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Abstract

Triggering receptors expressed on myeloid cell-1 (TREM-1) is a superimmunoglobulin receptor
expressed on myeloid cells. TREM-1 amplifies the inflammatory response. Epoxyeicosatrienoic
acids (EETSs), the metabolites of arachidonic acid derived from the cytochrome P450 enzyme, have
anti-inflammatory properties. However, the effects of EETs on TREM-1 expression under
inflammatory stimulation remain unclear. Therefore, inhibition of soluble epoxide hydrolase
(sEH) with a highly selective inhibitor [1-trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl)
urea, TPPU] was used to stabilize EETs. LPS was intratracheally injected into mice to induce
pulmonary inflammation, after TPPU treatment for 3 h. Histological examination showed TPPU
treatment-alleviated LPS-induced pulmonary inflammation. TPPU decreased TREM-1 expression,
but not DAP12 or MyD88 expression. Murine peritoneal macrophages were challenged with LPS
in vitro. We found that TPPU reduced LPS-induced TREM-1 expression in a dose-dependent
manner, but not DAP12 or MyD88 expression. TPPU also decreased downstream signal from
TREM-1, reducing proinflammatory cytokine 7A/F-a and /L-18 mRNA expression. Furthermore,
TPPU treatment inhibited IkB degradation /in vivoand in vitro. Our results indicate that the
inhibition of sEH suppresses LPS-induced TREM-1 expression and inflammation via inhibiting
NF-kB activation in murine macrophage.
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INTRODUCTION

Inflammatory responses mediated by monocyte/macrophages and neutrophil can be
stimulated through many receptors with different structures and specificities, such as Toll-
like receptors and CD14 for lipopolysaccharide (LPS) [1], or cytokine receptors for tumor
necrosis factor-a (TNF-a) and interferon-y (IFN-v) [2, 3]. Bouchon A and his colleagues
[4] first identified a new Ig superfamily of receptors exclusively expressed on myeloid cells,
which were designated triggering receptor expressed on myeloid cells (TREM). TREM-1 is
30-kDa glycoprotein receptor, which stimulates neutrophil- and monocyte-mediated
inflammatory responses. Because of the short intracytoplasmic motifs without signaling
motifs, TREM-1 must constitutively associate with the adaptor DNAX activation protein 12
(DAP12) for induction of intracellular signals [5]. DAP12 is a transmembrane protein with
an immunoreceptor tyrosine-based activation motif (ITAM) and has been proposed to act as
the signaling unit. After phosphorylation of DAP12, the production of chemokines and
cytokines is induced, such as TNF-a and interleukin-1p (IL-1p) [6-8]. The overexpression
and activation of TREM-1 are involved in many inflammatory diseases, including acute
myocardial infarction [9], inflammatory bowel disease [10], and lung injury [11]. An
increasing number of researchers consider TREM-1 as a key modulator of inflammatory
disease and a therapeutic target. For example, triptolide modulates the TREM-1 signal
pathway to inhibit the inflammatory response in rheumatoid arthritis [6]. Also, inhibition of
TREM-1 alleviates the severity of fungal keratitis by modulating innate immune responses
[12]. LPS is an important proinflammatory bacteria-derived product, which significantly
increases TREM-1 expression [11, 13] in a myeloid differentiation primary response gene
88 (MyD88)-dependent manner [14].

Cytochrome P450 (CYP) enzyme converts arachidonic acid into epoxyeicosatrienoic acids
(EETS), which act as autocrine or paracrine factors in the regulation of inflammation,
vascular tone, and hyperalgesia [15, 16]. But, the half-life of EETs /n vivois very short,
because the cytosolic enzyme soluble epoxide hydrolase (SEH) catalyzes the rapid
hydrolysis of EETS to inactive or less active 1,2-diols [17]. 1-Trifluoromethoxyphenyl-3- (1-
propionylpiperidin-4-yl) urea (TPPU) is a potent SEH inhibitor, which stabilizes EETs [18].
We have found that TPPU attenuates bleomycin-induced inflammation and prevents
bleomycin-induced pulmonary fibrosis in a mouse model [17]. Other work demonstrated
that SEH pharmacological inhibition ameliorates experimental acute pancreatitis in mice
[19] and modulates inflammation and autophagy in obese adipose tissue and liver [20].
However, the effect of EETs on TREM-1 expression remains unclear.

The aim of the present study was to investigate the effects of SEH inhibition with TPPU in
LPS-induced inflammation and TREM-1 expression. We found that TPPU could attenuate
LPS-induced lung injury in a mouse model and inhibit the TREM-1 expression.
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Furthermore, we found that TPPU suppressed LPS-induced TREM-1 expression and
activation in primary murine peritoneal macrophage via inhibiting the degradation of IkB.

MATERIALS AND METHODS

Animal

Adult male C57BL/6 mice were provided by the laboratory animal unit of Central South
University. Mice were maintained in controlled temperature (22-24 °C), humidity (55 £ 5
%), and a 12-h dark/light cycle condition. Mice had free access to water and food.
Experimental use of mice in the present study was performed according to the National
Institutes of Health Guide for the Care and Use of Laboratory Animals. The animal protocol
was approved by the institutional animal care committee of Xiangya Medical College.

Animal Treatment

Adult male C57BL/6 mice were randomly divided into three groups: control group, LPS +
vehicle group, and TPPU + LPS group. The mouse model of acute lung injury (ALI) was
established by an intratracheal injection of 0111:B4 LPS (5 mg/kg) from Escherichia coliin
50-pL sterile saline according to a previously published protocol [21]. All surgeries were
performed under anesthesia with pentobarbital sodium (50 mg/kg). TPPU (1 mg/kg, in 0.5
% EtOH) was administered by intraperitoneal injection 3 h before the LPS injection. The
mice were sacrificed 6 h after the LPS injection.

Histological Examination

Right lung lobes were used for histological evaluation. Lungs were fixed in 10 % formalin
for 48 h, embedded in paraffin, cut into 5-um section, and then stained with hematoxylin-
eosin (HE). HE staining was done by deparaffinizing and hydrating the slides to water.
Slides were stained in Harris hematoxylin for 15 min and eosin for 30 s. Slides were
dehydrated, cleared, and mounted with Cytoseal.

RNA Extraction and Real-Time PCR

Total RNA of lung tissues or murine macrophage was extracted using RNAiso Plus (TaKaRa
Clontech, Japan) and was quantified by spectrophotometric analysis using an ultraviolet
spectrophotometer (Thermo Fisher Scientific, USA). The generation of cDNA from RNA
(0.5 pg) was performed using PrimeScript RT reagent Kit with gDNA eraser (TaKaRa
Clontech, Japan). Real-Time PCR of cDNA was performed using the SYBR premix Ex Taq
(TaKaRa Clontech, Japan) on a deep-well Real-Time PCR Detection System (CFX96
Touch™, Bio-Rad, USA). The sequences of the specific primers were shown in
supplementary Table 1. Relative gene expression was measured by the 2722CT method. The
mouse B-actin housekeeping gene was used as an internal control.

Western Blotting

The lung tissues were homogenized, separated on 10 % SDS-PAGE gel (Bio-Rad, USA),
and then transferred onto a PVDF membrane. After blocking, membranes were incubated
with anti-TREM-1 antibodies (R&D Systems, USA) or anti-1kB antibodies (Beyotime
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Biotechnology, China) overnight. Horseradish peroxidase-conjugated secondary antibodies
(Santa Cruz, USA) were applied and enhanced chemiluminescence to detect protein content.
The mouse B-actin was used as an internal control.

Primary Murine Peritoneal Macrophage Isolation

The C57BL/6 mice were used to isolate peritoneal macrophage. Mice were injected (7.p.)
with 3 mL of 3 % thioglycolate (Sigma-Aldrich, St. Louis, MO, USA). After 3 days,
peritoneal macrophages were harvested by peritoneal lavage with pre-cooled RPMI 1640.
Cells were collected by centrifugation at 1500 rpm for 10 min at 4 °C, and the pellet was
resuspended in cell culture medium. Cells were plated in cell culture plates at a density of 1
x 108 cells/mL and 1 x 10 cells/well. After 2 h, culture medium was changed completely
for remove of non-adherent cells. Macrophages were cultured in a humified CO, incubator
at 37 °C and rested for 24 h before subsequent experiments.

Flow Cytometry

Flow cytometry was used for testing protein level of TREM-1 on the surface of
macrophages. Cells were treated with 100 ng/mL LPS (from Escherichia coli O111.:B4,
Invivogen, San Diego, CA, USA) for 24 h. After collected, cells were incubated with anti-
TREM-1 antibody (Monoclonal Rat IgG, R&D Systems, USA) and chicken anti-rat 1gG-
FITC antibody (Santa Cruz, USA) for 30 min at 4 °C in the dark. After washed with PBS
twice, the cells percentage of positive for TREM-1 was measured using a Mofol XDP type
flow cytometry instrument (Beckman Coulter, USA). The data were analyzed with Summit
5.0 or FlowJo 7.6.5 (FolwJo LLC, Ashland, OR, USA).

Statistical Analysis

RESULTS

Statistical analyses were completed using SPSS 17.0 software (SPSS Inc., Chicago, IL,
USA). Results were expressed as mean + standard deviation (SD). The difference between
multiple groups was tested using one-way analysis of variance, and SNVK test was served as
the post hoc test for multiple comparisons. A Pvalue <0.05 was considered as statistically
significant.

TPPU Attenuated LPS-Induced Pulmonary Inflammation in Mice

HE staining of lung tissues from the control group revealed a well-alveolized pulmonary
structure. LPS induced significant alveolar wall thickening and massive infiltration of
inflammatory cells in the interstitial tissue. The extent and intensity of the inflammatory
injury in TPPU + LPS group were less than those of the LPS group (Fig. 1).

TPPU Inhibited TREM-1 Expression in LPS-Stimulated Lung Tissue of Mice

Since TREM-1 signaling plays a vital role in the LPS-induced pulmonary inflammation, we
detected the TREM-1 expression. We found that LPS (5 mg/kg, 7.t) significantly increased
TREM-1 (mRNA and protein) and MyD88 mRNA expression (£ < 0.05) but decreased
DAPI2mRNA expression (P< 0.05). TPPU (1 mg/kg) inhibited 7REM-1 mRNA and
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protein expression in lung tissue (£ < 0.05), but there was no effect on the expression of
DAPI2and MyD88 mRNA (Fig. 2, P> 0.05). These results indicate that EETS inhibit
TREM-1 signaling v/a suppressing its expression.

TPPU Inhibited TREM-1 Expression in LPS-Challenged Primary Murine Peritoneal
Macrophage

Macrophages are the main innate immune cell in inflammatory response. We further
investigated the effect of EETs on primary murine peritoneal macrophage under
inflammatory stress. We found that LPS (100 ng/mL) treatment for 6 h significantly
increased TREM-1 (mRNA and protein) and MyD88 mRNA expression (£ < 0.05) but
decreased DAP12 mRNA expression (P < 0.05). TPPU (0.1, 1, 10 uM) could dose-
dependently inhibit TREM-1 mRNA and protein expression in primary murine peritoneal
macrophage (P < 0.05), but no effect on the expression of DAP12and MyD88 mRNA (Fig.
3, P>0.05). These data confirm that EETs inhibit TREM-1 expression under inflammatory
stress.

TPPU Attenuated TREM-1 Downstream Proinflammatory Cytokine Expression in
Macrophages

Next, we detected the effect of EETs on the activation of TREM-1. TNF-a and IL-1f are the
downstream genes of TREM-1 signaling [6—8]. We found that LPS (100 ng/mL) treatment
for 6 h significantly increased 7NF-a and /L-18 mRNA expression in primary murine
peritoneal macrophage (P < 0.05), while TPPU (0.1, 1, 10 uM) could dose-dependently
inhibit 7A/F-a and /L-18 mRNA expression (Fig. 4, P< 0.05). These data indicate that
EETSs not only inhibit the expression of TREM-1 but also suppress the activation of
TREM-1.

TPPU Inhibited Degradation of IkB Under LPS Challenge Both In vivo and In vitro

The transcription factor NF-kB plays a vital role in the signaling cascade of the LPS/TLR4
pathway, and IkB inhibits the activation of NF-kB [22]. Herein, we detected IkB to
investigate the mechanism of EETs’ inhibitory effect on TREM-1. We found that LPS could
promote the degradation of 1kB both in lung tissue of mice and primary murine peritoneal
macrophage (P < 0.05). And, TPPU treatment partly inhibited the degradation of IkB (Fig. 5,
P<0.05). These data indicate that EETs inhibit TREM-1 expression and function via
suppressing NF-kB activation.

DISCUSSION

Inflammatory response is the hallmark of many diseases, including lung injury and acute
pancreatitis. Our study firstly reports that the inhibition of SEH with pharmacological drug
TPPU suppresses the TREM-1 expression and its downstream pro-inflammatory cytokines
synthesis. This provides a new mechanism of the benefit of sEH inhibitors on inflammatory
response and suggests a new strategy for inhibiting the TREM-1, a vital target for
inflammatory response.
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TREM-1 is a membrane receptor that is expressed on the surface of neutrophils and
macrophage when they are triggered by pathogens, such as LPS. We have found that
transforming growth factor-B1 (TGF-B1) also upregulated expression of TREM-1 in murine
lungs [23]. TREM-1 mediates the acute inflammatory response to microbial products.
Synergistic activation of TREM-1, toll-like receptor, and nod-like receptor results in the
overexpression of pro-inflammatory factors such as TNF-a and IL-1p [24], as well as the
downregulation of the anti-inflammatory factor 1L-10 [25], and results in excessive
inflammatory response. For example, we have reported that TREM-1 amplified the
inflammatory responses and aggravated ALI [13]. In this study, we found that LPS induced a
significant increase of TREM-1 expression in lung tissue and primary murine peritoneal
macrophage, consistent with previous observations [26]. Since TREM-1 is a new target for
anti-inflammatory therapeutic strategy, we focused on the strategy in inhibiting TREM-1
expression. We have reported that vasoactive intestinal peptide (VIP) could attenuate
TREM-1 expression in LPS-challenge macrophage [13].

Arachidonic acids (AAs) are metabolized by lipoxygenases (LOXs), cyclooxygenases
(COXs), and CYP to eicosanoids which are important regulators of numerous biological
processes including inflammation. CYP-derived EETS play an important role in
downregulating inflammation [19]. However, EETs are rapidly hydrolyzed by sEH into the
less biologically active metabolites. In this study, a potent SEH inhibitor TPPU was used to
stabilize EETs. We previously published that TPPU attenuated bleomycin-induced
pulmonary fibrosis in a murine model [17], and TPPU also inhibited bleomycin-induced
inflammation in lung tissue. The mechanism of these effects still is unclear. Here, we found
that TPPU could inhibit TREM-1 expression and activation in lung and macrophage. In
addition, TREM-1 is overexpressed in the lung of bleomycin-induced pulmonary fibrosis
mouse [23]. So, this study could interpret the mechanism of the protective effect of TPPU on
bleomycin-induced pulmonary inflammation in the lung.

sEH pharmacological inhibition impacted several signaling pathways that have been
implicated previously [19]. In this study, we found that SEH inhibition was associated with
decreased LPS-induced NF-kB inflammatory signaling. NF-kB is one of the main protein
complexes mediating the expression of TREM-1. After stimulation of macrophage with
LPS, IKK is activated and degrades IkB. Then, the p50/RelA heterodimer is increased and
upregulates TREM-1 expression [5]. Inhibition of NF-kB with BAY11-7085 decreases the
expression of TREM-1 in TNF-a-treated VSMCs [27].And 1,25-(OH),D3 upregulates
TREM-1 expression dependent on NF-kB signaling pathway in differentiated U937
macrophages [28].

Numerous available sEH inhibitors are potent enough to be moved into the clinic, such as
TPPU, AUDA, and APAU [29]. For example, APAU was taken through phase 1A trials. The
more metabolically stable and potent, TPPU may represent a better clinical candidate [30].
No adverse reactions were observed in phase | and 11A human clinical trials with sEH
inhibitors, even when given at high doses [31]. The therapeutic index of sEH inhibitors
appears large.
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In summary, these findings establish that sEH pharmacological inhibition suppresses LPS-
induced TREM-1 expression and activation, and attenuates inflammatory response in murine
macrophages. The NF-kB signaling pathway may be a key target for the beneficial effect of
SEH inhibitor. This study suggests that SEH inhibitor may be effective for preventing and
treating inflammatory diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Representative histological lung sections of mice from each group stained with HE.
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Fig. 2.

TPPU inhibited TREM-1 expression but not DAP12 or MyD88 in LPS-stimulated lung
tissue of mice. a TREM-I mRNA expression detected by real-time PCR, b DAP12mRNA
expression detected by real-time PCR, ¢ MyD88 mRNA expression detected by real-time
PCR, and d TREM-1 protein expression detected by Western blotting (7= 5).
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Fig. 3.

TI5qPU inhibited TREM-1 expression but not DAP12 or MyD88 in LPS-stimulated primary
murine peritoneal macrophage. a 7TREM-I mRNA expression detected by real-time PCR, b
DAPI2mRNA expression detected by real-time PCR, ¢ MyD88 mRNA expression detected
by real-time PCR, and d TREM-1 protein expression detected by flow cytometry (7= 6).
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Fig. 4.
TPPU suppressed 7N/F-a and /L-13 mRNA expression in primary murine peritoneal

macrophage. a 7TNVF-a mRNA expression detected by real-time PCR and b /L-18 mRNA
expression detected by real-time PCR (7= 6).
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Fig. 5.

TPPU inhibited degradation of IkB under LPS challenge both /in vivo and in vitro. a The IkB
protein content in lung tissue of mice (r7=5) and b the IkB protein content in primary
murine peritoneal macrophage (/7= 6).

Inflammation. Author manuscript; available in PMC 2021 March 24.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Animal
	Animal Treatment
	Histological Examination
	RNA Extraction and Real-Time PCR
	Western Blotting
	Primary Murine Peritoneal Macrophage Isolation
	Flow Cytometry
	Statistical Analysis

	RESULTS
	TPPU Attenuated LPS-Induced Pulmonary Inflammation in Mice
	TPPU Inhibited TREM-1 Expression in LPS-Stimulated Lung Tissue of Mice
	TPPU Inhibited TREM-1 Expression in LPS-Challenged Primary Murine Peritoneal Macrophage
	TPPU Attenuated TREM-1 Downstream Proinflammatory Cytokine Expression in Macrophages
	TPPU Inhibited Degradation of IkB Under LPS Challenge Both In vivo and In vitro

	DISCUSSION
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.

