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Ethyl palmitate ameliorates lethal endotoxemia by inducing 
hepatic fetuin-A secretion: an in vivo and in vitro experiment
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Background: Ethyl palmitate (EP) is known to promote hepatic fetuin-A production and modulate 
inflammatory responses, but its potential role in lethal endotoxemia and sepsis remains unclear. This study 
investigates the plasma fetuin-A levels and further evaluates the impact of hepatic fetuin-A induced by EP on 
systemic inflammation and macrophage polarization in lethal endotoxemia and sepsis.
Methods: Blood samples from 55 sepsis patients and 18 non-septic controls with similar age and sex ratio 
were collected to perform proteomic analyses and identify significantly different proteins. Serum fetuin-A 
levels in lipopolysaccharide (LPS) induced endotoxemia mice were assayed by enzyme-linked immunosorbent 
assay (ELISA). The mouse hepatocyte cell (AML-12) was exposed to different concentrations of EP.  
In vivo experiments were conducted in which adult male C57BL/6J mice were given EP with or without 
intraperitoneal LPS. Fetuin-A was determined via western blot and immunohistochemical staining. Survival 
rates, lung and liver injury and levels of pro-inflammatory cytokines were also monitored and assessed 
using histology, real-time quantitative polymerase chain reaction (RT-qPCR) and ELISA. Additionally, the 
proportion of macrophages and M1/M2 subtypes in the lung and liver tissues were evaluated by flow cytometry.
Results: Our proteomic results revealed that the plasma fetuin-A levels were significantly decreased in 
sepsis patients compared with non-septic controls. Similarly, the serum fetuin-A levels were also reduced 
in endotoxemia mice compared with the control group. EP effectively promoted the production of 
fetuin-A in AML-12 cells and murine liver tissues. Subsequently, activation of fetuin-A by EP dramatically 
reduced LPS-induced murine mortality, alleviated lung and liver injury, down-regulated pro-inflammatory 
mediators and macrophage infiltration. Furthermore, EP regulated macrophage polarization from the M1 
(CD45+CD11b+F4/80+CD86+) to the M2 (CD45+CD11b+F4/80+CD206+) subtype in murine liver tissue.
Conclusions: EP-induced production of fetuin-A prevents sepsis and endotoxemia progression by 
promoting M2 polarization of macrophages.
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Introduction

Sepsis and endotoxemia as a major global health concern 
are critical conditions caused by dysregulated inflammation 
of host defense against infection (1). The dysregulated 
systemic inflammatory cascade causes tissue damage and 
eventually leads to multisystem organ failure (MSOF) 
(1-3). Among the organs affected, the lung and liver are 
the primary and most susceptible targets (1,4). Despite 
extensive researches on sepsis and endotoxemia, the 
precise underlying mechanisms remain incompletely 
understood (4,5). To date, no efficacious Food and Drug 
Administration (FDA)-approved therapeutic interventions 
are available, contributing to the high mortality rate (4,6,7). 
Consequently, new therapeutic approaches are urgently 
needed.

Sepsis-induced organ injury and failure are attributed to 
the imbalance between inflammatory and anti-inflammatory 
responses (8-10). Macrophages are indispensable in host 
immune response (11,12), which can differentiate into 
distinct subtypes to promote or suppress inflammation 
depending on different micro-environment during sepsis 
and endotoxemia (13). Extensive researches indicate that 
potential strategies aiming at controlling macrophage 
polarization can effectively prevent excessive inflammatory 

response and multiple organ injuries in the management of 
sepsis (9,14).

Fetuin-A, also termed the alpha-2-HS glycoprotein 
(AHSG), is an abundant heterodimeric plasma glycoprotein 
predominantly synthesized by hepatocytes and exhibits 
multiple physiological and pathological functions (15,16). 
This glycoprotein has been identified as a novel hepatokine 
that is intimately linked to obesity, insulin resistance, 
non-alcoholic fatty liver disease, and the regulation of 
inflammation (17-19). Moreover, recent proteomic studies 
have emphasized the essentiality of fetuin-A as a plasma 
protein, strongly correlated with the survival of coronavirus 
disease 2019 (COVID-19) patients and downregulated in 
septic mice induced by cecal ligation and puncture (CLP) 
(20,21). In addition, researches have suggested that ethyl 
palmitate (EP) promotes hepatic production of fetuin-A and 
reduces inflammation in rats (17,22,23). Whether EP also 
modulates macrophage polarization by inducing hepatic 
fetuin-A secretion in sepsis and endotoxemia is unclear.

To explore the efficacy and mechanisms of EP in sepsis 
and endotoxemia, the present study conducted in vivo and 
in vitro experiments. These results uncovered the role of 
pharmacologic targeting fetuin-A with EP in mice and 
its beneficial effect on endotoxin-induced lung and liver 
injury and proposed a potentially relevant clinical strategy 
for leveraging EP as a therapeutic target for endotoxemia. 
We present this article in accordance with the MDAR 
and ARRIVE reporting checklists (available at https://jtd.
amegroups.com/article/view/10.21037/jtd-24-1098/rc).

Methods

Reagents

Lipopo ly sacchar ide  (LPS)  f rom Es ch e r i ch i a  c o l i 
(O111:B4) (Cat. #L4193), dispase II, collagenase IA and 
deoxyribonuclease I were purchased from Sigma-Aldrich (St 
Louis, MO, USA). EP (Cat. #HY-N2086) was purchased 
from MedChem Express (NJ, USA). EP (purity >98%) (Cat. 
#E103505) and corn oil (Cat. #C116023) were purchased 
from Shanghai Aladdin Biochemical Technology Co., Ltd. 
Anti-mouse CD16/CD32 (Cat. #101320), Fixable Viability 
Dye 510 (Cat. #423111), APC/Cyanine7 rat anti-mouse 
CD45 (Cat. #147718), Brilliant Violet 605™ rat anti-
mouse/human CD11b (Cat. #101257), Brilliant Violet 
650™ rat anti-mouse CD86 (Cat. #105036) and Brilliant 
Violet 785™ rat anti-mouse CD206 (Cat. #141729) were 
obtained from Biolegend (San Diego, CA, USA). BD 
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Horizon™ BV421 rat anti-mouse F4/80 (Cat. #565411) was 
obtained from BD Biosciences (San Jose, CA, USA). Mouse 
interleukin (IL)-1β (Cat. #432604), IL-6 (Cat. #431304) 
and tumor necrosis factor (TNF)-α (Cat. #430904) enzyme-
linked immunosorbent assay (ELISA) kits were purchased 
from BioLegend. Mouse fetuin-A (Cat. #E-EL-M3069) 
ELISA kit was obtained from Elabscience Biotechnology 
Co. Ltd (Wuhan, China).

Experimental design

Proteomic analyses were undertaken utilizing blood samples 
sourced from sepsis patients and age- and sex-matched 
non-septic controls. In vivo experiments were designed to 
assess the effects of administering EP under LPS induced 
endotoxemia mice. These experiments involved monitoring 
survival rates, lung and liver injury, serum levels of pro-
inflammatory cytokines and fetuin-A, and the proportion 
of macrophages and M1/M2 subtypes in the lung and 
liver tissues. Furthermore, the mouse hepatocyte cell line 
(AML-12) was exposed to different concentrations of EP 
to demonstrate that EP can promote the production of 
fetuin-A in hepatic cells in vitro.

Subjects

Patients diagnosed with sepsis admitted to the Surgical 
Intensive Care Unit (ICU) of Zhongshan Hospital affiliated 
with Fudan University from July 2018 to March 2021 were 
included in this study. The inclusion criteria for patients 
with suspected sepsis were as follows: suspected infection 
and quick Sequential Organ Failure Assessment (qSOFA) 
≥2 (24). In the same time period, non-septic patients (with a 
SOFA score of 0 and no infection) who were admitted after 
elective surgery were recruited as control with similar age 
and sex ratio. The study was conducted in accordance with 
the Declaration of Helsinki (as revised in 2013). Zhongshan 
Hospital’s Clinical Research Ethics Committee approved 
the study protocol (B2021-501R). All participants or their 
authorized guardians signed an informed consent form. 
Medical information such as sex, Sequential Organ Failure 
Assessment score, primary site of infection, and diagnosis 
were recorded. Blood samples were collected from patients 
within the first 24 h after admission and performed using 
liquid chromatography-mass spectrometry (LC-MS) 
analysis. Proteomic results were further analysed to identify 
the biological indicators according to previous research 
(19,21). Differential proteins were determined by t test with 

P<0.05 and visualized using the R package gplots.

Animals

Wild-type male C57BL/6J mice (6–8 weeks) were derived 
from Zhejiang Vital River Laboratory Animal Technology 
Co., Ltd (Zhejiang, China). The mice were raised in 
a specific pathogen-free facility under a 12-h light/
dark cycle at 20–24 ℃ and 50–60% relative humidity. 
All animal experiments were approved by the Animal 
Ethics Committee of Zhongshan Hospital (Approval No. 
202311019S) and carried out in strict accordance with 
the Guide for the Care and Use of Laboratory Animals of 
the National Institutes of Health (NIH publications, 8th 
Edition, 2011). 

For monitoring the survival of endotoxemia mice, mice 
were randomly assigned to five experimental groups: the 
phosphate-buffered saline (PBS) group (n=8), LPS group 
(n=8), EP + LPS 2 mL/kg group (n=8), EP + LPS 5 mL/kg  
group (n=8) and EP + LPS 10 mL/kg group (n=8). For 
changes in inflammation and macrophage polarization, 
mice were randomly assigned to four experimental groups: 
the control group (n=3), EP (5 mL/kg) group (n=3), LPS 
group (n=4), and EP + LPS group (n=4). Endotoxemia 
was induced with LPS intraperitoneally (a non-lethal dose  
10 mg/kg or a lethal dose 15 mg/kg). EP (Cat. #E103505, 
Aladdin, Shanghai, China) dissolved in corn oil 30% (v/v) 
was intraperitoneally injected simultaneously with LPS and 
12 h beforehand at a dose of 2, 5, 10 mL/kg (selected based 
on previous work ref.15). Control animals received only 
PBS vehicle. At 24 h after LPS administration, mice were 
anesthetized and samples were prepared for subsequent 
experiments. Anesthetization was induced by intraperitoneal 
injection using Avertin (Cat. #T48402, Sigma-Aldrich). We 
selected a small sample size because this experiment would 
produce homogeneous results during repeated execution. 
For each experiment, mice originating from the same batch 
and breeding environment were assigned to each group.

Cell culture and experiments

AML-12 mouse hepatocyte cell line (CRL-2254, ATCC, 
Manassas, VA, USA) was cultured in DMEM/F12 (Cat. 
#C11330500VT, Gibco, Waltham, MA, USA) with 
10% fetal bovine serum (FBS, Cat. #16000-044, Gibco),  
40 ng/mL dexamethasone and 1% penici l l in and 
streptomycin (Cat. # SV30010, Hyclone, Logan, UT, 
USA) at 37 ℃, 5% CO2 incubator. The AML-12 cells 
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were exposed to different concentrations of EP (Cat. #HY-
N2086). 

Real-time quantitative polymerase chain reaction (RT-
PCR)

Total RNA was extracted from lung and liver tissues 
using TRIzol reagent (Cat. #9109, Takara, Shiga, Japan) 
according to the manual. The expression levels of target 
genes were determined using the SYBR Green Master Mix 
(Cat. #11203ES08, Yeasen, Shanghai, China) with ABI RT-
PCR 384 System (Life Technologies, Waltham, MA, USA). 
Primers used for reverse transcription and PCR are listed in 
Table S1. The ∆∆Ct method relative to levels of the β-actin 
gene were used to calculate expression levels.

Western blot analysis

Total proteins were extracted using radioimmunoprecipitation 
assay (RIPA) lysis buffer (Cat. #P0013, Beyotime, Shanghai, 
China) and assayed using the bicinchoninic acid (BCA) 
method (Cat. #P0012, Beyotime). The proteins (15 μg per 
lane) were separated on 10% SDS-PAGE, transferred onto 
a PVDF membrane and incubated overnight at 4 ℃ with the 
primary rabbit polyclonal antibodies against fetuin-A (Cat. 
#ab187051, 1:2,000, Abcam, Cambridge, UK) and β-actin 
(Cat. #4967, 1:2,000, CST, Boston, MA, USA). Membranes 
were washed and incubated with secondary antibody, 
and imaged using enhanced chemiluminescence (Tanon, 
Shanghai, China). 

ELISA

Serum concentrations of fetuin-A, IL-1β, IL-6, and TNF-α 
in plasma of mice were assayed using specific ELISA kits 
according to the manufacturer’s instructions.

Flow cytometry analysis

The lung and liver tissues were removed from mice and 
prepared into single-cell suspensions as previously described 
(25,26). The single-cell suspensions were incubated at  
4 ℃ for 15 min with anti-mouse CD16/32 antibody, then 
labeled with primary or isotype control antibodies at 4 ℃ 
for 30 min. Isotype antibodies and unstained controls were 
set to demonstrate specificity of staining and to establish 
the criteria for target populations. Subsequently, the cell 
suspensions were washed twice and analyzed with a flow 

cytometer (LSR Fortessa, BD Biosciences).

Histological analysis

At the 24th hour after LPS administration, lung and liver 
tissues were collected and fixed in 4% paraformaldehyde, 
embedded in paraffin, and sectioned at 5 μm thickness. The 
sections were stained with haematoxylin and eosin. The 
histological features were observed and captured blindly 
under a light microscope by evaluators.

For Immunohistochemistry analysis, liver tissues were 
incubated with anti-fetuin-A (rabbit, Cat. #GB112376-100, 
1:700, Servicebio, Wuhan, China) antibody followed by 
incubation with the secondary antibody (Cat. #GB23303, 
1:200, Servicebio) conjugated with horseradish peroxidase. 
Pictures were captured using a Carl Zeiss microscope.

Statistical analysis

No data or experiments were excluded from the analysis. 
Results were presented as mean ± standard deviation (SD) 
of three independent experiments. Differences between 
groups were assessed for significance using Student’s t-test 
or one-way analysis of variance (ANOVA) with Turkey’s 
correction for post hoc paired comparisons. The Chi-
squared test was used for categorical variables. Survival of 
treatment groups was compared using the log-rank test. 
Data analyses were performed using GraphPad Prism 8.0 
(La Jolla, CA, USA) and FlowJo 10.8.1 (Ashland, OR, 
USA). Statistical significance was defined as *, P<0.05; **, 
P<0.01; ***, P<0.001.

Results

Plasma fetuin-A level decreases in septic patients and mice

Our study enrolled 18 non-septic ICU patients (controls) 
and 55 sepsis patients who met the inclusion criteria. The 
baseline characteristics and clinical parameters of patients 
in each group were shown in supplemental information  
Table S2. The two groups were similar in terms of age, sex 
ratio and body mass index (BMI). To identify the differential 
proteins involved in the pathogenesis of sepsis, their 
expression patterns in the two groups were analysed and 
compared. The results showed that there were 120 differential 
proteins between the two groups (data were not shown), 
among which fetuin-A was decreased in peripheral plasma 
of sepsis patients compared with non-septics (Figure 1A).  

https://cdn.amegroups.cn/static/public/JTD-24-1098-Supplementary.pdf
https://cdn.amegroups.cn/static/public/JTD-24-1098-Supplementary.pdf
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Figure 1 Plasma fetuin-A level decreases in septic patients and mice. (A) The expression level of fetuin-A (AHSG) derived from proteomic 
data in non-septic patients (controls) (n=18) compared to sepsis patients (n=55). (B) Mice were injected with 10 mg/kg LPS intraperitoneally 
and sacrificed at different times 12, 24, 36, and 48 h after LPS injection. Control animals received only PBS vehicle. Serum fetuin-A levels 
were determined by ELISA (n=4). Data are from three independent experiments. *, P<0.05; ***, P<0.001. AHSG, alpha-2-HS glycoprotein; 
LPS, lipopolysaccharide; ELISA, enzyme-linked immunosorbent assay; PBS, phosphate-buffered saline.

Besides, plasma fetuin-A levels were also decreased in 
endotoxemic mice induced by LPS in a time-dependent 
fashion, with maximal reduction (by 50–60%) at 24 h after 
LPS administration (Figure 1B). These data suggest that 
plasma fetuin-A level is a potential biomarker for sepsis and 
endotoxemia.

EP promotes production of hepatic fetuin-A

Given that plasma fetuin-A level decreases in septic 
patients and mice, and EP has been found to promote 
the synthesis of fetuin-A in non-alcoholic fatty liver 
disease (17), we analyzed the effects of EP on the hepatic 
expression of fetuin-A under static and endotoxemia. 
Mouse hepatocyte cell line AML-12 was treated with EP 
at different concentrations. The intensity of fetuin-A with 
the higher molecular weight, the glycosylated form, was 
gradually enhanced with the increase of EP concentration 
(Figure 2A). Meanwhile, mice were administered with EP 
at a dose of 5 mL/kg simultaneously with LPS and 12 h 
beforehand. Immunohistochemical analysis of murine liver 
tissues revealed that the region around the central vein 
was significantly positive (as indicated by the arrows in 
Figure 2B), suggesting that EP administration significantly 
upregulated the hepatic expression of fetuin-A. Conversely, 
the induction of endotoxemia via LPS injection led to a 
notable downregulation of fetuin-A (Figure 2B). Taken 

together, these results indicate that the hepatic expression 
and secretion of fetuin-A increased with EP treatment in 
mice, and decreased with LPS exposure.

EP improves survival in septic mice and attenuates 
systemic inflammatory response

To evaluate the effect of EP on endotoxemia, the survival 
rate was assessed for 7 days in the lethal dose LPS  
(15 mg/kg, i.p.)-induced septic mice. As presented in 
Figure 3A, LPS-induced septic mice died after 24 h of LPS 
injection and the survival rate was 50%. Treatment with EP 
(2 mL/kg) simultaneously with LPS and 12 h beforehand 
improved the survival rate of 87.5%, but there was no 
significance (P=0.21). While administration with EP (5 
and 10 mL/kg), the survival rates significantly increased 
to 100% (P=0.04). Therefore, the subsequent experiments 
to examine the potential protective effects of EP were 
carried out using a dose of 5 mL/kg simultaneously with 
a non-lethal LPS dose of 10 mg/kg and 12 h beforehand. 
Compared with the control group, LPS increased the serum 
levels of inflammatory cytokines TNF-α, IL-1β and IL-6 at 
24 h (Figure 3B). These effects were significantly attenuated 
by EP administration (Figure 3B). The above results 
demonstrate that EP effectively improves the survival rate of 
septic mice and attenuates production of pro-inflammatory 
cytokines.
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Figure 2 EP increases hepatic expression and secretion of fetuin-A. Murine liver cells (AML-12) was treated with EP (100, 200, 300, 400 
and 500 μM) for 12 h. (A) Expression of fetuin-A in AML-12 cells was measured using western blot. Mice were given only LPS (LPS group), 
only EP (EP group) (5 mL/kg; i.p.), or first EP followed by LPS and EP at 12 h later (EP + LPS). Sepsis was induced using LPS (10 mg/kg; 
i.p.). Mice were sacrificed at 24 h after LPS administration. (B) Liver fetuin-A expression was assayed by immunohistochemistry in different 
groups (n=3 or 4). The white arrows show the positive areas. Data are from three independent experiments. ns, P>0.05; ***, P<0.001. Con, 
control; EP, ethyl palmitate; LPS, lipopolysaccharide.
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EP alleviates lung injury and macrophage infiltration of 
septic mice

Hematoxylin and eosin staining was performed to explore 
the effect of EP on lung injury and revealed that the 
EP + LPS group exhibited reduced inflammatory cells 
infiltration, decreased pulmonary edema and a thinner 
alveolar capillary wall compared with the LPS group  
(Figure 4A). Furthermore, administering EP simultaneously 
with LPS and 12 h beforehand markedly suppressed 
the mRNA expressions of Il1b, Il6, Tnfα and C-C motif 
chemokine ligand 2 (Ccl2) in the lung tissues (Figure 4B). 
Meanwhile, flow cytometry was performed to investigate 
the effect of EP on macrophage infiltration into the lung 
tissue of mice with endotoxemia. There were no differences 
in the proportion of macrophages (CD45+CD11b+F4/80+) 
between the control and EP groups, indicating that EP did 
not affect macrophage populations in normal lung tissue 
(Figure 4C). In addition, LPS increased the infiltration of 
macrophages in the lung tissue, but this was abrogated by 

EP administration (Figure 4C). Thus, EP administration 
alleviates lung injury and production of pro-inflammatory 
cytokines and prevents the infiltration of macrophages into 
the lung tissue of mice with endotoxemia.

EP attenuates liver injury and macrophage infiltration of 
septic mice

Sepsis is a systemic inflammatory response, thus the effect 
of EP on liver injury was also examined. Histopathologic 
analysis revealed that the EP + LPS group exhibited 
reduced inflammatory cells infiltration compared with 
the LPS group (Figure 5A). Additionally, EP co- and 
pretreatment markedly reduced levels of mRNAs encoding 
the proinflammatory cytokines of Il1b, Il6, Tnfα and Ccl2 in 
the liver tissues compared with LPS group (Figure 5B). Flow 
cytometry analysis was also examined and revealed that the 
proportion of macrophages (CD45+CD11b+F4/80+) between 
the control and EP groups had no difference, indicating that 
EP also did not affect macrophage populations in normal 
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Figure 3 EP alleviates the mortality and reduces the production of pro-inflammatory cytokines of septic mice. For PBS and LPS groups, 
mice were administered intraperitoneally with lethal dose of LPS (15 mg/kg; i.p.) or PBS. For different concentrations EP + LPS groups, 
EP 2, 5 or 10 mL/kg were administered intraperitoneally 12 h prior to and the same time with LPS (15 mg/kg; i.p.). (A) The survival of mice 
was monitored for 7 days (n=8). (B) Mice were treated as described in Figure 2. The levels of IL-1β, IL-6, TNF-α and in the plasma of mice 
were determined using ELISA (n=3 or 4). Results are presented as mean ± SD. Data are from three independent experiments. ns, P>0.05; *, 
P<0.05; **, P<0.01; ***, P<0.001. PBS, phosphate-buffered saline; LPS, lipopolysaccharide; EP, ethyl palmitate; Con, control; TNF, tumor 
necrosis factor; IL, interleukin; ELISA, enzyme-linked immunosorbent assay; SD, standard deviation.

liver tissue (Figure 5C). LPS challenge also significantly 
promoted the infiltration of macrophages in liver tissue, and 
this effect was suppressed under EP co- and pretreatment 
(Figure 5C). These results suggest that EP alleviates 
pathologic damage and the infiltration of macrophages to 
liver of mice with endotoxemia.

EP reduces inflammation in septic mice via regulating the 
polarization of macrophages

Preventing excessive inflammation and regulating the 
balance between M1/M2 polarization are potential 
strategies for sepsis and endotoxemia management (11). 
Therefore, we explored the effect of EP on the polarization 

of liver macrophages in endotoxemia mice. EP treatment 
decreased the mRNA expression level of M1 marker 
gene inducible nitric oxide synthase (iNOS) and increased 
it of M2 marker gene arginase-1 (Arg1) in liver tissue 
compared with the LPS group (Figure 6A). Additionally, the 
populations of M1/M2 macrophages in the liver tissue were 
quantified by flow cytometry. EP administration decreased 
the population of M1 macrophage (CD86+) and increased it 
of M2 macrophage (CD206+) in liver tissue compared with 
the LPS group (Figure 6B,6C). Taken together, these results 
indicate that EP not only inhibits inflammatory macrophage 
infiltration into the tissue of endotoxemia mice but also 
regulates macrophage polarization to suppress systemic 
inflammation.
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Figure 4 EP alleviates lung injury and macrophage infiltration of septic mice. Mice were treated as described in Figure 2. (A) Lung tissues 
were collected at 24 h after LPS administration and stained with hematoxylin and eosin. (B) The mRNA expression of inflammatory genes 
(Il1b, Il6, Tnfα) and chemokine gene (Ccl2) in lung tissue were evaluated by reverse transcription-quantitative PCR. (C) Representative flow 
cytometry plots and statistical results showed the frequency of total macrophage (CD45+CD11b+F4/80+) in lung tissue (n=3 or 4). Results 
are from three independent experiments. ns, P>0.05; **, P<0.01; ***, P<0.001. Con, control; EP, ethyl palmitate; LPS, lipopolysaccharide; Il, 
interleukin; TNF, tumor necrosis factor; Ccl, C-C motif chemokine ligand; PCR, polymerase chain reaction. 
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Figure 5 EP alleviates liver injury and macrophage infiltration of septic mice. Mice were treated as described in Figure 2. (A) The liver 
tissues were prepared at 24 h after LPS induction and stained with hematoxylin and eosin. (B) The levels of mRNAs encoding inflammatory 
genes (Il1b, Il6, Tnfα) and chemokine gene (Ccl2) in the liver tissues were evaluated by reverse transcription-quantitative PCR. (C) 
Representative flow cytometry plots and statistical results showed the frequency of total macrophage (CD45+CD11b+F4/80+) in the liver 
tissue (n=3 or 4). Results are from three independent experiments. ns, P>0.05; ***, P<0.001. Con, control; EP, ethyl palmitate; LPS, 
lipopolysaccharide; Il, interleukin; TNF, tumor necrosis factor; Ccl, C-C motif chemokine ligand; PCR, polymerase chain reaction.

Discussion

Sepsis and endotoxemia, associated with high mortality, 
involve uncontrolled systemic inflammatory responses 
induced by activated innate and adaptive immunity, 
leading to multiple organ dysfunction (27,28). Despite 
significant strides in understanding the treatment and 
mechanisms of sepsis in recent decades, the quest for 
effective pharmacotherapy remains elusive (7,29). 
Modulating macrophage polarization may help attenuate 
inflammation and improve outcomes in patients with sepsis 

and endotoxemia (11,30). The present study elucidates one 
possible strategy for endotoxemia by showing that fetuin-A 
induced by EP improves survival rate, ameliorates lung and 
liver injury and reduces expression of pro-inflammatory 
mediators and macrophage infiltration in mice with LPS-
induced endotoxemia. Flow cytometric analyses further 
suggest that EP may shift macrophage polarization from 
M1 to M2 phenotype in the liver of septic mice.

Previous research has provided evidence that fetuin-A 
can modulate cytokine production partly by inhibiting 
active high mobility group box 1 protein (HMGB1) release 
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Figure 6 EP alleviates the inflammatory response of sepsis via regulating the polarization of macrophages. Mice were treated as described 
in Figure 2. (A) The mRNA expression of M1 marker gene (iNOS) and M2 marker gene (Arg1) in the liver tissue were measured 
using reverse transcription-quantitative PCR. (B) Representative flow cytometry plots showed the frequency of M1 macrophage 
(CD45+CD11b+F4/80+CD86+) and M2 macrophage (CD45+CD11b+F4/80+CD206+) in the liver tissue. (C) Statistical results of the frequency 
about M1 and M2 macrophage in the liver tissue (n=3 or 4). Results are from three independent experiments. ns, P>0.05; **, P<0.01; 
***, P<0.001. Con, control; EP, ethyl palmitate; LPS, lipopolysaccharide; iNOS, inducible nitric oxide synthase; Arg1, argnase1; PCR, 
polymerase chain reaction.

in mice (31). Supplementation of fetuin-A significantly 
attenuates the proinflammatory response and increases 
survival rates in both CLP and LPS-induced endotoxemia 
murine models, while genetic knocking out of fetuin-A 
eliminates this effect (31). Fetuin-A is a potential target 

for inflammatory disease that is mainly produced by liver 
cells (15,31). In the current study, based on our proteomic 
results, we found that the level of fetuin-A in plasma was 
significantly lower in sepsis patients compared with non-
septic controls. Although the two groups were selected for 
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age and sex matching (as shown in Table S2), due to the lack 
of more detailed clinical data, there may be a selection bias, 
which will be better avoided in future studies. Furthermore, 
consistent with previous findings, our study demonstrated a 
significant reduction of plasma fetuin-A level in mice after 
intraperitoneal administration of LPS, especially at 24 h 
(31-33). These results suggest that fetuin-A plays a critical 
role in sepsis and endotoxemia, and that plasma fetuin-A 
level may be a useful biomarker for sepsis. 

EP has been demonstrated to be rapidly hydrolyzed 
to free palmitate in the blood (34), which can stimulate 
the production of fetuin-A (23). Consistent with these 
findings, our study demonstrated that EP significantly 
increased the production of fetuin-A in mouse hepatocyte 
cell line AML-12 and liver tissue after EP administration 
by immunoblotting and immunohistochemical staining. It 
has been shown that fetuin-A is a multifunctional protein 
that exhibits different pro- or anti-inflammatory effects 
in different disease, while it can induce inflammatory 
cytokine expression and suppress adiponectin production 
in atherosclerosis and insulin resistance (35,36). On the 
contrary, Zhao et al. have reported that fetuin-A suppress 
oxidative stress and necroptosis levels in glutamate-treated 
microglial cells, thereby attenuating the inflammation 
following traumatic brain injury (19). Consequently, 
to evaluate the effect of fetuin-A induced by EP on 
inflammation during sepsis and lethal endotoxemia, we 
conducted a mouse model of LPS induced endotoxemia. 
Our results suggested that EP co and pre-treatment 
protected mice against the lethal endotoxemia, alleviated 
pathological damage, reduced the expression of pro-
inflammatory cytokines and chemokines and blocked the 
infiltration of macrophages into the murine lung and liver 
tissue. 

Macrophages  are  cr i t ica l  immune populat ions 
in sepsis and endotoxemia that not only modulate 
immune homeostasis but also promote the resolution of 
inflammation and repair of tissues (37). At the initial of 
sepsis and endotoxemia, stimuli such as LPS and interferon 
(IFN)-γ orchestrate the macrophages polarization towards 
an M1-like phenotype. These M1 macrophages can produce 
pro-inflammatory cytokines, including IL-6, IL-1β, TNF-α, 
iNOS and Ccl2, while expressing surface markers CD68, 
CD80 and CD86 (12). In contrast, the M2 macrophages 
mainly  promote the resolut ion of  inf lammation, 
angiogenesis and tissue remodeling in the late stage of 
sepsis. These cells mainly express Arg-1 and CD206 (12). 
Besides, Rudloff et al. have demonstrated that fetuin-A 

is a hypoxia-inducible factor (HIF) target that modulates 
macrophage polarization and attenuates inflammation to 
preserve kidney function under hypoxia (38). In this study, 
our results suggested that EP also regulated macrophage 
polarization towards M2-like subtype thereby alleviating 
sepsis-induced inflammatory cytokine storm. These findings 
reveal that EP may be an effective treatment for sepsis and 
endotoxemia.

There are some limitations in this study. First, the study 
was designed to assess the protective effect of EP only 
in LPS induced septic mice. Therefore, the effect of EP 
in other sepsis mice models were not examined. Second, 
although flow cytometry analysis showed EP promoted 
macrophage polarization towards M2-like subtype in liver 
tissue during sepsis, more experimental studies are needed 
to clarify the specific mechanisms. Furthermore, using 
immortal cell lines may not fully represent the in vivo 
situation, further experiments with primary hepatocytes and 
knock-out mice or pharmacological inhibitors are warranted 
to elucidate the relevant pathways.

Conclusions

In conclusion, our study presents the inaugural evidence of 
the protective effect of EP against sepsis and endotoxemia 
through inhibiting pro-inflammatory factor production and 
modulating macrophage polarization by inducing hepatic 
fetuin-A secretion. These findings will facilitate further 
investigations and application of EP in the treatment of 
sepsis and endotoxemia.
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