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ABSTRACT—Background: Sepsis is a life-threatening organ dysfunction initiated by a dysregulated response to infection, with
imbalanced inflammation and immune homeostasis. Macrophages play a pivotal role in sepsis. N-[1-(1-oxopropyl)-4-piperidinyl]-
N’-[4-(trifluoromethoxy)phenyl)-urea (TPPU) is an inhibitor of soluble epoxide hydrolase (sEH), which can rapidly hydrolyze
epoxyeicosatrienoic acids (EETs) to the bio-inactive dihydroxyeicosatrienoic acids. TPPU was linked with the regulation of
macrophages and inflammation. Here, we hypothesized that sEH inhibitor TPPU ameliorates cecal ligation and puncture (CLP)-
induced sepsis by regulating macrophage functions. Methods: A polymicrobial sepsis model induced by CLP was used in our
study. C57BL/6 mice were divided into four groups: sham+ phosphate buffer saline (PBS), sham+TPPU, CLP+PBS,
CLP+TPPU. Mice were observed 48 h after surgery to assess the survival rate. For other histological examinations, mice were
sacrificed 6h after surgery. Macrophage cell line RAW264.7 was used for in vitro studies. Results: TPPU treatment,
accompanied with increased EETs levels, markedly improved the survival of septic mice induced by CLP surgery, which
was associated with alleviated organ damage and dysfunction triggered by systemic inflammatory response. Moreover, TPPU
treatment significantly inhibited systemic inflammatory response via EETs-induced inactivation of mitogen-activated protein
kinase signaling due to enhanced macrophage phagocytic ability and subsequently reduced bacterial proliferation and
dissemination, and decreased inflammatory factors release. Conclusion: sEH inhibitor TPPU ameliorates cecal ligation and
puncture-induced sepsis by regulating macrophage functions, including improved phagocytosis and reduced inflammatory
response. Our data indicate that sEH inhibition has potential therapeutic effects on polymicrobial-induced sepsis.
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ABBREVIATIONS—ALT—alanine aminotransferase; AST—aspartate aminotransferase; BUN—blood urea nitrogen;
CLP—cecum ligation and puncture; CYP2J2—cytochrome P450 epoxygenase 2J2; DHETs—dihydroxyeicosatrienoic

acids; EETs—epoxyeicosatrienoic acids; Scr—plasma creatinine; sEH—soluble epoxide hydrolase
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INTRODUCTION

Sepsis is a life-threatening organ dysfunction initiated by a
dysregulated response to infection, with an imbalance of
inflammation and immune homeostasis (1), and is one of the
leading causes of death in intensive care units (2, 3).

Historically, experts have argued that sepsis is a systemic
inflammatory response elicited by excessive microorganism
invasion; thus, many investigations have focused on the pro-
inflammatory and anti-inflammatory systems. From this stand-
point, investigators expected to improve the survival rate of
sepsis by eliminating or blocking TNF-a and IL-1{ signaling
pathways, but made little progress (4, 5). Recent studies indi-
cate that macrophages play a pivotal role in recognizing and
eliminating pathogens through their diverse surface receptors
and phagocytic function, thus preventing the occurrence of
sepsis (6—8). Further, enhanced macrophage phagocytic and
antimicrobial functions significantly lowered the mortality rate
in sepsis, whereas blocking this process led to bacterial prolif-
eration and spread, which may be regulated by surrounding
molecules such as ATP, IL-4, or carbon monoxide (3, 9-11).
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Similarly, another study reported that disruption of macrophage
phagocytic and migratory functions by destroying their actin
cytoskeletal dynamics resulted in enhanced susceptibility to
pathogen infection and increased mortality rate of sepsis (12).
All these investigations indicate that improving macrophage
function is a promising therapeutic strategy for sepsis, but its
exact mechanisms remain elusive.

Epoxyeicosatrienoic acids (EETs), produced by cytochrome
P450 epoxygenase that metabolizes arachidonic acid, can be
rapidly hydrolyzed to bio-inactive dihydroxyeicosatrienoic
acids (DHETSs) by soluble epoxide hydrolase (sEH). TPPU,
N-[1-(1-oxopropyl)-4-piperidinyl]-N’-[4-(trifluoromethoxy)-
phenyl)-urea, is an inhibitor of sEH that is capable of dampen-
ing EETs hydrolysis, thus improving its stabilization and levels
(13—16). Previous studies showed that EETs and sEH inhibitors
mitigated the progression of lipopolysaccharide (LPS)-induced
sepsis, at least partly by regulating systemic inflammation and
reducing organ dysfunction (17-19). Another investigation
revealed that EETs modulated macrophage polarization and
function, indicating that EETs also participated in regulating
innate immune cells (20). However, whether EETSs can alleviate
polymicrobial infection-induced sepsis and its underlying
mechanisms remains unknown. In this study, we hypothesized
that SEH inhibitor, TPPU, ameliorates cecal ligation and punc-
ture (CLP)-induced sepsis by regulating macrophage functions,
including enhancing their phagocytosis function and subse-
quently reducing the inflammatory response.

MATERIALS AND METHODS

Animals

C57BL/6 male mice aged 8 to 12 weeks and weighing 23 g to 25 g were
housed in a temperature-controlled room under a 12-h light—dark cycle with
free access to drinking water and normal chow. All the care and experimental
procedures of mice were approved by the Experimental Animal Research
Committee of Tongji Medical College, Huazhong University of Science and
Technology, and were performed in accordance with ARRIVE guidelines
developed by the National Center for the Replacement, Refinement, and
Reduction of Animals in Research. Mice were orally administered TPPU
(Cayman Chemical, Ann Arbor, Mich) at a dose of 3 mg/kg/day or phosphate
buffer saline (PBS) via gavage for 5 consecutive days (14). For survival rate
estimation, 10 mice were used in each group whereas five mice per group were
used for other experiments.

Establishment of sepsis model induced by cecal ligation
and puncture

After oral administration of TPPU or PBS, cecal ligation and puncture (CLP)
or sham surgery was performed as described previously (8, 10). Briefly, mice
were anesthetized with pentobarbital (50 mg/kg i.p.). The abdominal skin was
sterilized with iodine and a 1cm laparotomy was performed on the medio-
ventral line at about 1 cm under the xiphoid process to expose the cecum. About
four-fifths of the cecum was ligated using 3-0 silk suture and was punctured
thrice with a 20 1/2-gauge needle. Feces in the ligated cecum were extruded
gently and the cecum was then returned to the peritoneal cavity. Finally, the
abdomen was closed in two layers. For sham surgery, mice were subjected to the
same procedures except for cecal ligation and puncture. For mortality rate
estimation, mice were monitored every 3 h for the first 12 h and then every 6h
until 48 h. For further experiments, mice were anesthetized with pentobarbital
(50 mg/kg i.p.) 6 h after surgery, and blood, peritoneal lavage fluids and organs
were harvested.

Aerobic bacterial quantification

To determine bacterial growth and dissemination levels, the aerobic bacteria
in blood, peritoneal lavage fluids, and spleens were assessed.
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Six hours after CLP or sham surgery, blood was collected in sterile tubes
with previously added EDTA for anticoagulation. Whole blood was diluted 10-
to 10*-fold with sterile PBS, and 20 pL was immediately plated on 5% solid
agar medium for bacterial culture. The remaining portion was centrifuged at
3,000 rpm for 8 min, and the plasma was then isolated for further experiments.

Mice peritoneum lavage fluids were obtained in 5mL of ice-cold PBS.
Lavage fluids were collected and filtered through a 70-pwm nylon filter (BD
Biosciences) to remove debris. Peritoneal lavage fluids from mice that under-
went sham surgery were diluted by 10-fold, whereas fluids from mice that
underwent CLP surgery were diluted by 10°~10*fold with sterile PBS and
20 L of each were immediately plated on solid medium for bacterial culture.
The remaining portions were stored at —80°C for future experiments (21).

To evaluate the bacterial seeding in organs, spleens were excised and
homogenized in 1 mL sterile PBS. After vortexing, 20 wL of the fluids were
immediately used for bacterial culture (21).

All solid media were incubated overnight at 37°C, and colony-forming units
(CFUs) were calculated according to the dilution fold.

Liver and renal function assessment

Blood samples were collected in sterile tubes with previously added EDTA
for anticoagulation, and then centrifuged at 3,000 rpm for 8 min to separate
plasma. The levels of plasma alanine aminotransferase (ALT), aspartate amino-
transferase (AST), creatinine, and blood urea nitrogen (BUN) were determined
to assess the liver and renal functions using assay kits from Nanjing Jiancheng
Bioengineering Institute according to the manufacturer’s instructions.

Enzyme-linked immunosorbent assay

Plasma and peritoneal lavage fluids were prepared as described above.
Inflammatory factors including TNF-a, IL-13, IL-6, and IL-10 in mice plasma,
peritoneal lavage fluids, and macrophage supernatants were determined using
enzyme-linked immunosorbent assay (ELISA) kits (Ex-Cell Bio, Suzhou,
China) according to the manufacturer’s instructions.

Plasma EETs and DHETs determination

Plasma samples were collected as described above. Plasma 14,15-EET and
14,15-DHET were determined using an ELISA kit (Detroit R&D Inc, Detroit,
Mich) according to the manufacturer’s instruction.

Histological analysis

At the end of the study, mice were sacrificed 6 h after surgery; the lung, liver,
and kidney were harvested and fixed in 4% paraformaldehyde, and then
embedded in paraffin. Next, 5 um sections from the lung, liver, and kidney
were separately stained with hematoxylin—eosin (H&E). Morphologic alter-
ations were examined by light microscope at x400 magnification as previously
described (22). Lung injury score was calculated by the following categories:
neutrophil infiltration, pulmonary edema, hemorrhage, and disorganization of
lung parenchyma. 0 =normal, 1=1light, 2=moderate, 3 =severe, 4 = very
severe (22). All histologic studies were performed in a blinded fashion.

Cell culture and treatment

The mouse macrophage cell line RAW?264.7 was purchased from ATCC and
incubated in RPMI 1,640 with 10% fetal bovine plasma in a 37°C sterile
incubator with 5% CO,. Cells were seeded in 6- or 24 -well plates and exposed
to TPPU (1 uM, Cayman Chemical, Ann Arbor, Mich) or 14,15-EET (1 uM,
Cayman Chemical, Ann Arbor, Mich) for 4 h after they reached 80% to 90%
confluence. LPS (1 pg/mL) was then added and co-incubated for 12 h. 14,15-
EEZE (an inhibitor of 14,15-EET, 1 uM, Cayman Chemical, Ann Arbor, Mich)
was added 1 h before LPS stimulation. Cell supernatants were collected for
inflammatory cytokines detection (20).

Phagocytosis assay

To evaluate macrophage phagocytic activity, 1-pm fluorescein isothiocya-
nate (FITC) fluorescent microspheres (Invitrogen, Carlsbad, Calif) were used.
Briefly, fluorescent microspheres were preconditioned with 3% bovine plasma
albumin and 5% fetal bovine serum and added to the macrophages at a ratio of
100:1. After 30 min of co-incubation, the microspheres were removed from the
cell plates, and the macrophages were washed three times with RPMI 1,640
medium to remove un-phagocytosed microspheres. Macrophages were
observed and photographed at 488-nm excitation and 525-nm emission wave
lengths under a fluorescence microscope and at X200 magnification under a
light microscope. At least five randomized fields of view were chosen.
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Flow cytometry analysis

After various stimulations as described above, macrophages were harvested
and incubated with 1 wm FITC fluorescent microspheres (Invitrogen, Carlsbad,
Calif) at a ratio of 100:1 as described above, for 30 min in the cell incubator.
Then phagocytosis was stopped by placing samples on ice and non-phagocyted
microspheres were removed by centrifugation at 1,000 rpm for 5 min. Macro-
phages were washed thrice and resuspended in 0.2 mL PBS for flow cytometry
analysis on a BD FACSort (BD Biosciences, San Jose, Calif) and the percentage
of FITC" cells was calculated.

Western blot

Total protein of macrophages was extracted using radio-immunoprecipita-
tion assay lysis buffer according to the manufacturer’s instruction (Beyotime,
Shanghai, China). Proteins were separated by 10% SDS-PAGE, transferred onto
polyvinylidene difluoride membranes, and incubated overnight with primary
antibodies at 4°C. Rabbit polyclonal antibodies against phosphor-P38 (p-P38)
(#4511T), P38 (t-P38) (#8690T), phosphor-JNK (p-JNK) (#9255S), phosphor-
ERK (p-ERK) (#4370T), ERK (t-ERK) (#4695T), and glyceraldehyde-phos-
phate dehydrogenase (#5174T) were purchased from Cell Signaling Technol-
ogy. Mouse polyclonal antibody against INK (t-JNK) (#9252T) was also
purchased from Cell Signaling Technology. Secondary antibodies were added
and co-incubated for 2h at room temperature. Protein bands were visualized
using ECL detection reagent. The protein expression was quantified by
densitometry and normalized to glyceraldehyde-phosphate dehydrogenase.

Statistical analysis

All data are expressed as means &= SEM and analyzed with SPSS 19.0
statistical software. Survival rates were determined by the Kaplan—Meier
method and compared using the log-rank test, and other statistical differ-
ences were assessed by one-way ANOVA with post hoc analyses performed
using the Student—Newman-Keuls method. P <0.05 was considered
statistically significant.

RESULTS

TPPU treatment decreased the mortality of septic mice
induced by CLP

To assess the potential effects of TPPU treatment on sepsis, a
polymicrobial sepsis model was generated by CLP surgery as
described above. About 80% of the mice died in the first 24 h in
the PBS-treated sepsis group and by 48 h, none of the mice
remained alive. However, the survival rate of TPPU-treated
septic mice was approximate 20% in the first 48 h after CLP
surgery as shown in Figure 1. These data suggest that TPPU
treatment improves the survival of septic mice induced by
CLP surgery.
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Fic. 1. TPPU treatment decreased the mortality of septic mice
induced by CLP. Survival curve of mice pretreated with TPPU or PBS
following CLP or sham surgery. For the generation of the survival curve,
10 mice in each group were used. Data are expressed as means + SEM.
"P < 0.05 versus CLP+PBS group. CLP indicates cecal ligation and puncture;
PBS, phosphate buffer saline.
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TPPU treatment inhibited organ dysfunction in septic
mice induced by CLP

The degree of organ dysfunction induced by sepsis is closely
related to the mortality rate, and even a modest degree of organ
dysfunction results in 10% mortality in patients hospitalized
with infection (1, 4). In this study, organ function was assessed
in septic mice. As shown in Figure 2A, histopathological
features of organ damage were clearly observed in CLP-
induced septic mice, compared with those in sham groups.
In detail, less leukocyte infiltration (mainly neutrophils) in
alveoli and lower alveolar wall thickness accompanied by a
decreased lung injury score were observed in TPPU-treated
septic mice, compared with those in PBS-treated septic mice,
based on the results of lung sections stained with H&E (Fig. 2,
A and B). Similarly, less peri-vascular leukocyte infiltration
(mainly neutrophils) and edema were observed in liver sections
from groups of TPPU-treated septic mice, compared with those
in PBS-treated septic mice. In addition, less leukocyte infiltra-
tion (mainly neutrophils) was observed in glomerulus of kidney
sections from groups of TPPU-treated septic mice, compared
with those in PBS-treated septic mice. Moreover, liver and
renal functions were also determined. As expected, increased
ALT and AST levels were observed in the CLP+PBS group,
compared with that in the sham+PBS group; interestingly,
TPPU treatment markedly decreased the levels of ALT and
AST in the CLP4-TPPU group, compared with that in the
CLP+PBS group as shown in Figure 2C and D. Similarly,
increased plasma BUN and creatinine levels were observed in
the CLP+PBS group, compared with that in the sham+PBS
group; interestingly, TPPU treatment markedly decreased the
levels of BUN and creatinine in the CLP4+TPPU group, com-
pared with that in the CLP+PBS group as shown in Figure 2E
and F. Taken together, these data indicate that TPPU treatment
alleviates organ damage and dysfunction in septic mice induced
by CLP surgery.

TPPU treatment inhibited the systemic inflammatory
response in septic mice induced by CLP

The occurrence and development of sepsis mainly result
from overwhelming bacterial proliferation and dissemination,
and excessive inflammatory cytokine release in an uncontrolled
manner by immune cells (9). In this study, bacterial prolifera-
tion and related inflammatory responses were determined.
CFUs from peritoneal cavity, whole blood, and spleens were
calculated. Increased CFUs levels from peritoneal cavity,
whole blood, and spleens were observed in the CLP+PBS
group, compared with that in the sham+PBS group; interest-
ingly, TPPU treatment markedly decreased the levels of CFUs
from peritoneal cavity, whole blood, and spleens in the
CLP+TPPU group, compared with that in the CLP+-PBS group
as shown in Figure 3A to C. These data indicate that TPPU
treatment significantly prevents bacterial proliferation.

Bacterial infection triggers inflammatory response that may
progress to multiple organ dysfunction. In this study, the levels
of inflammatory factors in the plasma and peritoneal cavity
were determined. As shown in Figure 3D to K, the levels of
TNF-a, IL-18, IL-6, and IL-10 in both the plasma and peri-
toneal cavity were elevated intensively at 6 h after CLP surgery.
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Fic. 2. TPPU treatment inhibited organ dysfunction in septic mice induced by CLP. A, The representative sections (hematoxylin and eosin (H & E)
staining) of mice lung, liver, and kidney. Histology score of lung injury (B). Levels of plasma ALT (C), AST (D), BUN (E), and creatinine (F). Data are expressed as
means + SEM, n=5, "P< 0.05. CLP indicates cecal ligation and puncture; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea

nitrogen.

Interestingly, the levels of TNF-a were decreased in both the
plasma and peritoneal cavity in TPPU-treated CLP mice,
compared with those in PBS-treated CLP mice (Fig. 3, D
and H). The levels of IL-6 in both the plasma and peritoneal
cavity remained almost consistent between TPPU- and PBS-
treated CLP mice (Fig. 3, F and J). The levels of both IL-13 and
IL-10 were decreased in the plasma of TPPU-treated CLP mice,
compared with those in PBS-treated CLP mice (Fig. 3, E and
G), but the levels of both were increased in peritoneal cavity of

TPPU-treated CLP mice, compared with those in PBS-treated
CLP mice (Fig. 3, I and K). Collectively, these data indicate
that TPPU treatment inhibits the progression of the
inflammatory response.

To further confirm the potential beneficial effects of TPPU
treatment on the inflammatory response induced by CLP
surgery, an in vitro study was carried out using RAW264.7
macrophages. RAW264.7 macrophages were pretreated with
TPPU before LPS stimulation and cell supernatants were
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Fic. 3. TPPU treatment inhibited systemic inflammatory response in septic mice induced by CLP. Bacterial burden in mouse peritoneal fluids (A),
blood (B), and spleens (C). The cytokines levels of TNF-a (D), IL-1B (E), IL-6 (F), and IL-10 (G) in plasma. The cytokines levels of TNF-a (H), IL-1B (1), IL-6 (J), and
IL-10 (K) in peritoneal lavage fluids. Data are expressed as means + SEM, n=5, ""P<0.001. “P < 0.01. #P < 0.05 versus Sham + PBS group. ‘P < 0.05 versus
CLP-+PBS group. CLP indicates cecal ligation and puncture; PBS, phosphate buffer saline.

collected for ELISA. As shown in Figure 4, stimulation with
LPS increased the concentrations of pro-inflammatory cyto-
kines such as TNF-a, IL-13, and IL-6 as well as the anti-
inflammatory cytokine IL-10 (Fig. 4, A and B). As expected,
pretreatment with TPPU significantly suppressed the increase
in the levels of TNF-qa, IL-1f3, and IL-6 (Fig. 4A); in contrast,
TPPU treatment further increased the level of IL-10, compared
with LPS treatment alone as shown in Figure 4B.

The mitogen-activated protein kinase (MAPK) signaling
pathway plays a key role in regulating the secretion of inflam-
matory cytokines in activated macrophages and is known for its
involvement in inflammatory diseases such as sepsis. Here, we
investigated whether the MAPK signaling pathway was
involved in the anti-inflammatory effect of TPPU treatment
on LPS-induced macrophages. As shown in Figure 4C, the
phosphorylation levels of ERK1/2, p38 MAP kinase (p38), and
JNK were higher in LPS-treated macrophages than those in the
vehicle-treated group, whereas TPPU treatment prevented the
increase in phosphor-ERK1/2, phosphor-p38, and phosphor-
JNK levels (Fig. 4C). All these data demonstrate that TPPU

treatment suppresses the inflammatory response in macro-
phages treated with LPS by inhibiting the MAPK signaling
pathway in vitro.

Taken together, TPPU treatment inhibited the inflammatory
response characterized by reduced bacterial proliferation and
dissemination, and decreased inflammatory factors released in
septic mice induced by CLP surgery.

TPPU treatment improved the phagocytic ability of LPS-
stimulated macrophages

Macrophages play a key role in eliminating invasive bacteria
through phagocytic and bactericidal functions in sepsis. In this
study, the effects of TPPU treatment on macrophage phagocytic
function were explored. As shown in Figure 5A, the number of
fluorescent microspheres in RAW264.7 macrophages was
increased in LPS-treated cells, compared with that in the
control group; unexpectedly, TPPU treatment significantly
increased the number of fluorescent microspheres in macro-
phages treated with LPS, suggesting that TPPU treatment
improved the phagocytic function of macrophages. To further



766 SHOCK VoL 53, No. 6 CHEN ET AL.
A B
@ 8000- E 6001
o _ @8 con ‘% =
£E — BB DMSO <
g2 ] = TPPU § 400
8T £
£ ¥ 4o00- m psiomso £
9 E BN LPS+TPPU @ 7
[ —
,E %2000- e
£ 3o
o 0
C
p-ERK[ 5 S S wmie am—— 42kD
S P e el B 6- & con
@ DMSO
p-P38 ——— — | 3] BB TPPU
, 4 LPS
(P38 | — — — — — | 38D B LPS+DMSO
B LPS+TPPU

p-INK L — — — 46kD

46kD

INK | — — — — — —

The relative change fold of p-ERK,
p-p38 and p-JNK proteins expression

GAPDH| e aine Sl s s e | 30l

-
>3 Q
& S

Fic. 4. TPPU treatment induced changes of cytokines release and MAPK signaling pathway in LPS-stimulated macrophages. A, The concentrations
of TNF-q, IL-1B, IL-6 in supernatants of macrophages. B, Concentration of IL-10 in supernatants of macrophages. C, Protein expression and phosphorylation of
ERK1/2, p38MAPK (p38), and JNK in macrophages. Data are expressed as means + SEM, #P < 0.05 versus Con group, ‘P < 0.05 versus LPS group.

confirm the beneficial effects of TPPU treatment on phagocytic
function of macrophages, flow cytometry analysis was per-
formed. As expected, the percentage of FITC™ cells was sig-
nificantly increased in TPPU-treated macrophages challenged
with LPS, compared with that in the group of macrophages
treated with LPS only as shown in Figure 5B. Collectively, these
data indicate that TPPU treatment significantly strengthens the
phagocytic function of LPS-treated macrophages.

The effects of TPPU treatment on sepsis induced by CLP
surgery are dependent on increased EETs level

TPPU, an inhibitor of sEH, is capable of increasing EETs
levels indirectly. In this study, plasma 14,15-EET and 14,15-
DHET levels were determined. As expected, increased plasma
14,15-EET level was observed in the sham+TPPU group
compared with that in the sham+PBS group as shown in
Figure 6A; similarly, increased plasma 14,15-EET level was
observed in the CLP+TPPU group, compared with that in the
CLP+PBS group (Fig. 6A). Interestingly, there was no signifi-
cant difference in the level of plasma 14,15-DHET between the
four groups. These data indicate that TPPU treatment in septic
mice induced by CLP surgery is accompanied by increased
plasma EETs level.

Interestingly, a recent study indicated that SEH served as a
key enzyme, which can metabolize docosahexaenoic acid into
19,20-dihydroxydocosapentaenoic acid that initiates pericyte
loss and endothelial barrier breakdown (23). To identify
whether EETs were involved in the beneficial effects of TPPU
treatment on sepsis, 14,15-EET and its inhibitor 14,15-EEZE
were used in this study. As shown in Figure 6B and C, TPPU
and 14,15-EET treatment decreased the pro-inflammatory
cytokines secretion, including TNF-a, IL-6, IL-1f3, along with
increased anti-inflammatory cytokine IL-10 secretion. Interest-
ingly, 14,15-EEZE administration markedly abolished the
effects of TPPU treatment on pro-inflammatory cytokines
and IL-10 secretion as shown in Figure 6B and C. These data
indicate that TPPU treatment inhibits the LPS-induced inflam-
matory response in macrophages via increased EETs level.

In addition, TPPU and 14,15-EET treatment markedly
enhanced macrophage phagocytic ability respectively, com-
pared with that in the LPS-treated control group, and interest-
ingly, 14,15-EEZE administration markedly abolished the
effects of TPPU treatment on macrophage phagocytic ability
as shown in Figure 6D and E. These data indicate that TPPU
treatment enhances the LPS-induced phagocytic ability in
macrophages via increased EETs level. Taken together, these
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data indicate that TPPU treatment significantly improves the
survival of septic mice induced by CLP surgery dependent on
increased EETs level.

DISCUSSION

In the present study, our results demonstrated that TPPU
treatment, accompanied by increased EETs level, markedly
improved the survival of septic mice induced by CLP surgery,
which was associated with alleviated organ damage and dys-
function triggered by systemic inflammatory response. More-
over, TPPU treatment significantly inhibited the systemic
inflammatory response via EETs-induced inactivation of

MAPK signaling pathway, due to enhanced macrophage phago-
cytic ability and subsequently reduced bacterial proliferation
and dissemination with decreased inflammatory factors release.

LPS is a major component of gram-negative bacteria that
activates the TLR4 signaling pathway, initiates inflammation in
sepsis, and is widely used in sepsis studies (24, 25). Recent
studies indicate that EETs prevent the progression of sepsis
induced by LPS challenge in rodents. In addition to their effects
on reducing inflammatory response and protecting against
cardiac dysfunction during the acute phase of LPS-induced
sepsis, EETs and sEH inhibition also increased the endothelial
barrier function and protected against sepsis-induced lung
injury in LPS-treated mice (19, 20). Furthermore, treatment
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with the sEH inhibitor TPPU alleviated LPS-induced pulmo-
nary inflammation mechanistically via inhibiting macrophage
pro-inflammatory cytokines release and the NF-kB signaling
pathway (17, 18). In the present study, mice septic model was
well established, and inhibition of sEH by TPPU treatment,
accompanied by increased EETs level, markedly improved the
survival rate in CLP-induced septic model. These data demon-
strate that the sEH inhibitor TPPU not only inhibited the
progression of sepsis induced by LPS stimulation, but also
played a key role in polymicrobial-induced sepsis, which is
more parallel to the clinical situation.

As professional phagocytic cells of the innate immune
system, macrophages represent the first line of defense against
bacterial infection (26). When pathogens invade, macrophages
sense microbial products through their various surface recep-
tors, resulting in macrophage activation and phagocytosis (27—
30). On the other hand, microbial products bind to Toll-like
receptors and activate several inflammatory signaling pathways
including MAPK/NF-kB signaling pathway, which then con-
tributes to the production of pro-inflammatory cytokines, e.g.,
TNF-a, IL-1B, and reactive oxygen species, to combat the
invading organisms (8, 31-33). In addition to killing patho-
gens, pro-inflammatory cytokines are highly toxic to neighbor-
ing tissues and can cause dysregulated inflammation that
results in severe septic shock and death (34). Various studies
have revealed that controlling the inflammation produced by
macrophages contributes to the survival of rodent models of
sepsis (24, 31, 32, 35-37). Recent studies have identified the
expression of CYP2J2 on human monocytes and macrophages
(38, 39). Further observations revealed that CYP2J2 inhibited
the activation of monocytes (39), and that CYP2J2 was upre-
gulated during monocyte differentiation (38). sEH, which
hydrolyzes EETs to the bio-inactive DHETS, is generally
expressed on monocytes and macrophages, with its expression
upregulated in the presence of LPS (40). Our previous study has
demonstrated that increasing circulating EETs by CYP2J2
overexpression prevents LPS-induced cardiac dysfunction,
which is associated with restrained inflammatory response
(20). It is well established that LPS treatment activates the
NF-kB signaling pathway, allowing NF-«kB to translocate to the
nucleus, leading to transcription of proinflammatory factors.
Interestingly, maximal inhibition of LPS-induced NF-kB p65
activation was achieved by 11,12-EET, followed by 14,15-EET
and 8,9-EET in macrophages (20). These data indicate that
CYP epoxygenases/EETs have important regulatory roles in
the functions of monocytes/macrophages. In the present study,
TPPU treatment significantly strengthened the phagocytic
function of macrophages. In addition, TPPU treatment inhib-
ited the progression of systemic inflammatory response in vivo,
as well as suppressed the inflammatory response in RAW 264.7
macrophages treated with LPS through the inhibition of MAPK
signaling pathway.

Macrophages have various effects on sepsis including
phagocytosis, bactericidal activity, inflammatory cytokines
secretion, antigen presentation, and so on (41, 42). When
microbes invade into organism, macrophages recognize and
phagocytose the microbes, and then produce a series of pro-
inflammatory cytokines to initiate the innate immune system.
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Moreover, peripheral neutrophils, lymphocytes, and mono-
cytes were recruited to the inflammatory sites. During this
process, excessive bacteria may induce exaggerated inflam-
matory response and cause organ damage. Bacterial load may
be an important magnitude of inflammatory response whereas
macrophage phagocytosis is the first step in eliminating bac-
teria (43). In our current study, TPPU treatment significantly
reduced the bacterial load of septic mice with reduced inflam-
matory response and organ damage. In vitro, TPPU adminis-
tration increased macrophage phagocytosis which may
contribute to reduced bacterial load and inflammatory
response. It is well known that macrophages play a regulatory
role by releasing inflammatory mediators and recruiting
PMNs. It is speculated that macrophages-initiated PMNs
recruitment may contribute to reduced bacterial load, but still
needs to be further explored.

In the acute phase of sepsis, macrophages are activated to
release inflammatory cytokines and to perform phagocytosis or
intracellular killing functions to limit bacterial dissemination
and eliminate pathogens. In the late phase of sepsis, the immune
system shifts to anti-inflammation and tissue repair. Any
exaggerated responses in this process can cause dire outcomes.
However, previous studies have revealed that these conditions
can occur simultaneously, and that phagocytes from sepsis
patients exhibit reduced inflammation and increased gene
expression related to phagocytosis, pathogen killing, and tissue
repair (11, 44). In the current study, we found that TPPU
reduced the inflammatory response and bacterial growth in
polymicrobial-induced sepsis. In vitro, we demonstrated that
TPPU pretreatment decreased the inflammation in macro-
phages while upregulated phagocytosis function indicating that
TPPU did not inhibit macrophage activation directly. Given the
complex functions of macrophages in sepsis, we speculate
that macrophages may undergo a functional reprogramming
in sepsis; however, this still needs confirmation by other
experiments.

It is well known that macrophages are hyperplastic, and can
change their phenotype with micro-environment variation (45).
Hypoxia-inducible factor 1o (HIF-1a) regulates various genes
in macrophages and participates in regulating macrophage
functions involved in inflammation, phagocytosis, and antimi-
crobial activity. A previous study revealed that HIF-1a over-
expression inhibited macrophage inflammation while
upregulated antimicrobial activity and tissue remodeling (11,
44). In addition, EETs played an important role in regulating
HIF-1a activity (46, 47). Therefore, given the critical roles of
HIF-1a on macrophages in sepsis, we speculate that TPPU
treatment could regulate macrophage functions through HIF-
la, but this still needs to be further explored.

There are several limitations in this study. First, we observed
only the acute phase of sepsis after surgery, whereas the
mortality of sepsis exhibits three peaks in the clinic and a
considerable number of patients die in the late phase. Second,
the septic model was performed on young and healthy mice,
whereas in the clinic, the number of patients with advancing
age is increasing due to the exponential increase in the
elderly population. Third, antibiotics were not used to prevent
confusion between the effects of TPPU and antibiotics, while
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antibiotics are used as routine drugs in the clinic. Fourth, this is
a preventive study, and so, TPPU treatment was started before
the induction of sepsis, which is not consistent with the actual
conditions in clinic. Fifth, different cytokines peak at different
time points; thus, it is speculated that the similar plasma IL-6
levels between the TPPU group and vehicle group in septic
mice could be due to the inappropriate time-point of plasma
collection, which still needs to be explored further. Collec-
tively, more studies are required to investigate the effects of
TPPU on sepsis treatment.

In conclusion, TPPU treatment, accompanied by increased
EETs level, markedly improved the survival of septic mice
induced by CLP surgery, which was associated with alleviated
organ damage and dysfunction triggered by systemic inflam-
matory response. Furthermore, TPPU treatment significantly
inhibited the systemic inflammatory response, which was due
to enhanced macrophage phagocytic ability and subsequently
reduced bacterial proliferation and dissemination, and
decreased inflammatory factors release. Our data provide
evidences that sEH inhibition has potential effects on the
treatment of polymicrobial-induced sepsis, but still warrants
further clinical studies.
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