
Laboratory Investigation (2020) 100:904–915
https://doi.org/10.1038/s41374-020-0412-9

ARTICLE

PCTR1 ameliorates lipopolysaccharide-induced acute inflammation
and multiple organ damage via regulation of linoleic acid
metabolism by promoting FADS1/FASDS2/ELOV2 expression
and reducing PLA2 expression
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Abstract
Gram-negative bacterial infection causes an excessive inflammatory response and acute organ damage or dysfunction due to
its outer membrane component, lipopolysaccharide (LPS). Protectin conjugates in tissue regeneration 1 (PCTR1), an
endogenous lipid mediator, exerts fundamental anti-inflammation and pro-resolution during infection. In the present study,
we examined the properties of PCTR1 on the systemic inflammatory response, organic morphological damage and
dysfunction, and serum metabolic biomarkers in an LPS-induced acute inflammatory mouse model. The results show that
PCTR1 reduced serum inflammatory factors and ameliorated morphological damage and dysfunction of the lung, liver,
kidney, and ultimately improved the survival rate of LPS-induced acute inflammation in mice. In addition, metabolomics
analysis and high performance liquid chromatography-mass spectrometry revealed that LPS-stimulated serum linoleic acid
(LA), arachidonic acid (AA), and prostaglandin E2 (PGE2) levels were significantly altered by PCTR1. Moreover, PCTR1
upregulated LPS-inhibited fatty acid desaturase 1 (FADS1), fatty acid desaturase 2 (FADS2), and elongase of very long
chain fatty acids 2 (ELOVL2) expression, and downregulated LPS-stimulated phospholipase A2 (PLA2) expression to
increase the intrahepatic content of AA. However, these effects of PCTR1 were partially abrogated by a lipoxin A4 receptor
(ALX) antagonist (BOC-2). In summary, via the activation of ALX, PCTR1 promotes the conversion of LA to AA through
upregulation of FADS1, FADS2, and ELOVL2 expression, and inhibits the conversion of bound AA into free AA through
downregulation of PLA2 expression to decrease the serum AA and PGE2 levels.

Introduction

Despite advances in antimicrobial therapy and overall
medical care, gram-negative bacterial infection remains a
common, life-threatening event [1]. The main causative
agent of gram-negative bacteria is lipopolysaccharide
(LPS), a key outer membrane component, which may
induce excessive inflammatory response and acute organ
damage or dysfunction [1, 2]. LPS promotes the activity and
expression of phospholipase A2 (PLA2), while PLA2 cat-
alyzes the hydrolyzation of bound arachidonic acid (AA),
present in the phospholipids of cellular membranes, into
free AA that is subsequently released into the bloodstream.
Then, free AA is metabolized into pro-inflammatory cyto-
kines, such as PGE2, thromboxane A2 (TXA2), and leu-
kotriene B4 (LTB4), resulting in an inflammatory response
[3, 4].
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Metabolomics-based approaches allow the identification
of variations in metabolite profiles that can be used to dis-
criminate diseases [5]. Our previous research has shown
that the levels of certain metabolites were involved in
energy metabolism and inflammatory processes in the cecal
ligation and puncture (CLP)-induced sepsis mouse model
[6]. Thus, metabolomics may be a potentially promising
tool for the diagnosis of gram-negative bacterial infection
and endotoxemia.

Protectin conjugates in tissue regeneration 1 (PCTR1), a
newly discovered member of specialized pro-resolving
mediators (SPMs), is synthesized from docosahexaenoic
acid (DHA) in leukocytes, and is highly presented in lym-
phatic tissues [7]. Although its specific receptor is still
unknown [7], PCTR1 was shown to have fundamentally
anti-inflammatory properties during microbial infection
in vivo [8]. Many of the current anti-inflammatory therapies
target the classical inflammatory molecules and pathways
involved in the initiation of the acute inflammatory response
[9]. Complications and unwanted side effects have arisen
from treatments that are ‘resolution toxic’ through disrup-
tion of the temporal orchestration and program of resolution
[9]. As an endogenous mediator, PCTR1 may circumvent
the hurdles faced in the clinical implementation of
resolution-toxic therapies [10]. We have reported that other
members of the SPMs family, such as lipoxin A4, resolvin
D1, maresin 1, and protectin DX, reduce inflammation,
attenuate neutrophil infiltration to the tissues, and protect
mitochondrial function and organ function in LPS-induced
acute inflammatory model [11–13]. However, it is still
unclear whether PCTR1 has an important role in LPS-
induced acute inflammation, organ damage and dysfunc-
tion, moreover, the underlying mechanisms are unknown.

The present study tested the hypothesis that the admin-
istration of PCTR1 could protect against inflammation,
organ damage in a mouse model of LPS-induced acute
inflammation. Subsequently, biomarkers of serum metabo-
lism were identified to explore the metabolic pathways.
Finally, we determined the effects of PCTR1 on metabolites
and metabolic enzymes to attain a better understanding of
the underlying mechanisms.

Materials and methods

Materials

PCTR1 (17-hydroxydocosa-4,7,10,12,14,19-hexaenoic acid)
was obtained from Cayman Chemical Company (Ann
Arbor, MI). BOC-2 (ALX antagonist) was purchased from
Biomol-Enzo Life Sciences (Farmingdale, NY). Interleukin
1β (IL-1β), interleukin 6 (IL-6), interleukin 10 (IL-10),

tumor necrosis factor-α (TNF-α), macrophage inflammatory
protein 2 (MIP-2), myeloperoxidase (MPO), and PGE2
ELISA kits were purchased from R&D Systems (Minnea-
polis, MN, USA). Serum glutamic pyruvic transaminase
(ALT), serum glutamic oxaloacetic transaminase (AST),
blood urea nitrogen (BUN), blood creatinine (CREA),
reactive oxygen species (ROS), superoxide dismutase
(SOD), and glutathioneperoxidase 4 (GPX4) kits were pur-
chased from Jiancheng Bioengineering Institute (Nanjing,
Jiangsu, China). PLA2 ELISA kits were purchased from
WESTTANG BIO-TECH CO. (Shanghai, China). High
performance liquid chromatography-mass spectrometry
(HPLC-MS) kits for LA and AA were purchased from Dr.
Ehrenstorfer (Augsburg, Germany). LPS (Escherichia coli
serotype 055: B5) was obtained from Sigma (St. Louis,
MO). Quantitative real-time PCR kits were purchased from
TaKaRa (Japan).

Animals

C57BL/6J wild-type male mice (8–10 weeks old, 22–25 g)
were purchased from Beijing Vital River Laboratory Ani-
mal Technology Co., Ltd.. Female mice were not used due
to the anti-inflammatory and antimicrobial effects of estro-
gen and progesterone [14]. All mice were housed littermates
in groups of four per cage and maintained in a specific
pathogen-free room with controlled temperature (22–26 °C)
and humidity (60–65%) with a regular 12 h light and dark
cycle. We conducted all animal experiments in accordance
with Laboratory Animal Guidelines for Ethical Review of
Animal Welfare (GB/T 35892–2018, China) and with
approval from Laboratory Animal Ethics Committee of
Wenzhou Medical University.

Mice were randomly allocated into one of four groups,
control, LPS, LPS+ PCTR1, or LPS+ PCTR1+ BOC-2.
In all treatment groups, the model of acute inflammation
was achieved by the intraperitoneal (i.p.) injection of
10 mg/kg LPS; mice in the control group were received an
equivalent volume of saline by i.p.. Mice in the LPS+
PCTR1 group were received an injection of PCTR1 (50 ng/
mice) via the tail vein at 1 h or 6 h after LPS administration.
Mice in the LPS+ PCTR1+BOC-2 group were received
an injection of BOC-2 (600 ng/kg) via the tail vein 0.5 h
before LPS challenge, followed by an injection of PCTR1
(50 ng/mice) via the tail 1 h after LPS challenge.

Survival analysis

PCTR1 (50 ng/mice) or an equivalent volume of saline was
randomly administered to the mice via the tail vein 1 h after
LPS (15 mg/kg) intraperitoneal injection. The survival rate
was recorded every day for 7 days.
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Pathological and biological studies

At 6 h after LPS injection, the mice were sacrificed, and
tissues samples from the lung, liver, and kidney were
immediately obtained. The tissues were embedded in par-
affin, stained with hematoxylin and eosin (H&E), and
analyzed by using a light microscope. Organ injury scores
were determined by two independent investigators blinded
to the research assignment and following the applicable
criteria [10]. At 6 h or 11 h after LPS challenge, the whole
blood samples of mice were obtained and then serum was
collected. The serum levels of IL-1β, IL-6, IL-10, TNF-α,
MIP-2, MPO, PGE2, ALT, AST, BUN, CREA, ROS, SOD,
GPX4, and the concentrations of PLA2 in liver tissue
homogenate were determined by using ELISA kits in
accordance with the manufacturer’s protocols. The serum
levels and liver tissue contents of LA and AA were detected
by HPLC-MS with procedures as previously described [15].

Samples collection and extraction for metabolomics

The serum samples of mice were collected, and then frozen
rapidly in liquid nitrogen, and stored at −80 °C until ana-
lyzed. The extraction was performed as previously described
[16]. Briefly, 50 μL serum sample was placed in 1.5 mL
microfuge tube and extracted with 200 μL methanol. 5 μL of
2-chlor-L-phenylalanine was added as an internal standard
and the solution was vortex mixed for 30 s. Samples were
kept at −20 °C for 10min and centrifuge for 15 min at
12,000 g, 4 °C. 180 μL of supernatant was transferred into a
fresh 1.5mL tube, and then 30 μL were taken from from each
sample and pooled as a QC sample. The supernatant was
dried completely in a vacuum concentrator without heating.
Then, 30 μL methoxyamine hydrochloride (20 mg/mL in
pyridine) was added and incubated for 30 min at 80 °C, 40 μL
of BSTFA (1% TMCS, v/v) reagent was added to the sample
aliquots and incubated for 1.5 h at 70 °C. All samples were
analyzed by using gas chromatography coupled with time-of-
flight mass spectrometry (GC-TOF-MS).

GC-TOF-MS analysis

GC-TOF-MS analysis was performed by using an Agilent
7890 gas chromatograph system coupled with a Pegasus HT
time-of-flight mass spectrometer. The mass spectrometry
data were acquired in full scan mode with a m/z range of
50–500 at a rate of 12.5 spectra per second after a solvent
delay of 4.78 min. Chroma TOF 4.3X software and the
LECO-Fiehn Rtx5 database were used for the data pre-
processing and annotation. Both mass spectrum match and
retention index match were considered in metabolite iden-
tification. Peaks detected in <50% of QC samples or RSD
30% in QC samples were removed [17].

Quantitative real-time PCR

Quantitative RT-PCR was performed by using TB Green
System (TaKaRa, Japan) in accordance with the manu-
facturer’s protocol and the data were detected by the CFX96
Real-Time PCR Detection System (Bio-Rad). The expres-
sion of target genes was analyzed by using the 2−ΔΔCt
method. The gene-specific primers are as follows:
mFADS1-F 5′ -ACCTGTCAGTCTTTGGCACCTC-3 ′ and
mFADS1-R 5 ′ -TCCTTGCGGAAGCAGTTAGGCT-3′;
mFADS2-F 5’-TTCCTGGAGAGCCACTGGTTTG-3′ and
mFADS2-R 5’-GAAGAAGGACTGCTCCACATTGC-3′ ;
mELOVL2-F 5′-AGCTGGGAAGGAGGTTACAA-3′ and
mELOVL2-R 5′ -TGGAGAAGTAGTACCACCACAA-3′;
msPLA2-F 5′ -CTGTCAGATGCACGACCGTTGT-3′ and
msPLA2-R 5′ - GAGCCTCATTGGACAGAAGGAG-3′;
mβ-actin-F 5′ - ACCCTAAGGCCAACCGTGAA-3′ and
mβ-actin-R 5′ - ATGGCGTGAGGGAGAGCATAG-3′.

Statistical analysis

The data are presented as the mean ± SD. All data were
analyzed by one-way ANOVA followed by the Tukey’s
post hoc test for multiple comparisons using Prism
7.0 software (GraphPad). Survival rates were estimated by
the Kaplan–Meier method and compared by the pairwise
log-rank test. p < 0.05 was considered statistically sig-
nificant. PCA (principal component analysis) was per-
formed by MetaboAnalyst 4.0 (https://www.metaboanalyst.
ca) [18]. Hierarchical clustering analysis(heatmap) and
metabolic pathway analysis (bubble plot) were performed
by ImageGP (https://www.ehbio.com/ImageGP/).

Results

PCTR1 improves the survival rate in an LPS-induced
acute inflammatory mouse model

Compared with the LPS group, the survival rate was sig-
nificantly higher in the LPS+ PCTR1 group, indicating that
PCTR1 markedly increases the survival rate (Fig. 1a).

PCTR1 ameliorates morphological damage of the
lung, liver, and kidney in LPS-induced acute
inflammation

To identify when the acute inflammation is triggered in the
LPS-induced acute inflammatory model, we investigated
the effects of LPS on inflammatory factors (IL-1β, IL-6,
IL-10, and TNF-α) over time. We found that the inflam-
matory factors were increased markedly at 1 h after LPS
injection (Fig. 1b). Pathologic examination revealed that
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the LPS group displayed significant damage of the lung,
liver, and kidney, with interstitial lung edema, hemor-
rhage, and infiltration of inflammatory cells into the
interstitium and alveolar spaces (Fig. 2a), hepatocyte
degeneration and necrosis in the hepatic lobules (Fig. 2c),
inflammatory cells infiltration in renal interstitium,
microthrombotic obstruction in the glomerulus and renal
tubules (Fig. 2e). All morphologic changes observed in the
LPS group were less pronounced in the LPS+ PCTR1
group (Fig. 2a, c, Fig. 3e). Tissue injury scores were
quantified in parallel with pathophysiological changes
(Fig. 2b, d, f).

PCTR1 reduces LPS-stimulated serum inflammatory
factor levels

The levels of IL-1β (Fig. 3a), IL-6 (Fig. 3b), IL-10 (Fig. 3c),
TNF-α (Fig. 3d), MIP-2 (Fig. 3e), and MPO (Fig. 3f) were
significantly higher in the LPS group than in the control
group, and substantially lower in the PCTR1 treatment
group. To further examine the effects of PCTR1 on the
inflammatory factors, treatment of PCTR1 was delayed. The
levels of inflammatory factors in the LPS+ PCTR1 group
were also lower than in the LPS group (Fig. 3g–l) when
PCTR1 was given at 6 h after LPS challenge.

PCTR1 ameliorates organs function in LPS-induced
acute inflammation

The PaO2 (arterial partial pressure of oxygen) levels
(Fig. 4a) were higher and the PaCO2 (arterial partial pres-
sure of carbon dioxide) levels (Fig. 4b) were lower in the

LPS+ PCTR1 group compared with that in the LPS group.
In addition, the liver function biomarkers ALT (Fig. 4c) and
AST (Fig. 4d), and the kidney function biomarkers BUN
(Fig. 4e) and CREA (Fig. 4f), were significantly reduced
after PCTR1 treatment.

PCTR1 decreases LPS-stimulated serum LA and AA
levels detected by metabolomics analysis and HPLC-
MS

To explore the specific mechanisms of the organ protec-
tion effects of PCTR1, metabolomics analysis was per-
formed. Principal component analysis (PCA) showed that
there were distinct differences in metabolites between
groups (Fig. 5a, control vs. LPS; Fig. 5d, LPS vs. LPS+
PCTR1). Heatmaps of hierarchical clustering analysis
were conducted to show the differentially expressed
metabolites for control vs. LPS or LPS vs. LPS+ PCTR1
(Fig. 5b, e). The serum concentrations of LA and AA were
significantly higher in the LPS group than in the control
group (marked with red, Fig. 5b), while the changes were
reversed after PCTR1 treatment (marked with red,
Fig. 5e). Bubble plots of metabolic pathway analysis
showed that LA metabolism was the most highly influ-
enced pathway after LPS administration and PCTR1
treatment (both impact index= 1, the maximum; Fig. 5c,
f). The relative quantities of LA and AA showed that
PCTR1 decreased the LPS-stimulated serum LA and AA
levels (Fig. 5g, h). The results were verified by HPLC-MS
with the same samples (Fig. 5i, j).

PCTR1 upregulates FADS1, FADS2, and ELOVL2
expression through activation of ALX to promote
the conversion of LA to AA in liver

The mRNA expression of FADS1 (Fig. 6a), FADS2
(Fig. 6b), and ELOVL2 (Fig. 6c) in the liver tissues were
significantly lower in the LPS group than in the control
group; however, PCTR1 treatment promoted the expression
of FADS1, FADS2, and ELOVL2 in a dose-dependent
manner (Fig. 6a, b, c). To further illustrate the mechanism
of PCTR1, the ALX antagonist (BOC-2) was used. We
found that the effects of PCTR1 on FADS1 (Fig. 6d),
FADS2 (Fig. 6e), and ELOVL2 (Fig. 6f) were partially
blocked by BOC-2.

PCTR1 downregulates LPS-stimulated PLA2
expression through activation of ALX to inhibit the
conversion of bound AA into free AA

The mRNA expression and protein content of PLA2 in
liver tissue were markedly increased in the LPS group

Fig. 1 PCTR1 improves the survival rate in the LPS-induced acute
inflammatory mouse model. a PCTR1(50 ng/mouse) was adminis-
tered to the mice via the tail vein 1 h after LPS (15 mg/kg,) by intra-
peritoneal injection. And an equal volume of saline was given in both
the control group and the LPS group. The survival rate of mice was
recorded for 7 days. b The inflammatory factors IL-1β, IL-6, IL-10,
and TNF-α, are increased markedly 1 h after LPS challenge. Data are
expressed as mean ± SD. n= 7 per group.
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Fig. 2 PCTR1 ameliorates lung, liver, and kidney morphological
damage. Lung, liver, and kidney tissues were obtained at 6 h after LPS
injection. Representative images of lung (a), liver (c), e H&E-stained
sections (upper magnification × 200; lower magnification × 400) for
the control, LPS, and LPS+ PCTR1 groups, indicating that PCTR1
treatment strongly ameliorates LPS-induced lung edema, hemorrhage,

and alveolar collapse (a), alleviates hepatocyte degeneration and
necrosis in hepatic lobules (c), decreases inflammatory cells infiltration
in the renal interstitium, microthrombotic obstruction in the glomer-
ulus and renal tubules (e). Acute lung injury score (b), acute liver
injury score (d), acute and kidney injury score (f). Data are presented
as box plots. n= 7 mice per group.
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compared with the control group; however, PCTR1 treat-
ment reduced the expression of PLA2 in a dose-dependent
manner (Fig. 6g, h). There was no significant difference
between the LPS group and the LPS+ PCTR1+ BOC-2

group, showing that the effect of PCTR1 on PLA2 could
be partially blocked by BOC-2; hence, PCTR1 might
downregulate LPS-stimulated PLA2 expression through
the activation of ALX (Fig. 6i, j).

Fig. 3 PCTR1 reduces LPS-stimulated inflammation. PCTR1
treatment began 1 h after LPS administration, and serum levels of the
inflammatory factors IL-1β (a), IL-6 (b), IL-10 (c), TNF-α (d), MIP-2
(e), and MPO (f), decreased significantly. Similarly, when PCTR1

treatment was delayed to 6 h after the LPS challenge, the inflammatory
factors were inhibited as well (g–l). Data are shown as mean ± SD.
n= 7 per group from two distinct experiments.
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PCTR1 increases bound AA content in the liver and
reduces free AA levels in serum

The AA levels in liver were significantly lower in the LPS
group than in the control group, while PCTR1 treatment
could reverse this trend (Fig. 6k). However, serum AA
levels were markedly higher in the LPS group than in the
control group, but lower in the LPS+ PCTR1 group than in
the LPS group (Fig. 5h, j).

PCTR1 increases serum SOD and GPX4 levels and
reduces serum PGE2 and ROS levels

PGE2 is the major metabolite of AA and play a strongly pro-
inflammatory effect [19]. The serum PGE2 (Fig. 7a) and
ROS (Fig. 7b) levels were higher and levels of serum SOD
(Fig. 7c) and GPX4 (Fig. 7d) were lower in the LPS group
compared with those in the control group. These effects of
LPS were markedly reversed after PCTR1 treatment.

Discussion

In the present study, we confirmed that PCTR1 could
effectively ameliorate acute inflammation and morphologi-
cal damage and dysfunction of the lung, liver, and kidney,

as well as improve the survival rate in LPS-induced acute
inflammatory mouse model. Metabolomics analysis showed
that LA metabolism was the most highly influenced meta-
bolite after PCTR1 treatment. In addition, PCTR1 reduced
LPS-stimulated serum LA, AA, and PGE2 levels. PCTR1,
via the activation of ALX, promotes the conversion of LA
to AA by increasing the expression of FADS1, FADS2, and
ELOVL2 in the liver, and inhibits the conversion of bound
AA into free AA by reducing the expression of PLA2 so as
to decrease the serum AA and PGE2 levels (summarized in
Fig. 8).

Dalli J et al. demonstrated that PCTR1 could rectify
peritoneal macrophage and host responses to E. coli infec-
tion in vagotomized mice [7]. Similarly, Ramon S et al.
reported that PCTR1 enhanced peritoneal macrophage
recruitment and phagocytosis of E. coli, and decreased
polymorphonuclear leukocyte infiltration [8]. Our study
also shows that PCTR1 could reduce LPS-induced infiltra-
tion of inflammatory cells in the lung, liver, and kidney.
Moreover, we found that PCTR1 could ameliorate respira-
tory function, liver function, and kidney function and
increase the survival rate of LPS-induced acute inflamma-
tory mice, indicating that PCTR1 has beneficial effects
against inflammation.

Metabolomics analysis was applied to investigate the
metabolic pathways altered by PCTR1 treatment, and we

Fig. 4 PCTR1 ameliorates respiratory function, liver function, and
kidney function. PaO2 was increased (a), while the PaCO2 was
decreased (b) after PCTR1 treatment. The serum levels of ALT (c),

AST (d), BUN (e), and CREA (f) were significantly reversed by
PCTR1 treatment. Data are expressed as mean ± SD. n= 7 per group
from two distinct experiments.
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found that LA metabolism was most affected. In addition,
both metabolomics analysis and HPLC-MS analysis
showed that LPS significantly increases the serum LA levels
and AA levels. As AA is metabolized into pro-inflammatory
cytokines, such as PGE2, TXA2, and LTB4 [19], the
increased serum LA and AA might play an important role in
LPS-induced acute inflammation [20]. However, PCTR1
treatment influenced LA metabolism, and attenuate LPS-
stimulated serum LA, AA, and PGE2 levels markedly,
indicating that PCTR1 might display potential for organ
protection and an anti-inflammatory role by reducing serum
AA and PGE2 levels.

LA is formed from essential fatty acids by desaturases,
including FADS1, FADS2, and ELOVL2 [21]. LA is con-
verted into GLA (γ-linolenic acid) by FADS2, and GLA is
converted into DGLA (dihomo-γ-linolenic acid) with the
catalyzation of FADS1 and ELOVL2. Finally, DGLA is
converted to AA [3]. Previous research has shown that the
expression and the activity of desaturases are suppressed by
LPS and cytokines, such as IL-6 and TNF-α, induced by
LPS [3, 20–22]. Our study also confirmed that the expres-
sion of desaturases (FADS1, FADS2, ELOVL2) are
reduced by LPS in the liver tissue, indicating that LPS sti-
mulation might increase serum LA levels through inhibition
of the conversion of LA to AA by downregulating the
expression of desaturases. Contrariwise, PCTR1 upregu-
lates the expression of desaturases to promote the conver-
sion of LA to AA, leading to reducing serum LA levels and
increasing the intrahepatic AA content. Consistent with our
results, vitamin C, folic acid and vitamin B6 helped main-
tain normal activity of desaturases [20], implying that
PCTR1 might have a similar effect as these vitamins.

AA is present in the phospholipids of cellular membranes
to maintain cytomembrane integrity and function [3, 4].
However, with the catalyzation of PLA2, the bound AA is
hydrolyzed into free AA in the circulation, resulting in pro-
inflammatory cytokines storm [3, 4]. Furthermore, when
LPS insults the lung, the liver tissue, and liver macrophages,
the expression and enzyme activity of PLA2 will be

accelerated leading to inflammatory responses and organ
damage [23, 24]. PLA2 is also recognized as a mediator in
septic shock [25]. In our study, we demonstrated that LPS
increases the expression of intrahepatic PLA2 in mRNA
level and protein level, as well as the serum levels of AA
and PGE2. Treatment with PCTR1, however, these trends
are reversed, indicating that PCTR1 might inhibit the con-
version of bound AA into free AA by decreasing the
expression of intrahepatic PLA2 to reduce the serum LA
and PGE2 level. Several researchers have demonstrated that
the pro-inflammatory bioactive lipids could be switched to
anti-inflammatory in sepsis patients and animal model
[26, 27]. Our previous research has illustrated that SPM,
such as RvD1, could promote this process by affect
cyclooxygenase-2 expression [26], implying that PCTR1
may also have an effect on this process to reduce
inflammation.

The specific receptor for PCTR1 is unknown. Previous
research has shown that the functions of SPMs, such as
resolvin D1, maresin1, and protectin DX, were partially
abolished by a ALX antagonist (BOC-2) [7, 11, 12]. In this
study, effects of PCTR1 on desaturases and PLA2, and
intrahepatic AA content were also partially inhibited by
BOC-2. Collectively, these results suggest that the proper-
ties of PCTR1 might be ALX dependent.

Several SPMs, such as resolvin D1, resolvin D5, resolvin
E1, were correlated with high mortality in patients with
sepsis, implying that SPMs might be potential clinical
biomarkers for predicting survival [28, 29]. We previously
found that the levels of resolvins, protectins, and maresins
were lower in nonsurvivors of sepsis than those in survi-
vors, but the values did not achieve a statistically significant
level. It is noteworthy that any one metabolite may not
make much difference by itself, but when these anti-
inflammatory compounds are grouped together their effect
may be significant [28]. Accordingly, more samples will be
processed in the near future. Because lipid metabolism is
intricate, especially in inflammation, all molecules need to
be considered in terms of their coordinated actions [28]. The
balance between ROS and GPX4 exerts an important role in
the inflammation, and SOD is a regulator of this balance
[26]. In this study, the organ protection and anti-
inflammation effects of PCTR1 depend on its combined
actions of increasing SOD and GPX4 and reducing
inflammatory factors such as PGE2 and ROS.

DHA released from the cell membrane undergoes
lipoxygenation, followed by epoxidation and hydrolysis to
generate protectin, while PCTR1 is derived from protectin
[27, 28, 30–32]. The metabolites of DHA, such as protectin,
resolvin and maresin, intervene the activity of desaturases
through BDNF to affect the metabolism of AA [20, 27]. On
the contrary, the metabolites of AA also cross-talk with

Fig. 5 PCTR1 decreases LPS-stimulated serum LA and AA levels.
Metabolomics analysis was performed by GC-TOF-MS (see MATE-
RIALS AND METHODS for details). 2D scores scatter plots of PCA
model for control vs. LPS and LPS vs. LPS+ PCTR1, all samples are
within 95% confidence regions (a, d). Heatmap of hierarchical clus-
tering analysis for differentially expressed metabolites, control vs. LPS
(b), LPS vs. LPS+ PCTR1 (e). Bubble plot for pathway analysis, the
LA metabolism is the most greatly influenced pathway (impact index
= 1, marked with a red border), control vs. LPS (c), LPS vs. LPS+
PCTR1 (f). The relative quantitative values of LA and AA of the three
groups (g, h). The absolute quantitative values of serum LA and AA
were measured by HPLC-MS (i, j). Error bars represent mean ± SD,
n= 7 per group.
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DHA through desaturases and BDNF [20, 27]. The effects
of fatty acids/AA/DHA and their metabolites on inflam-
mation await further investigation.

Taken together, our results demonstrate that PCTR1,
through the activation of ALX, promotes the conversion of
LA to AA by increasing the expression of FADS1,
FASDS2, and ELOV2, and inhibits the conversion of bound

AA into free AA by downregulating the expression of
PLA2, leading to reduction of the serum AA and PGE2
levels. Subsequently, PCTR1 treatment decreases inflam-
mation and ameliorates organ damage and dysfunction,
thereby improving the survival of mice with LPS-induced
acute inflammation. Our findings have revealed a novel
mechanism for anti-inflammation of PCTR1 and suggest

Fig. 6 PCTR1 regulates the key enzymes of LA metabolism.
mRNA expression of FADS1, FASDS2, ELOV2, and PLA2 in the
liver tissue (a–g, i). The protein expression of PLA2 in the liver tissue

homogenate, performed by ELISA kits (h, j). Intrahepatic AA content
was detected by HPLC-MC (k). Error bars represent mean ± SD, n= 7
per group from two distinct experiments (a–j), n= 7 per group (k).
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that PCTR1 is a promising potential therapeutic target for
acute inflammation.
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