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Abstract

Objective The present study aimed to comprehensively
investigate the changes in oxylipins during murine sepsis
induced by lipopolysaccharide (LPS) or cecal ligation and
puncture (CLP).

Methods Twenty-four hours after induction of sepsis in
male C57BL/6 mice by LPS or CLP, plasma and liver,
lung, kidney and heart tissues were sampled. Oxylipin
levels in plasma and tissue were quantified by means of
LC-MS. Moreover, clinical chemistry parameters were
determined in plasma and interleukin levels (MCP-1 and
IL-6) were determined in kidney and liver.

Results  Elevation of liver function plasma parameters at
24 h revealed that both models were successful in the
induction of sepsis. LPS induced sepsis resulted in a dra-
matic increase of plasma PGE, (2,100 % change in
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comparison to control) and other cyclooxygenase metabo-
lites, whereas this effect was less pronounced in CLP
induced sepsis (97 % increase of PGE,). Plasma epoxy-
fatty acids (FAs) and hydroxy-FAs and most of the dihy-
droxy-FAs were elevated in both models of sepsis.
Changes of tissue oxylipin concentrations were organ
dependent. Only few changes were detected in the lung and
liver tissue, epoxy-FAs were elevated in the kidney. In the
heart tissue a trend towards lower levels of hydroxy-FAs
and epoxy-FAs was observed.

Conclusion Both murine models of sepsis are character-
ized by changes of oxylipins formed in all branches of the
arachidonic acid (AA) cascade. The more pronounced
effects in the LPS model make this model more suitable for
the investigation of the AA cascade and its pharmacolog-
ical modulation in sepsis.

Keywords Sepsis - Lipopolysaccharide (LPS) -
Cecal ligation and puncture - Lipid mediators

Introduction

Sepsis is a severe medical condition with high incidence
and mortality [1-3]. Sepsis arises when a host is not able to
contain an infection and is characterized by a complex
deregulation of inflammation resulting in multiple organ
failure [4]. Aside from cytokines the pro-inflammatory
prostaglandins (PGs), especially PGE,, play a role in sepsis
[5]. Plasma PG levels are increased in several animal
models of sepsis [6-9] and patients [10, 11]. PGs modulate
a variety of biological functions and are enzymatically
formed from arachidonic acid (AA) or other polyunsatu-
rated fatty acids (FAs) by cyclooxygenases (COXs) and
several PG-synthases [12]. For example, PGE, plays a role
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in the regulation of immune response, blood pressure,
inflammation and pain [13]. PGI, is a potent vasodilator
and inhibitor of platelet aggregation and therefore impor-
tant for cardiovascular homeostasis [13]. 6-Keto-PGF,,, is
its inactive, non-enzymatically formed hydrolysis product
and used as marker for the in vivo production of PGI, [13].
13,14-Dihydro-15-keto-PGF,, is a plasma metabolite of
PGF,,, which is involved in several physiological pro-
cesses, such as luteolysis, ovarian function, parturition as
well as in acute and chronic inflammation and cardiovas-
cular diseases [14, 15]. Apart from the COX branch,
polyunsaturated FAs are converted in the AA cascade
enzymatically by lipoxygenases (LOXs) and cytochrome-
P450-monooxygenases (CYPs) or non-enzymatically via
autoxidation. Conversion by enzymes of the CYP2C or
CYP2J families results in the formation of epoxy-FAs with
vasodilatory, anti-inflammatory, and analgetic properties
and which are subsequently hydrolyzed by soluble epoxide
hydrolase (sEH) to the less biologically active dihydroxy-
FAs [16, 17]. o-Hydroxylation of AA by members of the
CYP4A or CYP4F families form 20-HETE, acting as a
vasoconstrictor [18]. The primary products of LOXs are
hydroperoxy-FAs, which can be subsequently reduced to
the corresponding hydroxy-FAs, such as 5-, 12- or
15-HETE or the eicosapentaenoic acid (EPA) derived 5-,
12- or 15-HEPE [19]. These hydroxy-FAs can be used as
markers for 5-, 12- or 15-LOX activity. Under physiolog-
ical conditions, 5-HpETE can be further processed by
5-LOX to LTA, which serves as precursor for several
highly biological active lipid mediators, such as the
chemoattractant LTB, or the anti-inflammatory LXA, [19].
Moreover, resolvins and related compounds, which are
believed to be involved in the resolution of inflammation,
are formed by the action of COX and LOX and primary
products such as 18-HEPE and 17-HDHA are used as
markers for this pathway [20]. Oxygenated FAs can also be
formed via autoxidation. Whereas enzymatic oxidation is
stereoselective, autoxidation results in the formation of
racemic mixtures. Primary autoxidation products are
hydroperoxides, which can be reduced to hydroxy-FAs,
such as 9- or 11-HETE [21]. Further reaction of the ini-
tially formed hydroperoxides results in the formation of F,-
isoprostanoids, such as 5-iPF,,-IV, which are used as
markers of oxidative stress in vivo [22].

Previous studies investigating the role of lipid mediators,
generally referred as oxylipins, in sepsis focused only on
single or few compounds [7-9, 23]. Although there is a
crosstalk between different pathways [24, 25], comprehensive
information about sepsis related changes in all pathways is
scarce. Particularly, no data on differences in oxylipin pattern
induced by different animal models of sepsis is available.
Initiation of sepsis in animal models can be achieved via three
strategies: (1) administration of exogenous toxins [such as
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lipopolysaccharide (LPS)], (2) administration of viable
pathogens or (3) by an alteration of the intestinal barrier [4,
26]. LPS-induced sepsis and polymicrobial sepsis induced by
cecal ligation and puncture (CLP) are the most commonly
used animal models. LPS-induced sepsis can be simply and
robustly archived by i.p. injection and is characterized by a
rapid and massive elevation of systemic cytokines, such as
TNF-o, IL-1p and IL-6 as well as PG levels [8, 26]. Notably, in
clinical sepsis the increase of systemic cytokine levels is more
prolonged and the concentrations are lower. Thus, LPS-in-
duced sepsis gives insights in septic processes albeit there are
limitations regarding the complex physiological response in
septic patients [4, 26]. The CLP model is considered to be the
gold standard in sepsis models. In CLP surgery the intestinal
barrier is damaged, allowing bacterial translocation which
leads to peritonitis and eventually multiorgan failure. The
cytokine release after CLP surgery is prolonged and resembles
the cytokine profile observed in septic patients [4, 26, 27].
This study aims to comprehensively investigate and
compare the role of lipid mediators in these two models of
sepsis. For this purpose, both oxylipin plasma as well as
tissue levels were analyzed using a targeted metabolomics
approach and correlated with clinical chemistry parameters
indicating multiorgan failure due to acute sepsis.

Materials and methods
Chemicals

LPS from E. coli O111:B4 was purchased from Sigma
(Schnelldorf, Germany, L 2630 Lot#043M4104 V). Oxy-
lipin standards and internal standards were purchased from
Cayman Chemicals (local distributor: Biomol, Hamburg).
Epoxy octadecadienoic acids (EpODEs) and dihydroxy
octadecadienoic acids (DiHODEs), 1-(1-methanesulfonyl-
piperidin-4-yl)-3-(4-trifluoromethoxy-phenyl)-urea (TUPS)
were a kind gift from the laboratory of Bruce Hammock
(UC Davis, CA, USA). LC-MS grade acetonitrile, acetic
acid (HAc) and methanol (MeOH) were obtained from
Fisher Scientific (Nidderau, Germany). n-Hexane (HPLC
grade) was from Carl Roth (Karlsruhe, Germany). All other
chemicals were from Sigma (Schnelldorf, Germany).

In vivo studies

C57BL/6 male mice (H2b, 11-13 weeks of age) were
obtained from Charles River (Sulzfeld, Germany). Animals
were cared for in accordance with the institution’s guide-
lines for experimental animals and with the guidelines of
the American Physiological Society. The animal protection
committee of the local authorities (Lower Saxony state
department for food safety and animal welfare LAVES)
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approved all experiments (approval: 33.9-42502-04-12/
0846). Mice were housed under conventional conditions in
individually ventilated cages produced by Tecniplast Inc.
(Italy) with a 12 h light/dark cycle and had free access to
food (Altromin 1324 standard mouse diet) and domestic
quality drinking water ad libitum.

LPS model

C57BL/6 mice were i.p. challenged with 10 mg/kg BW LPS
(n = 6) or vehicle (n = 6). After 24 h mice were anes-
thetized with isoflurane for EDTA-blood sampling from the
retro orbital venous plexus using EDTA coated capillaries.
Plasma was generated from blood immediately by centrifu-
gation (10 min, 4,000 g) and stored at —80 °C till analysis.
After perfusion with ice cold PBS lung, liver, kidney and
heart tissue was collected. Tissue was immediately shock
frozen in liquid nitrogen and stored at —80 °C till analysis.

Cecal ligation puncture (CLP)

CLP surgery was performed under isoflurane anesthesia as
described previously [28]. Briefly, after incision of the left
upper quadrant of the peritoneal cavity the cecum was
exposed and a tight ligature was placed around the cecum
distal to the insertion of the small bowel. One puncture
wound was made with a 24-gauge needle into the cecum
and small amounts of cecal content were expressed through
the wound, and 500 pL sterile normal saline solution was
flushed into the abdomen. The cecum was placed back into
the peritoneal cavity and the laparotomy site was closed in
two layers. Finally, animals were returned to their cages
with free access to food and water.

Blood sampling and clinical chemistry

Several days prior to sepsis induction and 24 h afterwards
EDTA blood was drawn from the retro orbital venous
plexus. After 10 min centrifugation at 4,000 g plasma was
obtained and stored at —20 °C to be used for clinical
chemistry. Plasma urea, creatinine, aspartate transaminase
(AST), alanine transaminase (ALT) and lactate dehydro-
genase (LDH) levels were determined by using the fully
automated Olympus AU 400 analyzer (Beckman Coulter
Inc.). Statistical differences between groups were deter-
mined by one-way ANOVA followed by Tukey post test.

Oxylipin analysis

Oxylipin analysis in plasma and tissue was carried out by
solid phase extraction (SPE) followed by LC-MS as
described with slight changes [29]. In brief, internal
standards and 10 pL of an antioxidant/inhibitor solution

[0.2 mg/mL EDTA, 0.2 mg/mL butylated hydroxytoluene,
100 pM indomethacin, 100 pM TUPS in MeOH/water
(50/50 v/v)], 480 pL H,O (pH 6) and 120 p. MeOH were
added to 200 pL of plasma. Tissue samples were
homogenized in 250 pL methyl formate in 1.5 mL tubes
with a 3 mm metal bead using a ball mill (5 min, 25 Hz,
Retsch, Haan, Germany) following addition of internal
standards and antioxidant/inhibitor solution. After cen-
trifugation, the supernatant was diluted with H,O (pH 6)
to a total volume of 6 mL. Extraction was carried out on
Chromabond CI18 ec cartridges (500 mg, Macherey—
Nagel, Diiren, Germany) preconditioned with 2 column
volumes of methyl formate, 1 column volume of MeOH
and 3 column volumes of H,O (pH 6). Directly before
plasma and tissue samples were loaded onto the SPE
cartridge, samples were acidified with 80 uL. HAc result-
ing in a pH of 3. After loading the sample, the cartridge
was washed with 10 mL H,O (pH 6) and 6 mL n-hexane.
The cartridge was dried for 20 min at —200 mbar. The
analytes were then eluted with 8 mL methyl formate in
glass tubes containing 6 pL of 30 % glycerol in MeOH.
Utilizing a Speedvac (Christ, Osterode, Germany), the
extract was evaporated to dryness until only the glycerol
plug was left. The residue was dissolved in 50 pL
methanol. After centrifugation, 5 L. of the supernatant
was injected to the LC—-MS system. Mass spectrometric
detection after electrospray ionization using an AB Sciex
6500 QTRAP instrument (AB Sciex, Darmstadt, Ger-
many) was performed as described [29, 30] ). A list of all
oxylipins covered by the method can be found in the SI
(Table S1). Multiquant (Sciex) was used for peak inte-
gration and determination of oxylipin concentration.

Determination of transcription of pro-inflammatory
sepsis associated cytokines IL-6 and MCP-1
in kidney and liver tissue

Total mRNA was extracted using the RNeasy mini kit
system (Qiagen, Hilden, Germany) and transcribed using
Superscript II Reverse transcriptase (Invitrogen). Quanti-
tative (q) PCR was performed on a Lightcycler 420 II
(Roche Diagnostics, Penzberg, Germany) using FastStart
Sybr-Green chemistry. Gene-specific primers for IL-6
(Quantitec QT00098875, Qiagen) and MCP-1 (Quantitec
QT00167832, Qiagen) were used for the genes of interest
and HPRT served as housekeeping gene for normalization
(Quantitec QT00166768, Qiagen). Quantification was car-
ried out using QGene software.

Data analysis

Data analysis was performed using GraphPad Prism 5.0
(GraphPad Software, San Diego, USA). For the clinical
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chemistry parameters statistical differences between groups
and both time points were determined by two-way
ANOVA followed by Bonferroni post test. Regarding
oxylipin concentrations and cytokine levels statistical dif-
ferences between groups were determined by one-way
ANOVA followed by Tukey post test.

Results

The clinical chemistry parameters revealed that in both
models sepsis with impairment of kidney and liver function
was successfully induced. In comparison to the vehicle
group with a bodyweight of 23.2 + 0.5 g, the LPS group
had a significantly reduced bodyweight of 21.8 £ 0.2 g
24 h after LPS treatment (p < 0.05). 24 h after CLP the
weight was also lower, however the difference between
sham (24.1 £+ 0.5 g) and the CLP (22.8 &+ 0.5 g) group did
not reach statistical significance. Plasma creatinine, urea,
AST, ALT and LDH levels at baseline and 24 h after
treatment/surgery are shown in Fig. 1. Plasma creatinine
levels of the LPS group significantly increased from
28.5 + 1.3to 54.1 £ 7.1 pmol/L 24 h after LPS treatment
(p < 0.001). Additionally, an about fivefold increase of
plasma urea concentration was observed (p < 0.001).
Plasma activity of AST was significantly increased from
60 =72 to 216 + 19.8 U/L (p <0.05), while ALT
activity showed no statistically significant changes 24 h
after LPS treatment. Plasma LDH levels almost doubled in
the LPS treated animals indicating substantial cell damage
(p < 0.05). CLP resulted in increased plasma urea levels
(baseline: 8.1 £+ 0.36 mmol/L, 24 h: 16.8 4 5.20 mmol/L,
p < 0.05) but the effect was less pronounced as after LPS
treatment (Fig. 1). Plasma creatinine levels were not
affected by CLP. ALT and AST activities were elevated
24 h after CLP surgery: ALT activity was increased more
than tenfold (p < 0.001), whereas AST activity changed
from 77 £ 6.5 to 494 £ 89.1 U/L (p < 0.001, Fig. 1). As
observed in a similar manner for LPS treatment, plasma

(a) cCreatinin (b) AST (c) ALT
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Fig. 1 Clinical chemistry of liver and renal function parameters prior
to the experiment (baseline, light grey bars) and 24 h after induction
of sepsis by LPS or CLP (24 h, dark grey bars). Shown are
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LDH level raised from 744 + 59.7 to 1151 £+ 257 U/L
24 h after CLP surgery (p < 0.05).

Pro-inflammatory tissue cytokines

The most relevant pro-inflammatory cytokine in sepsis is
IL-6 which was significantly increased in both sepsis
models in kidney as well as in liver tissue (Fig. S1). The
IL-6 elevation in the LPS model was significantly higher
compared to the CLP model. The chemoattractant and pro-
inflammatory cytokine MCP-1 was also elevated in the
liver of both sepsis models compared to the controls.
However, the difference between the LPS and CLP model
was less pronounced and significantly higher elevation of
MCP-1 was measured due to LPS injection (Fig. S1).

Prostaglandins

Plasma concentrations of all detected oxylipins (concen-
tration > LOQ) are shown in Table S2. In the LPS treated
group PGE, and its analog derived from dihomo-vy-linoleic
acid (DGLA 20:3, n-6), PGD, and its analog from EPA, the
PGI, metabolite 6-keto-PGF,,, PGF,, and its analog from
DGLA as well as its metabolite 13,14-dihydro-PGF,,, the
adrenic acid (22:4 n-6) derived la,1b-dihomoPGF,, and
5-iPF,, were elevated in comparison to the vehicle. The
increase was statistically significant (p < 0.05) for PGE,,
PGE,, 6-keto-PGF,,, 5-iPF,,, dihomo-PGF,,, 13,14-dihy-
dro-15-keto-PGF,,, PGF;, and 13,14-dihydro-15-keto-
PGE, (Table S2; Fig. 2). For example, the PGE, plasma
level was found to be 3.9 &= 0.92 nM in the LPS group in
comparison to 0.18 & 0.048 nM in the vehicle group
(p < 0.001), corresponding to an increase of 2,100 %. The
effect of LPS treatment on PG tissue levels was less pro-
nounced. In the liver most of the PG concentrations were
unchanged between the LPS and vehicle group, only PGE,
and 5-iPGF,, were detected at statistically significant dif-
ferent concentrations (Fig. 2; Table S3). In the kidney
increased levels of PGD,, dihomo-PGF,, and PGF,, were

(d) Urea (e) LDH
40 1 — 1500 =
< 30 - 1000
o =
£ 20 =]
£
10 500
0 0
O ¢ R & 2 2 QR &
Q7. V2 Q7. ¥ 2B
v O V& O

mean + SEM. Statistical differences were determined by two-way
ANOVA followed by Bonferroni post test (*p < 0.05, **p < 0.01,
**%p < 0.001)
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Fig. 2 PGE, and PGE, levels in plasma and different tissues 24 h
after induction of sepsis by LPS i.p. injection or CLP surgery. Shown
are mean + SEM. Statistical differences were evaluated by one-way

observed in the LPS group (Table S4), while the concen-
trations of the other detected PGs were unchanged. 6-Keto
PGF,,, 13,14-dihdydro-15-keto-PGE; (p < 0.001) and
13,14-dihydro-15-keto-PGF,,, (p < 0.05) were found to be
elevated in the heart (Table S5). In lung tissue no changes
in the detected PGs were observed (Table S6).

Twenty-four hours after inducing sepsis by CLP slightly
elevated levels of PGE, (CLP: 0.44 £ 0.04 nM; sham:
0.22 + 0.02 nM), 6-keto-PGF;, (CLP: 3.1 & 1.2 nM;
sham: 0.81 £ 0.02 nM) and 13,14-dihdydro-15-keto-PGE,
[CLP: 0.28 4 0.066 nM; sham: < LOQ (0.036 nM)] were
observed in the treatment group (Table S2). Except for
PGD,, the concentrations of the other detected PGs were
not different between CLP and sham control. Interestingly,
PGD, levels were decreased in the CLP group
(0.75 £ 0.11 nM, p < 0.01) compared to the sham group
(4.2 £ 1.1 nM). PGD, levels in the heart tissue showed the
same trend: in the CLP group lower PGD, concentrations
(8.5 £ 1.0 fmol/mg) were detected compared to the sham
group (20 £ 4.7 fmol/mg, p < 0.05, Table S5). For all
other PGs no obvious changes in the tissue levels were
observed (Table S3-S6).

Hydroxy-FA

LPS treatment showed different effects on the hydroxy-
FAs. Plasma levels of 8-, 12- and 20-HETE, 15-HETTE and
10-, 14- and 17-HDHA were increased 24 h after LPS
treatment in comparison to the vehicle group (p < 0.05,
Table S2). A consistent trend towards higher concentra-
tions in the LPS treated group was found for 8-HEPE,
12-HETE and 15-HEPE and 13-HDHA (Table S2; Fig. 3a,
b). 5-HEPE and 9-HOTYE were detected at slightly lower
levels after treatment, whereas the other detected hydroxy-
FAs, such as 5- and 9-HETE, 18-HEPE and 4-, 7-, 8- and
11-HDHA were found to be unaffected (Table S2). In the
liver tissue the levels of 20-HETE, 10- and 20-HDHA were
increased by 53-230 % in the LPS group (p < 0.05,
Table S3). 12-HETE, 12-HEPE and 14-HDHA showed

ANOVA followed by Tukeys post test and shown for LPS versus
vehicle and CLP versus sham (*p < 0.05, **p < 0.01, ***p < 0.001)

also trends towards higher levels in the LPS group. Inter-
estingly the concentrations of 5- and 15-HEPE were
decreased by about 50 % in the LPS treated animals
(p < 0.05, Table S3). The concentrations of other hydroxy-
FAs, such as 9- and 13-HOTTE, 5-, 8-, 9-, 11- and
15-HETE, 18- and 20-HEPE and 4-, 7-, 8- and 11-HDHA
were unchanged (Table S3). Similar observations were
found in the kidney: 5-HEPE concentration was about
20 % lower in the LPS group (p < 0.001), whereas con-
centrations of other hydroxy-FAs, e.g. 20-HETE, 9- and
13-HODE and 7-, 10- and 11-HDHA were elevated
(p < 0.05, Table S4). 12-HETE, 12-HEPE and 14-HDHA
were found at 140-310 % higher concentrations in the LPS
group (Table S4), most other hydroxy-FAs, such as 9- and
13-HOTTYE, 5-, 8-, 9-, 11- and 15-HETE, 18- and 20-HEPE
and 4- and 8-HDHA, were unaffected. Only a minor
modulation of the hydroxy-FAs concentrations in the lung
tissue was observed in the sepsis models. Following LPS
treatment, only 5-HEPE, 20-HETE and 7-HDHA were
elevated in the LPS group (p < 0.05, Table S6) and for
5-HETE a trend towards higher levels was observed.

Interestingly, the change in the hydroxy-FAs pattern in
the heart revealed a different picture (Table S5): most of
the hydroxy-FAs, e.g. 13-HODE, 5-HETE and 4- and
11-HDHA showed a trend towards about 30 % lower levels
in the LPS group, reaching statistical significance
(p < 0.05) for 5- and 12-HEPE, 12-HETE and 10-, 14- and
17-HDHA.

Similar to LPS treatment, CLP induced sepsis resulted
in different changes in plasma hydroxy-FA concentrations.
9-HOTrE and 8-, 12- and 20-HETE were significantly
elevated (83-300 %, p < 0.05). A similar trend of
increased levels was observed for 8- and 12-HETE, 8-, 12-
and 15-HEPE, 15-HETE and 10-, 13-, 14- and 17-HDHA
(200-1,200 %, Table S2; Fig. 3). The concentration of
9-HOTrE was decreased by 71 % in the CLP group
(p < 0.01). Levels of 5-, 9- and 11-HETE, 18-HEPE and 9-
and 13-HODE were not affected by CLP induced sepsis
(Table S2).
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Fig. 3 Plasma concentrations of selected metabolites of the LOX and
CYP branch of the AA cascade 24 h after induction of sepsis by i.p.
LPS injection or CLP surgery. Shown are mean £ SEM. Statistical
differences were determined by one-way ANOVA followed by
Tukeys post test and shown for LPS versus vehicle and CLP versus
sham (*p < 0.05, **p < 0.01, ***p < 0.001)

Consistent with the LPS model the concentration of
5-HEPE was decreased (p < 0.01) in the liver tissues of the
CLP treated animals. Additionally, 9-HOTrE was also
found at 47 % lower levels while concentrations of
12-HETE, 12-HEPE and 10- and 12-HDHA were elevated
by 99-580 % during CLP induced sepsis (p < 0.05). The
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concentrations of the other hydroxy-FAs detected in the
liver, e.g. 9- and 13-HODE, 5-, 8-, 9-, 11-, 15-HETE, 8-,
18- and 20-HEPE and 4-, 7-, and 8-HDHA were unchanged
(Table S3). Similar to liver tissue, kidney 5-HEPE level is
decreased in CLP induced sepsis (18 %, p < 0.01). Except
for 16-HDHA (increase by 48 %, p < 0.05) and 14-HDHA
(increase by 200 %) which concentrations were elevated,
other hydroxy-FAs detected were unaffected, e.g. 8-, 9-,
11-, 12, -15-HETE and 4-, 7-, 8- and 11-HDHA (Table S4).
In accordance to the LPS model, a trend towards lower
hydroxy-FA levels in the heart was observed in CLP
induced sepsis. The decrease was significant for 9- and
13-HOTYE, 9- and 13-HODE, 5-HEPE, 5- and 9-HETE and
11-HDHA (p < 0.05, Table S5). CLP surgery had no effect
on the hydroxy-FA concentrations in the lung (Table S6).

Epoxy-FA

The plasma epoxy-FA levels during LPS induced sepsis
were either increased or unchanged. 9(10)- and 12(13)-
EpODE, 9(10)- and 12(13)-EpOME and 19(20)-EpDPE
were found at 62-170 % higher concentrations 24 h after
LPS treatment (p < 0.05, Table S2). The levels of other
detected epoxy-FAs, such as 15(16)-EpODE, 5(6)-, 8(9)-,
11(12)-, 14(15)-EpETrE, 8(9)-, 14(15)-EpETE were
unchanged (Fig. 3c, d; Table S2). In the kidney the effect
of LPS on epoxy-FA levels was more pronounced: 14 out
of 18 detected epoxy-FA concentrations were changed
after LPS treatment (p < 0.05). Interestingly, the AA-
derived epoxides 8(9)-, 11(12)- and 14(15)-EpETrE were
decreased by 13-25 %, whereas most epoxy-FAs, e.g.
9(10)-, 12(13)- and 15(16)-EpODE, 9(10)- and 12(13)-
EpOME, 10(11)-EpDPE or 11(12)- and 14(15)-EpETE
were found at 11-87 % higher concentrations (p < 0.05,
Table S4). Only 17(18)-EpETE, 5(6)-EpETtE, 8(9)-EpETE
and 9(10)-epoxystearic acid kidney levels were not affec-
ted by LPS treatment. Heart tissue epoxy-FA
concentrations after LPS treatment were decreased by
about 35 % for the DHA derived epoxides 10(11)-, 13(14)-
and 16(17)-EpDPE (p < 0.05). The effects of LPS treat-
ment on lung epoxy-FA levels were marginal, only 5(6)-
EpETtE was found in an about twofold higher concentra-
tion (p < 0.05). In the liver no changes of epoxy-FA
concentrations were detected.

The CLP surgery showed only effects on a single plasma
epoxy-FA level: 16(17)-EpDPE was increased in the
treatment group (55 %, p < 0.001). The other epoxy-FAs
were unchanged and no obvious trend could be observed
(Fig. 3c, d; Table S2). Similar to LPS induced sepsis, there
was a trend towards decreased epoxy-FA levels in the heart
24 h after CLP. These differences were found to be sta-
tistically significant for the ALA derived epoxy metabolites
9(10)-, 12(13)- and 15(16)-EpODE (decrease about 60 %,
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p < 0.05, Table S5). Regarding the epoxy-FA concentra-
tions in liver, lung and kidney no changes by the CLP
surgery were detected (Table S3, 4, 6).

Dihydroxy-FA

LPS treatment resulted in increased plasma dihydroxy-FA
levels. Out of 20 detected dihydroxy-FAs 12 were signifi-
cantly elevated by 57-170 % (p < 0.05), e.g. 8,9-; 11,12-;
and 14,15-DiHETE, 10,11-; 13,14- and 16,17-DiHDPE
and 14,15- and 17,18-DiHETE (Fig. 3; Table S2). In kid-
ney all dihydroxy metabolites derived from LA and DHA
were monitored at 49—101 % higher concentrations in the
LPS treated group (p < 0.05, Table S4). Dihydroxy-FAs
derived from AA, ALA and DHA showed no significant
change with a slight trend towards higher levels in LPS
induced sepsis. Dihydroxy-FA levels in the lung were
elevated in the LPS group, reaching statistically signifi-
cance for 9,10- and 12,13-DiHODE, 9,10-DiHOME, 4,5-;
7,8- and 10,11-DiHDPE and 5,6-, and 8,9-DiHETrE
(Table S5). In contrast to the other oxylipins (see above)
detected in the heart tissue, dihydroxy-FA levels of 4,5-,
10,11-, 13,14- and 19,20-DiHDPE and 8,9- and 14,15-
DIiHETrE were increased by 22-78 % in the LPS treated
group (p < 0.05, Table S5). The dihydroxy-FA metabolites
in the liver were not affected by LPS treatment (Table S3).

Dihydroxy-FA levels in plasma showed a trend towards
higher concentrations in CLP induced sepsis. 8 out of 20
detected plasma dihydroxy-FA levels were significantly
elevated by 72-170 % after CLP surgery (9,10 and
12,13-DiHOME, 11,12- and 14,15-DiHETE; 10,11-;
13,14-; 16,17- and 19,20-DiHDPE, p < 0.05, Fig. 3e, f;
Table S2). In the kidney 14,15-DiHETE, 9,10-DiHOME and
4,5-; 10,11-; 13,14-; 16,17- and 19,20-DiHDPE were
increased by 43-71 % after CLP surgery (p < 0.05,
Table S4). Interestingly, for 15,16-DiHODE a 46 % lower
concentration after CLP was observed (p < 0.05). The other
dihydroxy-FA levels in kidney, such as 9,10-DiHODE,
12,13-DiHOME, 8,9-; 11,12- and 14,15-DiHET?E and 7,8-
DiHDPE were unaffected. In the heart tissue inconsistent
effects of CLP induced sepsis on dihydroxy-FA levels were
observed: 15,16-DiHODE and 9,10-dihydroxystearic acid
concentration were decreased by 69 and 32 %, respectively
(p < 0.01). Levels of 17,18-DiHETE, 10,11- and 19,20-
DiHDPE and 14,15-DiHETTE were elevated by 27-75 %
(p < 0.05, Table S5). Inthe liver 12,13- and 15,16-DiHODE,
17,18-DiHETE and 12,13-DiHOME were significantly
decreased by 30-62 % after CLP surgery (p < 0.05). Except
for the 15-LOX metabolite 8,15-DiHETE, which was
decreased by 56 % (p < 0.05) in the treatment group, no
changes were observed for the CYP/sEH formed dihydroxy-
FAs detected in the lung tissue (Table S6).

Discussion

Sepsis is a severe medical condition characterized by the
release of pro-inflammatory mediators resulting in cen-
tralization with hypotension, malperfusion of the
peripheral organs leading to multi organ failure. Aside
from interleukins, induction of COX-2 leads to an increase
of PGE; in sepsis [5]. This study aims to comprehensively
investigate if and how other lipid mediators derived from
AA or other n-3 FAs and PGs are involved in the
inflammatory processes of sepsis by comparing two
commonly used sepsis models, the LPS and CLP model.
Due to the high lethality in sepsis models only a single
early time point at 24 h after sepsis induction was studied.
In the majority of other sepsis studies this time point has
also been chosen.

Both models successfully induced sepsis as character-
ized by clinical chemistry. The increased plasma creatinine
and urea levels in the LPS group indicate an acute kidney
injury (AKI), a common condition in human sepsis [31].
Liver injury was moderate in the LPS group, with only a
slight increase in AST levels. CLP surgery resulted in a
dramatic increase of AST and ALT, indicating a more
pronounced liver damage. No change in plasma creatinine
and only ~50 % increase in plasma urea compared to the
LPS model was observed in the CLP induced sepsis model.
Elevation of urea without plasma-creatinine elevation
points towards increased catabolism [32] but subclinical
AKI is already present as pro-inflammatory cytokines
increased markedly in the kidney. Comparing both models
the LPS induced sepsis resulted in clinical overt AKI with
plasma-creatinine elevation, whereas after CLP surgery the
liver failure was more pronounced. The inconsistent
induction of AKI by the CLP surgery has been described
previously [33] and depends on the severity of the model
which can be modulated by the length of the ligated cecum.
We have chosen a moderate CLP model in which lethality
starts beyond the 24 h time point of this study [28, 34]. Due
to the different induction procedures different time courses
of organ failure are very likely. By CLP surgery two small
puncture wholes into the ligated cecum are performed
resulting in feceal contamination of the peritoneum with
subsequent polymicrobial sepsis and bacteremia and con-
stant LPS release. In comparison, single time LPS
administration induces several clinical features of sepsis
including elevation of pro-inflammatory cytokines such as
IL-6 and MCP-1 but without bacteremia [35]. Renal failure
in LPS injection has been explained by heavy disturbance
of the renal blood flow due to NO mediated mechanisms
and caspase activation [36]. The tissue cytokine elevation
of IL-6 and MCP-1 in kidney and liver clearly shows the
sepsis induced organ involvement in both models.

@ Springer



140

I. Willenberg et al.

The induction of sepsis is characterized by increased
COX-2 expression, e.g. in activated macrophages, and as a
consequence by increased levels of PGs [5]. Utilizing tar-
geted metabolomics we simultaneously monitored the
increase of a large number of PGs, such as PGE,, the
prostacyclin metabolite 6-keto-PGF,, and the PGF,,
metabolite 13,14-dihydro-15-keto-PGF,,,. Moreover,
metabolites derived from other FAs, e.g. 13,14-dihydro-15-
keto-PGE; were observed for the first time in LPS-induced
sepsis. The massive increase of PGE, and 6-keto-PGF,,
after LPS treatment is consistent with the results of pre-
vious studies [8]. CLP surgery led to a comparable
moderate increase in PG levels, indicating a significant
difference between both models. Similar observations have
been made regarding cytokine production, which were
about 100-fold higher in the LPS model in comparison to
the CLP model [4, 37]. Moreover, it has been reported that
LPS injection is followed by fast and transient increase of
systemic cytokine levels, whereas after CLP surgery the
increase is more continuous and sustained [4, 26]. Since
both models were only analyzed after 24 h it can only be
assumed that the increase of PGs may follow similar
kinetics. In other studies a rapid increased of PGE, levels
in serum or peritoneal lavage fluid was observed after 5, 12
or 18 h after surgery [9, 38, 39]. Overall, it is difficult to
compare different CLP studies because different numbers
of cecal punctures and needle puncture size influence the
release of intestinal bacteria which affects the onset and
progression of sepsis [4].

Regarding lipid mediators formed in the LOX and CYP
pathway of the AA cascade a large number of oxylipins is
elevated in the LPS and CLP induced sepsis. Only a slight
to moderate increase of the non-enzymatically formed
autoxidation markers 9- and 11-HETE was observed
indicating a specific effect rather than an unspecific for-
mation in response to elevated activity of PLA, or other
lipases, as observed in inflammatory in vivo models [30,
40]. Remarkably, there is a trend towards increased
12-LOX products (12-HETE, 12-HEPE) in plasma, liver
and kidney, indicating an elevated 12-LOX and
12-lipoxygenating ALOX-15 activity during sepsis. The
massive plasma increase of the neutrophil chemoattractant
12-HETE [41, 42] suggests an involvement of this lipid
mediator in the development of sepsis. A pharmacological
decrease of this pro-inflammatory mediator may help to
reduce neutrophil recruitment, as already shown in mouse
models of acute lung injury [43], and therefore might allow
attenuate multi organ failure during sepsis. However, it has
to be considered that a reduced neutrophil recruitment is
controversial in early stage of sepsis [44]. Interestingly,
20-HETE level is massively increased after LPS treatment
(by 100 % in plasma, 230 % in liver, 68 % in kidney and
330 % in lung) and CLP surgery by 83 % in plasma,
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170 % in liver, Table S2). This is somewhat surprising
since 20-HETE is a potent vasoconstrictor [45, 46], and
one would expect based on the reduced blood pressure
during acute septic shock a low level of this oxylipin as
reported earlier [47].

It is remarkable that sepsis leads to a general elevation
of dihydroxy-FA plasma levels, which is consistent with
earlier studies [8, 23, 48]. The CLP model elicits the same
effect, albeit less pronounced. Regarding epoxy-FAs as
precursors of dihydroxy-FAs, only few were elevated
during sepsis. This suggests that sepsis increases CYP
mediated formation of highly biological active epoxy-FAs
[49] which are rapidly hydrolyzed to less active dihydroxy-
FA by sEH. This assumption is substantiated by the
observation that the most abundant epoxides, e.g. 9(10)-
and 12(13)-EpOME, are increased in sepsis. Though
EpOMEs are moderately good substrates for the sEH
(Kv ~ 3 UM, key 0.7 s [17]) the formation of high con-
centrations might exceed the capacity of SEH to abolish the
increase in these epoxy-FAs.

Although clinical chemistry revealed a severe kidney
injury in the LPS group, no effect on AA derived PGs was
observed. Only levels of PGD; and PGF,,, derived from
DGLA and dihomo PGF,, derived from adrenic acid—
known to be produced in renal medulla—were elevated
[50]. Interestingly, most of the changes in oxylipin levels in
the kidney were detected in the CYP branch, especially for
the epoxy-FAs resulting in increased epoxy to dihydroxy
ratios of LA and ALA. The vasodilatory properties of the
epoxy-FA [49] may contribute to the development of
hypotension during sepsis. However, it should be noted that
several others studies suggest that increasing/stabilizing
epoxy-FA by administration of sEHi improves clinical
symptoms of sepsis in the LPS-induced sepsis [8]. A lim-
itation of the study is that no time course experiments have
been performed and only the 24 h time point has been
studied. In future experiments longitudinal investigations
would be interesting as well.

Consistent with clinical chemistry which revealed no
AKI in the CLP group, no effect on kidney PGs, hydroxy-
and epoxy-FA levels was found, showing again differences
in LPS- and CLP-induced sepsis. The liver injury in the
CLP group was not accompanied by increased PG levels
and only a small number of hydroxy-FAs were elevated.
Because LPS treatment resulted in changes of few
oxylipins as well, it is concluded that oxylipins are not a
suitable marker for liver damage in LPS and CLP sepsis
models.

Overall, the present study shows that both in vivo
models of sepsis are characterized by massive changes in
plasma oxylipin derived from all enzymatic branches of the
AA cascade. Comparing both models 24 h after induction
of sepsis the LPS model caused a more pronounced
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increase in oxylipins. Thus, this model seems to be better
suited to investigate effects on the AA cascade than CLP.
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