. 83, 1733–1740

101. Graham, R. M., Stephens, C. J., Silvester, W., Leong, L. L., Sturm,
M. J., and Taylor, R. R. (1994) Plasma degradation of platelet-
activating factor in severely ill patients with clinical sepsis.
Crit. Care Med. 22, 204–212

102. Partrick, D. A., Moore, E. E., Moore, F. A., Biffl, W. L., and Bar-
nett, C. C. (1997) Reduced PAF-acetylhydrolase activity is asso-
ciated with postinjury multiple organ failure. Shock. 7, 170–174

103. Li, S., Stuart, L., Zhang, Y., Meduri, G. U., Umberger, R., and
Yates, C. R. (2009) Inter-individual variability of plasma PAF-
acetylhydrolase activity in ARDS patients and PAFAH geno-
type. J. Clin. Pharm. Ther. 34, 447–455

104. Opal, S., Laterre, P. F., Abraham, E., Francois, B., Wittebole, X.,
Lowry, S., Dhainaut, J. F., Warren, B., Dugernier, T., Lopez, A.,
Sanchez, M., Demeyer, I., Jauregui, L., Lorente, J. A., McGee, W.,
et al. (2004) Recombinant human platelet-activating factor
acetylhydrolase for treatment of severe sepsis: results of a
phase III, multicenter, randomized, double-blind, placebo-
controlled, clinical trial. Crit. Care Med. 32, 332–341

105. Maceyka, M., and Spiegel, S. (2014) Sphingolipid metabolites in
inflammatory disease. Nature. 510, 58–67

106. Hannun, Y. A., and Obeid, L. M. (2018) Sphingolipids and their
metabolism in physiology and disease. Nat. Rev. Mol. Cell Biol. 19,
175–191

107. Stringer, K. A., Serkova, N. J., Karnovsky, A., Guire, K., Robert
Paine, I., and Standiford, T. J. (2011) Metabolic consequences of
sepsis-induced acute lung injury revealed by plasma 1H-nuclear
magnetic resonance quantitative metabolomics and computa-
tional analysis. Am. J. Physiol. Lung Cell Mol. Physiol. 300, L4–L11

108. Ahn, W-G., Jung, J-S., and Song, D-K. (2018) Lipidomic analysis
of plasma lipids composition changes in septic mice. Korean J.
Physiol. Pharmacol. 22, 399–408

109. Shi, X., Y, F., Zheng, Y-N., Zhang, H., Wang, X-X., Shao, G-J., and
Lai, X-L. (2016) Metabolomic approach for the identification of
therapeutic targets of erythropoietin against sepsis in rat
models. Eur. Rev. Med. Pharmacol. Sci. 20, 537–546

110. Takao, K., and Miyakawa, T. (2015) Genomic responses in mouse
models greatly mimic human inflammatory diseases. Proc. Natl.
Acad. Sci. U. S. A. 112, 1167–1172

111. Seok, J., Warren, H. S., Cuenca, A. G., Mindrinos, M. N., Baker, H.
V., Xu, W., Richards, D. R., McDonald-Smith, G. P., Gao, H.,
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199. Mestre, L., Iñigo, P. M., Mecha, M., Correa, F. G., Hernangómez-
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