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Abstract

Background: Liver injury caused by sepsis seriously impairs the normal physiology of the
liver. Wedelactone (WED) has an obvious anti-inflammatory effect against liver damage
caused by various factors. Nevertheless, further research is needed to determine if WED
might mitigate acute liver damage linked to sepsis by influencing macrophage polarization.
Methods: We first assessed the effect of WED on lipopolysaccharides-triggered liver injury
by biochemistry assay and tissue staining. Inflammatory factors were assessed using the
ELISA Kkits. The expression of Cluster of Differentiation 86 (CD86) and Cluster of
Differentiation 206 (CD206) was measured by immunofluorescence assay. The protein levels
of inducible nitric oxide sythase (iNOS), Arginase 1 (Arg-1), phosphatidylinositol 3-kinase
(PI3K), protein kinase B (AKT), PI3K phosphorylation (p-PI3K), AKT phosphorylation
(p-AKT), inhibitor of kappa B kinase (IKK), inhibitor of kappa B (IkB), and nuclear factor
kappa-B (NF-«kB) p65 were quantified by western blot analysis. Results: WED decreased the
level of alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP) and malondialdehyde, and increased the activity of superoxide
dismutase (SOD) and glutathione peroxidase (GSH-PX). Moreover, WED exerted effective
anti-inflammatory effects by decreasing the level of Tumor necrosis factor-a (TNF-a) and
Interleukin 6 (IL-6) and increasing the level of Interleukin 10 (IL-10) in serum and cells.
WED not only decreased CD86 and iNOS expression but also increased CD206 and Arg-1
expression. WED also downregulated the increased expression of PI3K, AKT, p-PI3K, p-AKT,
IKK, and NF-kB p65 induced by lipopolysaccharides, while up-regulated the decreased
expression of IkB. Besides, LY294002 with WED decreased the expression of protein PI3K,
AKT, p-PI3K, p-AKT, IKK and NF-kB p65, and raised the expression of IkBa. Conclusion:
Wedelolactone could attenuate sepsis-associated acute liver injury, and its mechanism may
be associated with balancing pro-inflammatory and anti-inflammatory by the regulation of
M1/M2 macrophage polarization via the PI3K/AKT/NF-kB signaling pathway.
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Highlights
Effect of Wedelolactone (WED) on the treatment of
sepsis-associated acute liver injury by regulating the macrophage
polarization. WED significantly inhibited M1 macrophage
polarization by decreasing the expression of Cluster of
Differentiation 86 (CD86) and inducible nitric oxide sythase
(iNOS), and facilitated M2 macrophage polarization by increasing
the expression of Cluster of Differentiation 206 (CD206) and
Arginase 1 (Arg-1). WED attenuated lipopolysaccharides-induced
acute liver injury by regulating the macrophage polarization
through the PI3K/AKT/NF-kB signaling pathway.

Medical history of objective
Eclipta prostrata (L.) L. is recorded in many ancient Chinese
medical books, such as the Tang Ben Cao compiled by Su lJing and
others in the Tang Dynasty in 659 C.E. WED, a natural coumarin
ingredient isolated from Eclipta prostrata (L.) L., was used to
protect the liver from a variety of liver diseases, including antiviral
hepatitis, chemical liver injury, and cholestatic liver injury. Modern
pharmacological studies showed that WED has anti-inflammatory,
antioxidant, antibacterial and anticancer activities.

Background

Sepsis is a potentially fatal organ malfunction, resulting from a
compromised host response to infection, according to the latest
international consensus in 2016 [1]. Sepsis characterized by high
morbidity and mortality covers different age groups, which poses a
major danger to human life and health worldwide [2]. In 2017,
around 48.9 million individuals were still affected by sepsis, with the
disease causing approximately 11 million fatalities [3]. In China, 8.7%
of hospitalized sepsis patients occurred in newborns under 1 year old,
11.7% in children 1-9 years old, and 57.5% in elderly people over 65
years old [4]. However, until now, there have been no specific
treatments for sepsis, which has greatly limited the prevention and
treatment of sepsis [5]. With the progression of severity, sepsis has the
potential to induce septic shock and multiple organ dysfunction
syndrome, ultimately resulting in patient mortality [6, 7].

During the progression of sepsis, the liver is constantly exposed to a
wide range of pathogens, toxins, and inflammatory mediators, which
can result in the development of sepsis-associated acute liver injury
(SALID) [8]. Without effective intervention and treatment, SALI can
further induce liver dysfunction and liver failure [9]. Macrophages
maintain internal stability by eliminating pathogenic microorganisms
or damaging tissues under physiological conditions, which is closely
related to classically activated M1 and alternately activated M2 [10].
When stimulated by persistent severe infection, macrophages are
differentiated into M1 macrophages by polarization, which can secrete
inflammatory factors to play pro-inflammatory functions [11]. M2
macrophages, known as anti-inflammatory macrophages, play an
anti-inflammatory by secreting Interleukin 4 and Interleukin 10
(IL-10) [12]. Therefore, reducing sepsis-associated acute liver injury
by regulating macrophage polarization has been regarded as a
potential strategy to protect the liver [13].

In clinical practice, antibiotics, intravenous fluids, and
vasoconstricting drugs are commonly used to treat sepsis to alleviate
or control the source of infection [14]. Among them, early antibiotic
treatment is the key measure to treat sepsis. However, with the
massive overuse of antibiotics, more and more drug-resistant bacteria
have emerged, resulting in poor treatment [15]. Furthermore, there is
no specific drug available for the treatment of sepsis so far. It is of
great significance to find effective anti-sepsis drugs for clinical
treatment. As a natural coumarin ingredient isolated from Eclipta
prostrata (L.) L., WED has great potential in anti-inflammatory,
antioxidant, antibacterial and anticancer activities, which can protect
the liver from antiviral hepatitis, chemical liver injury and cholestatic
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liver injury [16-18]. Previous studies have found that WED could
suppress the expression of caspase-11 induced by lipopolysaccharides
(LPS) through suppressing NF-kB-mediated transcription [19].
Nevertheless, whether WED might lessen acute liver damage linked to
sepsis by regulating macrophage polarization is currently unclear. The
underlying mechanism of the regulation of WED on macrophage
polarization remains to be discovered. Thus, we investigated the
influence of WED on sepsis-induced acute liver injury caused by LPS
by modulating macrophage polarization and explored its potential
mechanism.

Materials and methods

Chemicals and reagents

Chengdu Pufei De Biotech Co., Ltd. (Chengdu, China) was the supplier
of wedelolactone (22031407, Purity 98%). MedChem Express
(Monmouth Junction, NJ, USA) provided the Bifendate (DDB,
HY-W018791). Sigma-Aldrich (St. Louis, MO, USA) offered the LPS
(297-473-0). The alanine transaminase (ALT), aspartate transaminase
(AST), and alkaline phosphatase (ALP), malondialdehyde (MDA),
superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px)
detection kits were purchased from Jiancheng Biotechnology
(Nanjing, China) as commercially available kits. Nitric oxide (NO)
detection kit was purchased from Beyotime Biotechnology (Beyotime,
Shanghai, China). ELISA kits were obtained from Boster Biological
Technology =~ (Wuhan, China). Antibodies against CD86
(GB115630-100, 1:1,000) and CD206 (GB115273-100, 1:1,000) were
derived from Servicebio Technology Co., Ltd. (Wuhan, China).
Antibodies against iNOS (AF0199, 1:1,000), phosphatidylinositol
3-kinase (PI3K) (AF6241, 1:1,000), PI3K phosphorylation (p-PI3K)
(AF3241, 1:1,000), Protein kinase B (AKT) (AF0836, 1:1,000),
inhibitor of kappa B kinase (IKK) (AF6014, 1:1000) and nuclear factor
kappa-B (NF-kB) p65 (AF5006, 1:1,000) were derived from Affinity
Biosciences Co., Ltd. (Changzhou, China). Antibodies against AKT
phosphorylation (p-AKT) (66444-1-Ig, 1:1,000), Arg-1 (66129-1-1g,
1:1,000), and inhibitor of kappa B (IxB) (10268-1-AP, 1:1,000) were
derived from Wuhan Sanying Biology Technology Co., Ltd. (Wuhan,
China).

Animals and groups

The Experimental Animal Center of the Fourth Military Medical
University (license number: SCX2019-001) provided SPF-grade animal
laboratory-fed C57BL/6 mice (male, weighing 20-25 g, aged between
6 and 8 weeks) for this study. The Animal Experiment Ethics
Committee of the Fourth Military Medical University approved all
involved animal experiments (No. IACUC20230521). All animal
experiments were performed in accordance with the guidelines for
animal experiments of the Fourth Military Medical University and the
National Guide for the Health and Use of Laboratory Animals revised
in 1996 (NIH Publication 80-23).

A total of 60 mice were adaptively fed in separate cages for one
week. The temperature was controlled at 22 + 2 °C. The humidity was
kept at 55%~75%.

There were 60 mice split into six groups: Control group, LPS group,
LPS + 50 mg/kg WED group, LPS + 100 mg/kg WED group, LPS +
200 mg/kg WED group, and LPS + 150 mg/kg DDB group. Mice in
WED groups were administered with WED at doses of 50, 100, and
200 mg/kg for seven days, while other mice were only given normal
saline continuously for seven days. Mice in the DDB group were
gavaged 150 mg/kg DDB for seven days. One hour after the last
intragastric administration, all mice except the Control group were
injected with 10 mg/kg LPS for 24 h to establish the acute septic liver
injury [20]. After the mice were anesthetized with pentobarbital
intraperitoneally, serum and liver tissue were obtained for subsequent
analysis.

Serum biochemical analysis
Commercial test kits were employed to measure the concentration of
ALT, AST, and ALP in serum.
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ELISA analysis

The levels of Tumor necrosis factor-a (TNF-a), Interleukin 6 (IL-6),
and IL-10 were measured in both serum and cell samples using the
ELISA Kkits.

Analysis of the antioxidant system

According to the instructions of commercial kits, the liver tissue
supernatant was used to detect SOD and GSH-PX activity and MDA
content.

Histological analysis

4% paraformaldehyde was utilized to fix liver tissue for 24 h. After
gradient dehydration with ethanol, fresh liver tissue specimens were
embedded in paraffin blocks and then sliced to obtain 4 um paraffin
sections. Next, the H&E staining was performed on the paraffin
sections. The images were seen and obtained with an Olympus BX43
microscope (Tokyo, Japan).

Liver immunofluorescence assay

4 pum paraffin sections from liver tissue were incubated with
anti-CD86, anti-CD206 and anti-F4/80 overnight. After that, they
were cultured at room temperature in the absence of light for one
hour, using goat anti-rabbit secondary antibody that had been labelled
with horseradish peroxidase (HRP). The nucleus was stained with
4’,6-diamidino-2-phenylindole (DAPI) for 8-10 min. A confocal laser
scanning microscope was used to capture the images (ECLIPSE Ti-E
and Ti-E/B, Nikon, Tokyo, Japan). Semi-quantitative fluorescence
analysis was performed by Image J software.

Molecular docking

The 2D structure of WED was processed by Schrédinger to generate
3D chiral conformation. The crystal structures of PI3K and AKT
proteins were obtained from the RCSB PDB database
(https://www.rcsb.org/) and further processed by Schrodinger to
obtain the active site of the proteins. Molecular docking of the treated
compound Wedelolactone to the active site of the proteins was
performed and the binding free energy was analyzed by MM-GBSA
calculation and analysis.

Cell cultures and treating

RAW264.7 cells were cultured in DMEM with 10% fetal bovine serum
(Procell, Wuhan, China) and 1% antibiotic (Solarbio, Beijing, China)
at a temperature of 37 °C with a CO, concentration of 5% in a
humidified environment. To establish the model group, 1 pug/mL of
LPS dissolved in 0.1% dimethyl sulfoxide was introduced to the cell
culture medium for 24 h [13]. For the treatment groups, multiple
concentrations of WED were supplemented to RAW264.7 cells along
with LPS for 24 h. The control group consisted solely of RAW264.7
cells cultured in DMEM for 24 h without any additional substances or
treatments applied.

Cell viability

The cell viability was performed using a CCK-8 kit (Topscience,
Shanghai, China). RAW264.7 cells were cultured in DMEM at a
density of 5 x 10" cells/well and treated with varying concentrations
(1.25, 2.5, 5, 10, 20, 40, 80, and 160 pM) of WED for 24 h.
Absorbance values at 450 nm were detected using the microplate
reader from Bio-Rad Laboratories (Hercules, CA, USA).

No production
NO production in RAW264.7 cells was detected according to the
instructions of the NO assay kit (Beyotime, Shanghai, China).

Cell immunofluorescence assay

The RAW264.7 cells were inoculated with the density of 1 x 10°
cells/well, following incubated for 24 h. Following exposure to
different stimuli, the cells were fixed using 4.0% p-formaldehyde and
permeabilized including Triton X-100 (Beyotime, Shanghai, China).
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Subsequently, Immunol Staining Blocking Buffer (Beyotime, Shanghai,
China) was applied for 30 min, followed by incubation with diluted
primary antibodies at 4 °C for several hours. Then RAW264.7 cells
were exposed to Alexa Fluor 488-labeled IgG secondary antibody
(Beyotime, Shanghai, China). Finally, DAPI staining was performed on
the nucleus using a volume of 500 pL for 8-10 min. The resulting
images were observed utilizing a confocal laser scanning microscope
(ECLIPSE Ti-E and Ti-E/B, Nikon, Japan) and analyzed by Image J
software.

Western blot analysis

The proteins from liver tissues and RAW264.7 cells were obtained
according to a protein extraction kit. The concentrations of proteins
were measured by the BCA Protein Assay kit (Beyotime, Shanghai,
China). Subsequently, 40 pug of total proteins were separated through
10% sodium dodecyl-sulfate-polyacrylamide gel electrophoresis
(Beyotime, Shanghai, China) and subsequently transferred onto a
PVDF membrane (Merck Millipore, Billerica, MA, USA). To block the
membranes for further analysis at room temperature for 2 h in 1x
Tris-buffered saline (Servicebio, Wuhan, China) with 0.1% Tween-20
(Solarbio, Beijing, China), a solution of 5% skim milk was employed.
Following this step, the primary antibodies were incubated at 4 °C
overnight. Room temperature incubation with secondary antibodies
was performed for an additional two hours. Finally, image-analysis
systems (Bio-Rad, Hercules, CA, USA) were used to capture the images
while Image J software was used to analyze the protein bands.

Statistical analysis

The data were presented as mean * standard deviation and analyzed
using GraphPad Prism 8.0.2. To determine the statistical variances
among different groups, One-way ANOVA and Tukey’s multiple
comparison tests were performed.

Results

Wedelolactone alleviated LPS-induced liver injury in mice

When the liver is injured, the markers ALT, AST, and ALP are
abnormally elevated, which are always used to determine the extent
of liver damage. As shown in Figure 1A-1C, ALT, AST and ALP in
serum were significantly elevated compared to the Control group
when the mice were injected with LPS to induce acute liver injury (P
< 0.01). However, WED substantially reduced the elevation of ALT,
AST, and ALP (P < 0.01). Similarly, HE staining was also used to
observe the damage degree of the liver structure. As shown in Figure
1D, the structure of the hepatic lobule in the control group was clear
and complete. In addition, no inflammatory cell infiltration was
observed. In the LPS group, the structure of the hepatic lobule was
severely damaged, including necrosis of hepatocytes, inflammatory
infiltration, and vacuolation of hepatocytes. With the increasing
dosage of WED, the above symptoms of liver injury were effectively
improved, especially at the high dosage of WED. MDA concentration,
SOD and GSH-PX activities were measured to reflect oxidative stress in
liver tissue (Figure 1E-1G). Compared with the Control group, the LPS
group exhibited a significant increase in MDA concentration and a
decrease in SOD and GSH-PX activity (P < 0.01). Conversely, WED
markedly reduced the assessed MDA concentration and enhanced SOD
and GSH-PX activity (P < 0.01). Thus, the results indicated that WED
alleviated the effects of LPS-induced acute liver injury in mice.

Wedelolactone attenuated inflammatory reaction by adjusting
macrophage polarization in the liver

When the liver is injured, it produces an enormous quantity of
cytokines, triggering an inflammatory response. As shown in Figure
2A, 2B, the levels of TNF-a and IL-6 in the LPS group were
considerably higher than those in the Control group (P < 0.01).
However, in the WED groups, they were fully lower compared to the
LPS group (P < 0.01). Furthermore, Macrophage polarization was
detected by immunofluorescence staining of liver tissue. After liver
induction with LPS, the expression of CD86 involved with M1
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macrophage polarization was strengthened remarkably, but the
expression of CD206 related to M2 macrophage polarization was
decreased notably (Figure 2C, 2E). Furthermore, WED treatment
diminished CD86 expression and raised CD206 expression compared
with LPS group. The results of fluorescence semi-quantitative analysis
of CD86 and CD206 were consistent with the observed images (Figure
2D, 2F). The expression of protein iNOS and Arg-1, reflecting M1
macrophage polarization and M2 macrophage polarization, were
further examined by western blotting. Under the stimulation of LPS,
the expression of protein iNOS was decreased observably, whereas the
expression of protein Arg-1 was increased remarkably (Figure 2G-2I).

However, WED treatment significantly promoted LPS-induced
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decreased protein expression of Arg-1. The abnormal protein
expression of iNOS induced by LPS was suppressed after WED
intervention. These results indicated that WED could decline the levels
of TNF-a and IL-6 by inhibiting M1 macrophage polarization and
activating M2 macrophage polarization in response to inflammatory
cytokines in the liver.

Wedelolactone regulated macrophage polarization through
PI3K/AKT/NF-kB signaling pathway in the liver

As shown in Supplementary Table 1, the docking scores of WED with
PI3K and AKT were —8.991 and —9.558, respectively. Meanwhile,
the results of MM-GBSA analysis were —28.46 kcal/mol and —51.93
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Figure 1 Wedelolactone alleviated LPS-induced liver injury in mice. (A-C) ALT, AST and ALP in serum were detected (n = 6). (D) The damage
degree of liver structure was observed by H&E staining, Scale bar: 50 ym (n = 3). (E-G) MDA, SOD and GSH-PX in the liver were examined (n =
6). **P < 0.01 vs Control group, P < 0.01 vs LPS group. ALP, alkaline phosphatase; AST, aspartate aminotransferase; ALT, alanine
aminotransferase; LPS, lipopolysaccharides; DDB, Bifendate; WED, Wedelactone; MDA, malondialdehyde; GSH-PX, glutathione peroxidase; SOD,
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Figure 2 Wedelolactone attenuated inflammatory response by regulating macrophage polarization in the liver. (A, B) ELISA kit detected
levels of inflammatory factors in serum (n = 6). (C) CD86 expression were measured by immunofluorescence assay in the liver, Scale bar: 20 um (n
= 3). (D) Semi-quantitative immunofluorescence analysis of CD86, Scale bar: 20 ym (n = 3). (E) CD206 expression were measured by
immunofluorescence assay in the liver, Scale bar: 20 um (n = 3). (F) Semi-quantitative immunofluorescence analysis of CD206 (n = 3). (G-I) iNOS
and Arg-1 protein expression were determined by western blotting in the liver (n = 3). *’P < 0.01 vs Control group, "P < 0.01 vs LPS group.
TNF-a, tumor necrosis factor-a; IL-6, Interleukin 6; LPS, lipopolysaccharides; DDB, Bifendate; WED, Wedelactone; CD86, Cluster of Differentiation
86; CD206, Cluster of Differentiation 206; DAPI, 4’,6-diamidino-2-phenylindole; iNOS, inducible nitric oxide sythase; Arg-1, Arginase 1.

kcal/mol, respectively. Both the docking scores and the binding free macrophage polarization in the liver, the expression of proteins
energy were very low, indicating that WED bound to PI3K/AKT very corresponding with the PI3K/AKT/NF-«B signaling was detected. The
stably (Figure 3A, 3B). To further explore how WED regulates expression of PI3K, AKT, p-PI3K and p-AKT were significantly
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up-regulated under the stimulation of LPS in the liver (Figure 3C-3E).
In contrast, WED significantly downregulated the expression of PI3K,
AKT, p-PI3K and p-AKT. Additionally, to the influence of WED on
macrophage polarization via the adjustment of NF-xB, the protein
levels of IKK, IkB, and NF-kB p65 were also examined by western
blotting. In the LPS group, the protein level of IKK and NF-kB p65
were up-regulated, whereas the protein level of IkBa was
downregulated (Figure 3F-3I). Compared with the LPS group, WED
administration markedly reversed the decrease of IkBa expression and
the increase of IKK and NF-kB p65. Thus, these results indicated that
WED regulated macrophage polarization in response to
LPS-stimulated liver by suppressing the PI3K/AKT/ NF-«B pathway.

Wedelolactone suppressed inflammation caused by LPS in
RAW264.7 cells.

The chemical structure of WED was shown in Figure 4A. The effect of
WED on the viability of Raw264 cells was assessed using CCK8. When
RAW264.7 cells were exposed to WED concentrations below 40 mol/L
for 24 h, no observable effect on cell viability was observed (Figure

A
B
= D 1.0
P'Pl»"Kl—.----—lSSkDa .
=
T 08 #
Pk [ | s 0. S
2 .
-E ; 0.6 o
p-AKT [ S— - ), 2 "
S5 04
= gL
v [ —— | 0 0n £ S
E 0.2
fractin --.--| 421Da
0.0
LPS - + + + + + & §6$§9$§9$§9°°¢
R
WEDmgkg) - - 50 100 200 - © o g g
RO
N N @
DDB(mg/kg) - - - - - 150 & &
FEES
F G 10
k[ ——— — 17
[ 0.8 #H#
= 8
IxBa |-—-—-— Issma - 45
S 7 0
s e
NS | e Q) s s e )
3=
= °
pactin | D GEDEED GEP EEPED | 2 0. S 02
LPS - + e + + + 0.0
WEDmghg) - - 50 100 200 - O 4“34@ S
& °§9°o} \‘.%
DDBmgky - - - - - 150 %@o., S o
%X > e,
RS @

4B). Furthermore, RAW264.7 cells were treated with WED at
concentrations ranging from 2.5 pM to 40 puM to investigate its
influence on LPS-induced NO production. While there was no
significant increase in NO production in RAW264.7 cells stimulated by
LPS, the growth of NO concentration was effectively restricted by
WED treatment (Figure 4C). Consequently, we selected WED
concentrations of 10, 20, and 40 pM for subsequent experiments
aiming to explore its anti-inflammatory effects. Subsequent analysis
revealed that stimulation of RAW264.7 cells with LPS led to a
noticeable elevation in levels of TNF-a, IL-6, and IL-10 (Figure
4D-4F). However, treatment with WED significantly suppressed the
production of TNF-a and IL-6, and markedly promoted the expression
of IL-10.

Then, we demonstrated the effects of WED on LPS-induced
macrophage polarization markers by immunofluorescence assay and
western blotting, such as CD86 and CD206. The expression level of
CD86 showed a noticeable increase, while the expression level of
CD206 exhibited a significant decrease (Figure 4G). Surprisingly, WED
reversed the LPS-induced expression of CD86 and CD206. The relative
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Figure 3 Wedelolactone regulated macrophage polarization via PI3K/AKT/NF-kB pathway. (A) 2D and 3D images of WED docking with PI3K
protein. (B) 2D and 3D images of WED docking with AKT protein. (C-I) The effects of WED on protein expression in LPS-induced liver were
determined (n = 3). **P < 0.01 vs Control group, P < 0.05, "P < 0.01 vs LPS group. PI3K, phosphatidylinositol 3-kinase; P-PI3K, phosphorylated
PI3K; P-AKT, phosphorylated AKT; AKT, protein kinase B; LPS, lipopolysaccharides; DDB, Bifendate; WED, Wedelactone; IKK, inhibitor of kappa B

kinase; IkB, inhibitor of kappa B; NF-kB, nuclear factor kappa-B.
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Figure 4 Wedelolactone suppressed inflammation caused by LPS in RAW264.7 cells. (A) The structure of Wedelolactone. (B) CCK-8 kit
detected cell viability (n = 6). (C) NO production was detected (n = 6). (D-F) ELISA kit detected levels of inflammatory factors (n = 6). (G) CD86
and CD206 expression were observed by immunofluorescence assay, Scale bar: 20 um (n = 3). (H) Semi-quantitative immunofluorescence analysis
of CD86,/CD206 (n = 3). (I-K) iNOS and Arg-1 protein expression were determined by western blotting (n = 3). “*P < 0.01 vs Control group, P <
0.05, "P < 0.01 vs LPS group. iNOS, inducible nitric oxide sythase; Arg-1, Arginase 1; LPS, lipopolysaccharides; WED, Wedelactone; CD206,
Cluster of Differentiation 206; DAPI, 4’,6-diamidino-2-phenylindole; TNF-a, tumor necrosis factor-a; IL-6, Interleukin 6; IL-10, Interleukin 10; NO,

nitric oxide.

fluorescence intensity analysis of CD86/CD206 showed that the
fluorescence intensity increased in response to LPS and decreased
significantly after WED administration (Figure 4H). Subsequently, the
protein levels of iNOS and Arg-1 were analyzed by western blotting.
Following the observations in vivo, the increase of iNOS and reduction
of Arg-1 were also observed when RAW264.7 cells were exposed to
LPS (Figure 41-4K). The above results indicated that WED played an
anti-inflammatory role by regulating of M1/M2 macrophage
polarization balance in LPS-stimulated RAW264.7 cells.

Wedelolactone regulated via

macrophage polarization

Submit a manuscript: https://www.tmrjournals.com/tmr

PI3K/AKT/NF-kB signaling pathway in vitro

The western blotting technique was employed to quantify the relevant
proteins to investigate the impact of WED on Macrophage polarization
in RAW264.7 cells induced by LPS, specifically through the
PI3K/AKT/NF-kB signaling pathway. Upon stimulation with LPS,
there was a noticeable increase in the protein levels of PI3K, AKT,
p-PI3K, and p-AKT (Figure 5A-5C). Conversely, WED effectively
reduced these protein levels. Likewise, WED effectively
downregulated the protein level of PI3K, AKT, p-PI3K and p-AKT.
Next, we determined the level of IKK, IkB and NF-kB p65 in RAW264.7
cells induced by LPS. These findings indicated that LPS stimulation led
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to an evident elevation in IKK and NF-kB p65 levels while decreasing
IkB levels (Figure 5D-5G). Moreover, administration of WED
significantly reduced the protein levels of IKK and NF-kB p65
compared to LPS stimulation alone; meanwhile, it notably increased
IxB expression level. Taken together, these findings demonstrated that
WED modulated Macrophage polarization via activation of the
PI3K/AKT/NF-kB signaling pathway in RAW264.7 cells induced by
LPS.

LY294002 enhanced the effect of WED on M1/M2 macrophages
polarization

To confirm whether PI3K/AKT/NF-«kB mediated the effects of WED on
M1/M2 macrophages polarization, PI3K/AKT pathway inhibitor
(LY294002) was used to observe the changes. Due to 40 uM WED
exerted great anti-inflammatory effects and regulatory effects on
M1/M2 macrophage polarization, we selected it with LY294002 for
the following experiments. The expression levels of TNF-a and IL-6 in
RAW264.7 cells induced by LPS were significantly inhibited by
LY294002, while the expression of IL-10 was promoted (Figure
6A-6C). Moreover, this trend became more pronounced when
RAW264.7 cells were treated with WED and LY294002. It was
observed that CD86 expression and relative fluorescence intensity of
CD86/CD206 decreased dramatically with the LY294002 treatment,
whereas CD206 expression increased (Figure 6D, 6E). Consequently,
these results indicated that the effect of WED on M1/M2 macrophage
polarization was further augmented by LY294002.

LY294002 enhanced the effect of WED on inhibiting the
PI3K/AKT/NF-kB signaling pathway

Subsequently, we conducted further analysis on the protein expression
associated with the PI3K/AKT/NF-kB pathway in RAW264.7 cells
treated with WED or LY294002 after LPS induction. The levels of
PI3K, AKT, p-PI3K, and p-AKT proteins were significantly reduced in
RAW264.7 cells following induction with LPS and LY294002 (Figure
7A-7C). Additionally, co-treatment of WED and LY294002 resulted in
decreased expression of PI3K, AKT, p-PI3K, and p-AKT proteins,
leading to the inhibition of PI3K/AKT pathway activation. Moreover,
there was a remarkable decrease in IKK and NF-kB p65 protein levels
observed while the expression level of IkBa protein was noticeably
increased (Figure 7D-7G). Henceforth, these findings indicated that
during LPS stimulation in RAW264.7 cells, LY294002 enhanced the
suppressive effect of WED on PI3K/AKT/NF-«B activation.
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Discussion

Recent studies have indicated that sepsis can be caused by various
types of infections, such as bacteria, viruses, fungi, and parasites. This
condition can result in damage to multiple organs such as the liver,
kidneys, and brain [21]. Both Gram-negative and Gram-positive
bacteria have been identified as potential culprits for causing sepsis
[22]. The occurrence of sepsis is often initiated by a crucial
component found in the cell wall of gram-negative bacteria known as
LPS [23]. Therefore, we used LPS to induce SALI and inflammatory
reaction in RAW264.7 cells in vitro, respectively. Our results
suggested that the levels of ALT, AST, and ALP were elevated after the
mice were injected with LPS. In contrast, WED administration
prompted an impressive reduction in the level of ALT, AST, and ALP.
Furthermore, WED improved LPS-induced hepatocyte necrosis,
inflammatory infiltration and hepatocyte vacuolation, indicating that
WED could effectively alleviate acute liver injury induced by LPS in
mice.

Hepatic macrophages exert an extremely important part in the
initiation, maintenance and recovery of liver inflammation and
damage in many liver diseases such as viral hepatitis, liver fibrosis and
fatty liver disease [24, 25]. When the pathogen invades the liver,
stellate cells, kupffer cells, liver sinusoidal endothelial cells, and so on,
are involved in clearing bacteria and mediating inflammatory
responses to defend and prevent sepsis-associated acute liver injury
[26]. As the largest tissue-resident macrophage, kupffer cells located
in the hepatic sinuses were activated and differentiated into different
phenotypes to trigger an inflammatory response [27]. On the one
hand, macrophages in the resting state are activated and differentiated
into the M1 phenotype under the stimulation of LPS, which eliminates
pathogenic microorganisms by secreting pro-inflammatory cytokines
[28]. In our study, TNF-a and IL-6 levels in serum and RAW264.7 cells
were increased. However, the overwhelming expression of
pro-inflammatory cytokines not only fails to alleviate LPS-induced
inflammation but causes further damage to the liver. Pretreatment
WED observably inhibited the increase of TNF-a and IL-6. On the
other hand, M2 macrophages, known as anti-inflammatory
macrophages, exert great anti-inflammatory effect by secreting IL-10
[29]. We observed the increase of IL-10 in LPS-induced RAW264.7
cells, which was further dramatically increased with the increase of
WED concentration.
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Figure 5 Wedelolactone regulated macrophage polarization via PI3K/AKT/NF-kB signaling pathway in LPS-induced RAW264.7 cells.
(A-G) The effects of WED on protein expression in LPS-induced RAW264.7 cells (n = 3). *’P < 0.01 vs Control group, "P < 0.01 vs LPS group.
LPS, lipopolysaccharides; WED, Wedelactone; PI3K, phosphatidylinositol 3-kinase; P-PI3K, phosphorylated PI3K; P-AKT, phosphorylated AKT; AKT,
protein kinase B; IKK, inhibitor of kappa B kinase; IkB, inhibitor of kappa B; NF-«B, nuclear factor kappa-B.
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Macrophage polarization participated in the pathophysiological
processes of different tissues, such as inflammation, tumor, tissue
repair and metabolism, which played different regulatory functions in
response to different stimuli [30]. Regulating macrophage
polarization by adjusting M1/M2 macrophage polarization was
considered as a new strategy to limit the production of inflammatory
factors and promote tissue repair [31, 32]. We first detected M1 and
M2 macrophage expression markers CD86 and CD206 by

Submit a manuscript: https://www.tmrjournals.com/tmr

immunofluorescence assay respectively and found that stimulation
with LPS substantially increased CD86 expression and reduced CD206
expression in liver and RAW264.7 cells. However, WED significantly
countered the elevation of CD86 and reduction of CD206 in a
dose-dependent manner. Besides, iNOS could be expressed by M1
macrophages, which reflects M1 macrophage polarization [33].
Similarly, anti-inflammatory Arg-1 produced by M2 macrophages was
one of the markers of M2 macrophage polarization [34]. Western
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blotting revealed that LPS-stimulated liver and RAW264.7 cells
expressed more iNOS and less Arg-1, while WED treatment
remarkably suppressed both of these changes. These data suggested
that WED attenuated LPS-induced inflammation by regulating
macrophage M1/M2 polarization balance.

Previous data revealed that the involvement of the PI3K/AKT
signaling pathway participated in LPS-induced inflammatory reactions
and acute tissue injuries such as lung, kidney, and liver [35-37].
Meanwhile, as one of the most important regulation pathways,
PI3K/AKT is essential for the process of macrophage polarization [38].
The western blotting results demonstrated that LPS-triggered high
expression of PI3K, AKT, p-PI3K, and p-AKT in the liver was inhibited
by WED. Consistent with the results in vivo, the expression levels of
PI3K, AKT, p-PI3K and p-AKT after WED intervention were lower than
LPS stimulation in RAW264.7 cells. Moreover, NF-kB transcription
factor is an important regulator of the immune system, which plays
anti-apoptotic, pro-proliferative and pro-inflammatory roles under
different stimuli [39]. Accumulating evidence has demonstrated that
sepsis-induced tissue injury could be effectively attenuated by
suppressing M1 macrophage polarization by preventing activation of
the NF-xkB pathway [40]. The activation of the NF-«kB signaling
pathway was initiated by inducing phosphorylation of IKK and
subsequent degradation of IkB protein. This led to a significant release
of pro-inflammatory mediators such as TNF-a, IL-133, and NO [38].
The levels of IKK and NF-xB p65 were greatly increased in response to
LPS, while the level of IkB showed an abnormal decrease. Importantly,
WED exhibited anti-inflammatory properties by preventing the
expression of IKK and NF-xB p65 induced by LPS. Additionally, it
effectively inhibited the degradation of IkBa. These findings suggest
that WED has potential as an anti-inflammatory agent through its
ability to inhibit NF-«kB activation.

To confirm whether the effects of WED on M1/M2 macrophages
polarization in RAW264.7 cells were enhanced, LY294002 was used to
further examine the level of inflammatory factors and the protein
expression associated with macrophage polarization. As we expected,
LY294002 with WED exerted anti-inflammatory effects by lowering
TNF-a and IL-6 expression and raising IL-10 expression in RAW264.7
cells stimulated by LPS. Subsequently, we detected the protein
expression of the PI3K/AKT/NF-kB signaling pathway when
RAW264.7 cells were intervened with LY294002 and LPS. LY294002
with WED downregulated the expression of PI3K, AKT, p-PI3K, p-AKT,
IKK, and NF-xB p65, while up-regulated the expression of IkB.
Surprisingly, this effect was similar to LY294002 combined with LPS,
directly indicating that WED regulated macrophage polarization by
suppressing activation of the PI3K/Akt/NF-«B pathway.

In summary, our data suggested that Wedelolactone attenuated
sepsis-associated acute liver injury by suppressing M1 macrophage
polarization and facilitating M2 macrophage polarization via
PI3K/AKT/NF-kB  signaling pathway. However, multi-factor
interaction affects macrophage polarization, which is a complex
process involving a variety of signaling molecules and their pathways.
The effects of WED on macrophage polarization through other
signaling pathways still need further experimental research.
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