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Abstract— Excessive inflammation and coagulation contribute to high morbidity and
mortality in sepsis. Many studies have indicated the role of piperlongumine (PL) in anti-
inflammation, but its effect on coagulation remains uncertain. Here, we explore whether
PL could moderate coagulation indicators and alleviate lung inflammation during sepsis.
RAW264.7 cells were induced by lipopolysaccharide (LPS) and treated with PL. Inflam-
matory and coagulation indicators, cell function and signaling, were evaluated in cells.
Cecal ligation and puncture (CLP) mice were treated with PL by gavage. The harvested
lungs and plasma were used to assess inflammation and coagulation indicators. As a result,
PL increased the survival rate and reduced the concentrations of tissue factor (TF), plas-
minogen activator inhibitor 1 (PAI-1), thrombin-antithrombin complex (TAT), D-dimer,
interleukin (IL)-6, IL-1p, and tumor necrosis factor (TNF)-a in CLP mice, with fibrinogen
in reverse. Moreover, the PL alleviated inflammation, fibrin deposition, and lung injury
in the lungs of CLP mice. In vitro, PL downregulated the expression of TF, PAI-1, IL-6,
TNF-a, and IL-1f in RAW264.7 cells induced by LPS. Furthermore, PL inhibited the
phosphorylation of the AKT/mTOR signaling pathway’s key proteins and suppressed the
nuclear translocation of p-STAT3 in LPS-stimulated RAW264.7 cells. In conclusion, this
study suggests that PL. may modulate coagulation indicators and improve lung inflamma-
tion through AKT/mTOR signaling pathway in sepsis.
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INTRODUCTION

Septic patients in intensive care units (ICU) are at
risk for life-threatening organ dysfunction due to infec-
tion, which affects their survival and prognosis. As
pointed out by WHO (2017), there are about 30 million
cases of sepsis worldwide each year, and the mortality
rate is as high as 20% [1]. Autopsies of patients with sep-
sis have revealed extensive micro-thrombosis in tissues
and organs [2—4]. Activation of the coagulation system
is a common phenomenon in sepsis, which leads to dis-
seminated intravascular coagulation (DIC) [5]. According
to a previous study, the proportion of sepsis with DIC is
28.9-46.8%, and the mortality rate is as high as 38.4-43%
[6]. Therefore, alleviating the disorder of coagulation is
the key to decreasing the mortality in sepsis.

Macrophages play a crucial role in sepsis-related
lung inflammation, known as acute respiratory distress syn-
drome (ARDS) [7]. Severe sepsis is characterized by many
inflammatory mediators (e.g., interleukin (IL)-6, IL-1p,
tumor necrosis factor (TNF)-a) secreted by macrophages
[8]. The release of inflammatory factors activates the coag-
ulation system and promotes fibrin production leading to
thrombosis [9]. There was a great deal of fluid exuding
from the lungs of septic patients, and many microthrombi
in the lungs’ micro-vessels [4]. In addition, studies have
shown that inhibiting the expression of IL-6 or IL-1 can
significantly reduce sepsis-induced thrombin production,
inhibiting the activation of coagulation, in animal models
of sepsis [10, 11]. The thrombin binding to macrophage
PAR receptors exacerbates the inflammatory response [12].

Activating the AKT/mTOR signaling pathway in
sepsis can lead to inflammatory response and mediate
organ dysfunction. Studies have pointed out that the
relationship between the activation of AKT/mTOR and
the expression of tissue factors (TF) has been confirmed
[15, 16]. Additionally, STAT3, a nuclear transcription
factor, is regulated by the AKT/mTOR signaling path-
way [17]. It is also possible to suppress the expression
of tissue factor (TF) by inhibiting transcription factor
STAT?3 [18]. TF initiates the exogenous coagulation
pathway and the core element of coagulation activa-
tion in sepsis [19]. Typically, TF is expressed at low
levels in vivo. During sepsis, sustained activation of TF
triggers the extrinsic coagulation pathway that increases
fibrin production [9]. The activation of coagulation pro-
motes fibrinolysis, which in turn causes fibrin degrada-
tion and elevates D-dimer (D-D) levels. This process
will result in higher levels of plasminogen activator
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inhibitor 1 (PAI-1), and the excessive secretion of PAI-1
will impair fibrinolysis [20]. Coagulation disorders are
a result of this series of processes.

Piperlongumine (PL) is a natural alkaloid derived
from the root of the Piperaceae plant Piper longum.
Previous studies have demonstrated its analgesic, anti-
tumor, reducing macrophage adhesion, and potentially
inhibiting platelet aggregation [21-24]. Additionally, it
has been suggested that PL can inhibit the activation of
the AKT/mTOR signaling pathway to alleviate inflam-
mation [25]. In sepsis, inflammation and coagulation
promote each other. However, the effect of PL on coag-
ulation indicators remains uncertain. Here, we explore
the potential relation between PL, lung inflammation,
and coagulation indicators during sepsis.

MATERIALS AND METHODS

Cell Culture

DMEM (Gibco, Germany) with 10% fetal bovine
serum (FBS, Sigma, USA) was used to culture RAW264.7
(ATCC, USA) cells at a 37 °C and 5% CO, incubator.
RAW264.7 cells were seeded on six-well plates with
1 x 10° cells/well and incubated at 37 °C with 5% CO,
until 60-70% confluence was reached. The control group
was treated with dimethyl sulfoxide (DMSO, 0.25 pL/
mL), used for dilution of PL. The PL group was treated
with 2.5 uM piperlongumine (PL, 20,069-09-4, MCE,
USA). The LPS group was treated with 1 ug/mL lipopoly-
saccharide (LPS, Escherichia coli O127:B8, Sigma, USA)
for 6 h [26]. The LPS + PL group was treated with 2.5 uM
PL for 2 h, followed by 1 ug/mL LPS for 6 h.

Preparation of PL

For in vivo experiments, PL was dissolved in 80% corn
0il+20% DMSO (10 mg/mL). For in vitro experiments, dis-
solve PL in DMSO to prepare a stock solution at a concen-
tration of 5 mM. The above solution was stored at— 80 °C.

Experimental Animals

Shanghai SLAC Laboratory Animal Limited Liability
Company (Shanghai, China) provided male C57BL/6 mice
(aged 8-10 weeks). In a 12-h dark/light cycle pathogen-free
facility, mice were raised at 55+ 10% humidity and 23+3 °C
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temperature. Food and water were always accessible. All
animal care and tests were carried out with Wenzhou Medi-
cal University’s Animal Care and Use Committee.

Cecal Ligation and Puncture (CLP)

According to the random number table method, mice
were divided into three groups: sham group, CLP group,
and CLP+PL group. There were more than six samples
in each group after the processing time, and each sample
was repeated three times. Before the surgical procedure,
the mice were anesthetized with 1% sodium pentobarbi-
tal (100 pL/10 g; Solarbio, China) through intraperitoneal
injection. Then, we incised the abdominal cavity to find the
cecum, ligated it 1 cm from the end, punched twice with a
21-gauge needle, and squeezed a small amount of feces into
the abdominal cavity. Finally, the cecum was put back, and
the abdominal wall was sutured [27]. The mice in the sham
group only had their abdominal wall open and administrated
with 200 pL dilution (80% corn oil +20% DMSO), but they
performed no other surgical procedures. After the surgical
procedure, all mice were injected subcutaneously with 1 mL
of saline for fluid resuscitation. A total of 200 uL of PL
(10 mg/kg) was administrated by gavage to the mice 2 h
before CLP in the CLP+PL group mice. Twenty-four hours
later, lung tissues and blood samples were collected. The
right lung was used for homogenate (western blot), and the
left was for histology (HE and IHC). Blood was harvested
through eyeball enucleation and transferred into a sodium
citrate (3.2%, 50 puL) anticoagulation tube. Subsequently,
plasma was isolated from the blood by centrifugation at
1000x g for 15 min at 4 °C. In addition, survival analysis
was also done to assess the effect of PL on mortality in the
sepsis model. Mice in each treatment group (n=12/group)
were assessed every 12 h for the following 4 days.

Collection of Bronchoalveolar Lavage Fluid
(BALF) in Mice

Twenty-four hours after surgical procedure, the lungs
were slowly injected with 1 mL of phosphate-buffered
saline (PBS), the thorax was gently squeezed for about 3 s,
and the solution was then withdrawn. The above opera-
tion was repeated 3 times. The supernatant was discarded
after centrifuging the recovered solution at 1500 x g for
10 min at 4 °C. The red blood cells were removed using
the Red Blood Cell Lysis Buffer (Beyotime, C3702). The
total number of cells in the BALF was counted with a cell
counting plate.

ELISA

ELISA kits were performed to determine the con-
centrations of IL-6, IL-1p, TNF-a, and PAI-1 in loga-
rithmic growth phase cell supernatants, and IL-6, IL-1,
TNF-a, PAI-1, TF, D-dimer, TAT, and fibrinogen in
mouse plasma. The experimental process was carried out
according to the instructions corresponding to the indi-
cators. The reagent kits are as follows: IL-6 (70-EK206,
Multi Science, China), IL-1f (70-EK201B, Multi Sci-
ence, China), TNF-a (70-EK282, Multi Science, China),
TF (DY3178-05, R&D systems, USA), PAI-1 (DY3828-
05 R&D systems, USA), D-dimer (CSB-E13584m, Cusa-
bio, China), fibrinogen (CSB-E08202m, Cusabio, China),
and TAT (CSB-E08433m, Cusabio, China).

Hematoxylin and Eosin (H&E) Staining of Lung
Tissue

The obtained lung tissue samples were dehydrated,
embedded, and sectioned after being fixed in 4% para-
formaldehyde. Finally, the lung tissue was stained with
HE by the instructions of the HE staining kit (Solarbio,
China). The severity of lung damage can also be deter-
mined by assessing the presence or absence of intersti-
tial inflammation, neutrophil infiltration, congestion, and
edema. The following scores were assigned to lung injury:
0 (no injury); 1 (injury in 25% of the field); 2 (injury in
50% of the field); 3 (injury in 75% of the field); and 4
(injury throughout the field). Ten microscopic fields from
each slide were evaluated, and the scores were averaged.

Immunofluorescence

After deparaffinization and hydration of the lung
slices with xylene and absolute ethanol, antigen retrieval
was performed with 0.01 M sodium citrate buffer (pH
6.0). Then, they have blocked with 5% BSA (Bovine
albumin) solution for half an hour and incubated with
F4/80 (Santa Cruz, sc-377009) antibody at 4 °C over-
night. The next day, after rewarming, we incubated the
sections with Alexa Fluor—labeled secondary antibody
for 1 h and finally mounted the sections with an anti-
fluorescence quencher containing DAPI.

RAW?264.7 cells were cultured on a cell slide in six-
well plates with 1x 104 cells/well. PL. was added for 2 h,
and 1 mg/mL LPS was added for 6 h, and then the treat-
ment was over. Four percent paraformaldehyde was used for
fixation, and PBS containing 0.5% Triton-100 was used for



permeabilization and sealing with 5% BSA solution. After
incubation overnight with p-STAT3 (9145S, CST, USA)
antibody in a refrigerator at 4 °C, the slides were mounted in
the same way the next day. Finally, we used a laser confocal
microscope (Nikon, Japan) to observe the fluorescence signal
in tissues and cells. Mean fluorescence intensity (MFI) was
used to estimate the statistical significance.

Cell Counting Kit-8 (CCK-8) Assay

As a measure of cell viability, RAW264.7 cells were
seeded on 96-well plates with 100 uL. medium, attached
overnight, and then analyzed by the CCKS8 assay (MCE,
USA). PL was added to cells at 0, 0.625, 1.25, 2.5, 5, 10,
and 20 uM concentrations, and they were incubated at
37 °C with 5% CO,. The group in 0 concentration was
treated with DMSO. After 24 h, 10 pL of CCK8 solution
was added to each well (6 wells/group) and incubated in a
37 °C incubator for 2 h. Finally, using a microplate reader
set to 450 nm, each well’s optical density (OD value) was
determined. Each group had six wells, and every experi-
ment was performed in triplicates independently.

Western Blotting

Lyse of lung tissue and RAW264.7 cells was carried
out using RIPA buffer (Beyotime, China) with 10% pro-
tein phosphatase inhibitor (Roche, Switzerland). BCA kit
(Thermo Fisher, USA) measured protein concentration. On
a 10-12.5% SDS-PAGE gel, 20 pg protein samples were
separated and transferred to the PVDF membrane (EDM
Millipore, Billerica, MA). After that, the membranes were
blocked with 5% non-fat milk in TBST buffer (1*TBS, 0.1%
Tween 20) for 2 h at room temperature. Incubation of the
membranes with the primary antibody at 4 °C overnight
followed. Here are the primary antibodies: p-AKT (Ser473)
(1:2000, 4060S), AKT (1:1000, 46918S), p-STAT3 (Try705)
(1:2000, 9145S), STAT3 (1:1000, 9139S), p-NF-xB p65
(Ser536) (1:1000, 3033 T), NF-xB p65 (1:1000, 8242 T),
p-IxkB-a (Ser32) (1:1000, 2859 T), IxkB-a (1:1000, 4814 T),
p-mTOR (Ser2448) (1:1000, 5536S), and mTOR (1:1000,
2983 T) from Cell Signaling Technology, USA. TF (1:1000,
DF6400), IL-6 (1:1000, DF6087), TNF-a (1:500, AF7014),
IL-1p (1:1000, AF5103), GAPDH (1:10,000, AF7021),
tubulin (1:3000, AF7011), and histone (1:2000, BF9211)
are from Affinity, USA. GAPDH, tubulin, and histone
were internal reference proteins in this study. The next day,
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membranes were incubated with (HRP)-conjugated goat
anti-rabbit IgG antibody (1:1000, A0216, Beyotime, China)
or anti-mouse IgG antibody (1:1000, A0208, Beyotime,
China) for 1 h at room temperature. Then, the membranes
were detected with an ECL chemiluminescence reagent
(Thermo Fisher, USA). Finally, ImageJ (NIH, USA) was
used to quantify the specific bands.

RNA Isolation and Quantitative Real-Time PCR

Total RNA was extracted from RAW?264.7 cells using
RNAsimple total RNA kit (Tiangen, China). 5 x All-In-One
RT MasterMix (ABM, Canada) converts 1000 ng RNA to
cDNA, with a final volume of 20 pL, by the instructions.
Next, SYBR Green (Torovid, China) and PCR detection
systems (7500fast; USA) were used to analyze the rela-
tive expression of target gene mRNA in the samples (using
GAPDH as an internal reference). The thermal cycling
parameters were as follows: initial denaturation at 95 °C
for 60 s, denature at 95 °C for 15 s, anneal at 60 °C for 30 s,
and extension at 72 °C for 45 s, and then denature-anneal-
extension cycling for 40 times. The 2724 method was used
to analyze the results statistically. All primer sequences are
shown in Table 1.

Statistical Analysis
Every experiment was performed in triplicates

independently. Values are shown as mean + SD. In vivo,
each group was composed of six mice randomly selected.

Table 1 Real-Time (RT)-PCR Primers

Primer Primer sequence

GAPDH Forward GGAGCGAGATCCCTCCAAAAT
Reverse GGCTGTTGTCATACTTCTCATGG

IL-6 Forward CAATAACCACCCCTGACC
Reverse GCGCAGAATGAGATGAGTT

IL-1p Forward GCTGCTTCCAAACCTTTGAC
Reverse CTTCTCCACAGCCACAATGA

TNF-a Forward GGAAAGGACACCATGAGC
Reverse CCACGATCAGGAAGGAGA

TF Forward CCAAACCCGTCAATCAAGTC
Reverse TCTGCTTCACATCCTTCACAAT

PAI-1 Forward CTTCCACCCGTCTCTCTG
Reverse CTACCAGGCACACAAAAGC
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Data were statistically analyzed using GraphPad Prism
8.4.2 (GraphPad Software, USA). The study analyzed
differences between three or more groups using one-way
ANOVA followed by Tukey’s as a post hoc multiple com-
parison test. Each set of data was obtained by conducting
at least three independent experiments. P values in all
figures were indicated as "P <0.05 and P <0.01 versus
control group; *P <0.05 and *P <0.01 versus LPS group.

RESULTS

PL Improves Survival Rate and Moderates
Coagulation and Inflammation Indicators
in CLP Mice

To verify the protective effect of PL in CLP mice,
survival analysis was performed. A 96-h survival rate of
16.7% (7/12) was recorded for the CLP group whereas
a survival rate of 41.6% (5/12) was recorded for the
CLP+PL group. PL treatment significantly decreased
mortality in CLP mice (Fig. 1A).

To explore whether PL reduces coagulation and
inflammation indicators in CLP mice, we used ELISA
kits to determine the concentration of plasma coagula-
tion and inflammation indicators. There were significantly
higher levels of TF, PAI-1, TAT, D-dimer, IL-6, IL-1p,
and TNF-« in the plasma of the CLP group than that of
the sham group (Fig. 1B—H). As expected, PL markedly
decreased the concentration of the above markers in CLP
mice (Fig. 1B-H). In addition, fibrinogen concentration
was effectively decreased in the CLP mice compared to
the sham group (Fig. 1I). The pharmacological interven-
tion with PL reversed the trends of fibrinogen in CLP
mice plasma.

PL Alleviates Inflammation and Fibrin
Deposition in the Lungs of CLP Mice

Histopathological examination of lung tissues
was conducted to study the effect of PL on lung injury.
Compared with the sham group, the lung sections in the
untreated CLP mice showed that the pulmonary inter-
stitial edema was severe, the septal wall thickened, the
inflammatory cell infiltration increased, and the lung
injury score increased (Fig. 2A, B). By administering
PL, these manifestations were alleviated (Fig. 2A, B).
In addition, pretreatment with the PL. markedly reduced
fibrin deposition in the lungs during sepsis, as revealed by

immunohistochemical detection (Fig. 2C). Lung homoge-
nates were tested for inflammatory cytokines, including
TNF-a, IL-6, and IL-1p (Fig. 2D). PL treatment showed
a significant reduction of TNF-a, IL-6, and IL-1p in the
lungs compared to the CLP group. Macrophages play
a vital role in sepsis pathogenesis. The F4/80 labeling
of macrophages in mouse lung tissue showed that PL
effectively reduced increased macrophage infiltration
in septic lung tissue (Fig. 3A, B). The total cells were
measured in the BALF. The count of total cells in the
BALF was higher in the CLP group than the sham group,
while it decreased with PL administration (Fig. 3C). In
the lungs of CLP mice, phosphorylation of AKT, mTOR,
and STAT3 was significantly increased, and PL treatment
diminished its effects (Fig. 3D-G).

Screening the Appropriate Concentration of PL

CCK-8 assay was used to test the cell viability in
different concentrations of PL. According to Fig. 4A, PL
did not affect the viability of RAW264.7 cells when the
concentration ranged from O to 2.5 uM (Fig. 4A). When
the concentration of PL was greater or equal to 5 pM,
the cell viability of RAW?264.7 decreased. Through IC50
analysis, we found that the cell survival rate decreased
to 50%, while the concentration of PL reached 4.899 uM
(Fig. 4B). In the group treated with LPS for 6 h, IL-1p
and TNF-a mRNA levels were significantly elevated
(Fig. 4C, D). The mRNA levels of IL-1p and TNF-« in
the LPS 4+ PL group were significantly reduced dose-
dependent compared to the LPS group. Therefore, we
chose 2.5 uM as the subsequent application concentra-
tion of PL.

PL Suppresses the Inflammation in RAW264.7
Cells

To confirm the inhibitory effect of PL on inflam-
mation, RAW?264.7 cells were treated with PL 2 h before
LPS stimulation. As a result, PL pretreatment signifi-
cantly reduced LPS-induced mRNA levels of TNF-a,
IL-6, and IL-1P in RAW264.7 cells (Fig. SA-C). In the
LPS group, higher concentrations of TNF-a, IL-6, and
IL-1p were detected in the supernatant than in the control
and PL groups (Fig. 5SD-F). However, the concentrations
of these biomarkers in the supernatant were effectively
decreased in the LPS + PL group compared to the LPS
group (Fig. 5D-F). Furthermore, dysregulated activation
of the NF-«xB pathway plays a role in the pathogenesis of
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«Fig. 3 PL inhibited macrophage infiltration and AKT/mTOR/STAT3
activation in the lungs of CLP mice. A, B F4/80 (red) fluorescence
images of lung tissue were taken under a confocal laser microscope
(scale bar: 100 um). C Total cell numbers in BALF were calculated
with cell counting plate. D-G The western blot results showed phos-
phorylation levels of AKT, mTOR, and STAT3 in lung tissues. Val-
ues are shown as mean+ SD. P <0.01 versus sham group; #P<0.05,
#P <0.01 versus CLP group.

inflammation [28]. While treating RAW264.7 cells with
1 pg/mL LPS increased the phosphorylation of NF-xB
p65 and IkBa, pretreatment with PL (2.5 uM) consid-
erably inhibited this phosphorylation in LPS-induced
macrophages. These results suggest that PL suppresses
the inflammation through the NF-«xB signaling pathway
in vitro model.

PL Reduces the Surge in TF and PAI-1
in Macrophages Stimulated by LPS Through
AKT/mTOR/STAT3 Signaling Pathway

TF and PAI-1 are essential indicators of coagula-
tion. Hence, the effect of PL on TF and PAI-1 was inves-
tigated. Elevations in the mRNA levels of PAI-1and TF
stimulated by LPS were reversed upon PL treatment
(Fig. 6A-B). Compared with the control and PL group,
PAI-1 in cell supernatant was markedly increased after
LPS stimulation (Fig. 6C). Supernatant PAI-1 levels of
the LPS +PL group were decreased compared to the LPS
group (Fig. 6C). To further determine whether PL down-
regulates TF protein levels, TF in RAW264.7 cells was
detected by western blot. While TF level was significantly
enhanced in the LPS group compared to the control and
PL group, the expression of TF was effectively decreased
by PL treatment (Fig. 6D, E). Besides, the relative path-
way in RAW?264.7 cells was checked, and PL reduced the
phosphorylation of AKT, mTOR, and STAT3 triggered
by LPS (Fig. 6G-I). Therefore, these results demonstrated
that PL attenuated the TF and PAI-1 through AKT/
mTOR/STAT3 signaling pathway in RAW264.7 cells.

PL Inhibits the Translocation of p-STAT3
into the Nucleus after LPS Stimulation
in RAW264.7 Cells

We wonder whether PL exerts the anti-coagulation
by inhibiting p-STAT3 nuclear translocation in LPS-
induced RAW264.7 cells. Extracts of nuclear proteins

were used to detect p-STAT?3 distribution in the nucleus.
The nuclear p-STAT3 significantly enhanced in LPS-
induced RAW264.7 cells, while PL markedly reduced
LPS-treated p-STAT3 nuclear translocation (Fig. 7A).
These findings were further supported by immunofluo-
rescence staining. As a result, the mean fluorescence
intensity of p-STAT3 in RAW264.7 was increased by LPS
stimulation but weakened in the presence of PL (Fig. 7B).

DISCUSSION

Inflammatory storm and coagulation disorders
caused by sepsis or septic shock are the main causes of
ICU morbidity and mortality. Although several strategies
have been used to treat patients with sepsis, no specific
therapeutic agent is available to manage sepsis. There-
fore, developing drugs that can alleviate inflammation
and coagulation disorders is essential for sepsis treatment
[29]. This study shows that PL effectively increased the
survival rate of CLP mice and improved coagulation indi-
cators and lung inflammation caused by sepsis. Moreo-
ver, the potential mechanisms were elucidated through
the vivo and vitro experiments.

Macrophages are the most important cells in the
body’s nonspecific immune system, found in various tis-
sues and organs, including the lung, liver, and brain [30].
Macrophages also involve pathophysiological responses
induced by sepsis, such as inflammatory storms, coagu-
lation disorders, and immune imbalance [31-33]. Acti-
vation of the inflammation precedes the activation of
coagulation. Animal model studies have shown that
blocking IL-6 or IL-1 expression significantly inhibits
sepsis-induced coagulation and thrombin production [10,
11]. Injection of low doses of LPS in healthy volunteers
resulted in a rapid increase in the expression of TF mRNA
derived from mononuclear macrophages with increasing
in thrombin, TAT, and other coagulation-related mark-
ers in plasma [34]. In vitro, data showed that PL could
reduce the expression of inflammatory mediators and TF
in LPS-treated RAW264.7 cells. In vivo, treatment with
PL significantly reduced the concentrations of inflamma-
tory mediators and TF in CLP mice.

A systemic inflammatory response during sepsis
can cause oxidative stress, damaging tissues and organs
like the lungs and kidneys [35-39]. ROS-stimulated
NLRP can activate the caspase-1/calpain pathway, which
can specifically cut off the connection between TF and
cell membrane and promote the increase in TF levels
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in plasma [40]. In addition, Lu Ben et al. point out that
activation of Caspase-11/GSDMD causes phosphatidyl-
serine (PS) on the inner surface of the cell membrane to
invert, and the exposed PS can activate TF [41]. As long
as TF is continuously expressed and activated, it will acti-
vate coagulation factor VII and combine with it to form
a TF-FVIIa complex, initiating the coagulation cascade
[42]. These processes will lead to abnormal changes in
coagulation indicators, such as TAT, D-dimer, fibrin, and
PAI-1, leading to coagulation disorders [3]. This study
verified that PL treatment significantly reduced plasma
concentrations of TF, PAI-1, TAT, and D-dimer and sig-
nificantly increased plasma fibrinogen concentrations in
CLP mice. Thus, we hypothesize that PL may improve
changes in coagulation indicators in plasma of CLP mice
by inhibiting TF expression.

The lungs are the most vulnerable organ in sepsis,
leading to acute lung inflammation [43-45]. In autop-
sies of patients with COVID-19 sepsis, it was found that
there were transparent membranes in the alveoli and a
large number of microthrombi in the pulmonary micro-
vessels [4]. In vivo, we observed interstitial lung edema
with thickening and disruption of the alveoli structure
through lung tissue HE staining. Also, lung tissue dam-
age scores were significantly higher than the sham
group. PL intervention alleviated the above pathologi-
cal changes and reduced lung tissue damage scores. It
reduced the infiltration of inflammatory factors, such as
IL-6, TNF-a, and IL-1p, in the CLP mice lung tissues.
Moreover, total cells were counted in BALF, and F4/80
staining was performed to label macrophages in lung
tissue. The results showed that PL could reduce total
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cells and macrophage infiltration in CLP mice lungs.
Hence, these results suggested that PL effectively allevi-
ates lung inflammation in CLP mice. In addition, inflam-
matory responses can activate the coagulation system
and promote fibrin formation [9]. Our data indicated
that PL markedly reduced fibrin deposition in the CLP
mice lungs. There is a possibility that the inflammation
in CLP mice lungs was reduced, leading to decreased
fibrin deposition.

Activating the AKT/mTOR signaling pathway in
sepsis can lead to inflammatory response and mediate
organ dysfunction [13, 14]. Studies have pointed out that

the relationship between the activation of AKT/mTOR
and the expression of TF has been confirmed [15, 16].
Additionally, STAT3, a nuclear transcription factor, is
regulated by the AKT/mTOR signaling pathway [17]. It
is also possible to suppress the expression of TF by inhib-
iting transcription factor STAT3 [18]. Our study showed
that PL inhibits the phosphorylation of AKT, mTOR,
and STAT3 proteins and reduces the nuclear import of
p-STAT?3 in LPS-stimulated RAW264.7 cells. Therefore,
we postulated that PL may improve sepsis’ inflamma-
tory response and coagulation indicators by inhibiting the
AKT/mTOR signaling pathway.



CONCLUSIONS

In summary, PL could increase the survival rate of
CLP mice. Moreover, PL could moderate coagulation
indicators and alleviate lung inflammation in CLP mice.
These positive effects may be mediated by inhibiting the
activation of AKT/mTOR pathways. Whether PL protects
other organs from sepsis and whether PL has other posi-
tive effects in sepsis treatment remain to be explored.
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