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Deletion of TLR4 attenuates lipopolysaccharide-induced acute
liver injury by inhibiting inflammation and apoptosis
Sai-nan Chen1,2, Ying Tan3, Xiao-chan Xiao2, Qian Li2, Qi Wu4, You-you Peng5, Jun Ren6,7 and Mao-long Dong4

Septic acute liver injury is one of the leading causes of fatalities in patients with sepsis. Toll-like receptor 4 (TLR4) plays a vital role in
response to lipopolysaccharide (LPS) challenge, but the mechanisms underlying TLR4 function in septic injury remains unclear. In
this study, we investigated the role of TLR4 in LPS-induced acute liver injury (ALI) in mice with a focus on inflammation and
apoptosis. Wild-type (WT) and TLR4-knockout (TLR4−/−) mice were challenged with LPS (4 mg/kg) for 6 h. TLR4 signaling cascade
markers (TLR4, MyD88, and NF-κB), inflammatory markers (TNFα, IL-1β, and IL-6), and apoptotic markers (Bax, Bcl-2, and caspase 3)
were evaluated. We showed that LPS challenge markedly increased the levels of serum alanine aminotransferase (ALT)/aspartate
aminotransferase (AST) and other liver pathological changes in WT mice. In addition, LPS challenge elevated the levels of liver
carbonyl proteins and serum inflammatory cytokines, upregulated the expression of TLR4, MyD88, and phosphorylated NF-κB in
liver tissues. Moreover, LPS challenge significantly increased hepatocyte apoptosis, caspase 3 activity, and Bax level while
suppressing Bcl-2 expression in liver tissues. These pathological changes were greatly attenuated in TLR4−/− mice. Similar
pathological responses were provoked in primary hepatic Kupffer cells isolated from WT and TLR4−/− mice following LPS (1 μg/mL,
6 h) challenge. In summary, these results demonstrate that silencing of TLR4 attenuates LPS-induced liver injury through inhibition
of inflammation and apoptosis via TLR4/MyD88/NF-κB signaling pathway. TLR4 deletion confers hepatoprotection against ALI
induced by LPS, possibly by repressing macrophage inflammation and apoptosis.
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INTRODUCTION
Sepsis or septic shock constitutes a life-threatening condition
known as multiple organ dysfunction syndrome that is caused by
an uncontrolled host immune reaction to infection [1, 2]. At
present, sepsis is the most frequent cause of fatalities in intensive
care units [3]. The liver plays an array of vital roles in many
physiological and pathophysiological processes, including detox-
ification, metabolism, immunity, and homeostasis, which makes
this organ extremely vulnerable to endotoxin-induced damage
during sepsis [4]. Sepsis-induced acute liver injury (ALI) is one of
the leading causes of death among patients afflicted with sepsis.
Patients with ALI exhibit clinical manifestations ranging from mild
increases in liver enzymes to severe liver failure. Liver injury due to
sepsis directly leads to disease progression and death [5].
Numerous mechanisms have been suggested to underscore the
etiology of sepsis-induced ALI, including inflammatory and
immune responses, cellular hypoxia, apoptosis, and oxidative
stress [6]. However, the precise mechanism underlying the onset
and progression of sepsis-associated liver damage remains
unclear. Through improvements in intensive care management,
the survival rate of sepsis patients has improved markedly in

recent years. However, the search for more effective therapeutic
regimens for sepsis-induced ALI remains challenging.
Several studies have shown that the lipopolysaccharide (LPS)

produced by gram-negative bacteria induces sepsis, which may
progress into systemic organ failure, including liver dysfunction
[7–9]. The association between liver injury and LPS-induced
endotoxemia has been confirmed in various experimental animal
models [10]. The liver is the most crucial detoxification and
immune organ in the human body, and LPS directly acts as a liver
endotoxin, causing liver damage. In addition, LPS activates hepatic
macrophages, including Kupffer cells, to secrete inflammatory
cytokines and induces hepatocyte necrosis or apoptosis, ulti-
mately resulting in liver injury [11, 12]. Herein, we demonstrated
that host innate immunity is tightly associated with the
inflammatory response and apoptosis and promotes sepsis-
induced ALI. However, the effect of inflammation and apoptosis
on sepsis-induced liver injury has not been explored. Toll-like
receptor 4 (TLR4) is the core mediator of adaptive and innate
immune reactions to LPS [13]. TLR4 facilitates molecular recogni-
tion of trace amounts of endotoxins in the circulation, dimerizes
receptors on cell membranes, and initiates a cascade of

Received: 2 May 2020 Accepted: 13 December 2020
Published online: 25 January 2021

1Department of Critical Care Medicine, Zhujiang Hospital, Southern Medical University, Guangzhou 510282, China; 2Department of Emergency Medicine, Nanfang Hospital,
Southern Medical University, Guangzhou 510515, China; 3Department of Critical Care Medicine, Nanfang Hospital, Southern Medical University, Guangzhou 510515, China;
4Department of Burns, Nanfang Hospital, Southern Medical University, Guangzhou 510515, China; 5Shanghai Hongrun Boyuan School, Shanghai 201713, China; 6Department of
Cardiology, and Shanghai Institute of Cardiovascular Diseases, Zhongshan Hospital Fudan University, Shanghai 200032, China and 7Department of Laboratory Medicine and
Pathology, University of Washington, Seattle, WA 98195, USA
Correspondence: Jun Ren (jren_aldh2@outlook.com) or Mao-long Dong (2206723777@qq.com)
These authors contributed equally: Sai-nan Chen, Ying Tan

www.nature.com/aps

© The Author(s), under exclusive licence to CPS and SIMM 2021

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-020-00597-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-020-00597-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-020-00597-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-020-00597-x&domain=pdf
mailto:jren_aldh2@outlook.com
mailto:2206723777@qq.com
www.nature.com/aps


protein–protein interactions. These interactions produce proin-
flammatory cytokines and interferons that trigger inflammation
and immune responses in the context of bacterial sepsis [14, 15].
While primarily expressed in macrophages, TLR4 is also expressed
in other types of cells, including hepatocytes [16]. Ample evidence
has indicated a vital role for TLR4 signaling in various pathological
conditions in the liver, including hepatic steatosis, liver fibrosis,
liver failure, and inflammatory liver diseases [17–19]. Moreover,
LPS binds to LPS-binding proteins to form complexes with MD2
and CD14, which are recognized by TLR4 in the Kupffer cell
membrane. This activated receptor complex transmits
TLR4 signals through specialized intracellular proteins, including
myeloid differentiation factor 88 (MyD88), tumor necrosis factor
(TNF) receptor-associated factor, and interleukin-1 receptor-
associated kinases, triggering activation of the NF-κB cascade
and the induction of a multifaceted cellular response network,
such as the secretion of various inflammatory factors [TNF-alpha
(TNF-α), IL-6, IL-1β] and the production of granulocyte-
macrophage colony-stimulating factor. This series of reactions
induces hepatocyte apoptosis or necrosis, eventually leading to
irreversible liver damage [20].
In the present study, we hypothesized that the TLR4/MyD88/NF-

κB signaling pathway participates in LPS-induced liver injury and
that the underlying mechanisms involved inflammation and
apoptosis. Hepatic biochemical tests were conducted on sera
from wild-type and TLR4-knockout mice following LPS adminis-
tration. TLR4 signaling molecules, inflammatory factors, and
apoptotic protein markers were also evaluated.

MATERIALS AND METHODS
Chemicals and reagents
LPS (Escherichia coli, 055: B5) was obtained from Sigma (Santa
Clara, CA, USA). Dulbecco’s modified Eagle’s medium and fetal
bovine serum (FBS) were purchased from Gibco (Grand Island, NY,
USA). The cell counting kit-8 (CCK-8) assay, cell cycle detection kit,
and Annexin V-FITC/(propidium iodide)PI apoptosis kit were
purchased from Dojindo Laboratories (Kumamoto, Japan). PE-F4/
80 and FITC-CD11b antibodies were purchased from Biolegend
Inc. (San Diego, CA, USA). The protein oxidative carbonyl test kit
was acquired from Solarbio (Beijing, China). The cysteinyl
aspartate specific proteinase 3 (caspase 3) activity detection kit
was purchased from BestBio (Shanghai, China). Anti-Bax (catalog
#2772), anti-Bcl-2 (catalog #2876S), anti-TLR4 (catalog #14358),
anti-MyD88 (catalog #4283), anti-NF-κB (catalog #8242), anti-p-NF-
κB (catalog #3033), and anti-GAPDH were obtained from Cell
Signaling Technology (Boston, MA, USA). RNAiso Plus, the Prime-
Script™ RT reagent kit, and the SYBR Premix Ex Taq kit were
procured from Takara (Dalian, China).

Experimental animals and LPS administration
C57BL/10J mice and TLR4−/− mice were purchased from
GemPharmatech Co., Ltd. All animal experiments conducted in
this study were approved by the Animal Care and Use Committees
of Nanfang Hospital, Southern Medical University (Guangzhou,
China). Before the experiment, all mice were kept in specific
pathogen-free level animal housing in the Animal Laboratory
Center. The animals were allowed free access to water and food in
a climate-controlled environment (24 °C, humidity 50%–60%) with
a 12-h/12-h light/dark cycle. Genotyping of TLR4-knockout (TLR4-
KO or TLR4−/−) mice was performed using PCR. Adult WT and
TLR4−/− mice were administered LPS (4 mg/kg) or saline for 6 h, as
described previously [21].

Isolation of primary murine Kupffer cells
Primary Kupffer cells were isolated from mice using the in situ
collagenase (Type VI; Sigma‐Aldrich) perfusion technique, as
previously described with modifications [22, 23]. Briefly, livers

were perfused with Ca2+- and Mg2+-free HBSS (Gibco, Grand
Island, NY, USA) containing 0.1 mM EGTA for 10 min at 37 °C,
followed by reperfusion with liver digestion fluid [HBSS containing
15mM HEPES, 5 mM CaCl2, and 0.1 mg/mL collagenase IV (Sigma,
Santa Clara, CA, USA)] for an additional 10 min. The liver was then
removed and placed in a culture dish containing HBSS and gently
shaken to collect the digested cells. Cell suspensions were filtered
through a sterile 70‐μm nylon cell strainer (BD, Franklin Lake, NJ,
USA) to remove undigested and connective tissues. The cells were
centrifuged for 3 min at 50 × g (4 °C). The supernatant containing
Kupffer cells was centrifuged at 500 × g for 5 min (4 °C) to collect
the pellets, which were then resuspended in HBSS and subjected
to two‐step Percoll gradient (25%/50%) centrifugation at 1300 × g
for 20 min (4 °C). Cells were collected from the 25% to 50% Percoll
gradients, rinsed and cultured in RPMI‐1640 supplemented with
10% FBS and 1% penicillin-streptomycin for 2 h. Nonadherent cells
were removed by replacing the medium prior to experimentation.

Flow cytometric analysis of macrophage purity and apoptosis
The percentage of F4/80- and CD11b-positive cells was deter-
mined using flow cytometry. Briefly, a Kupffer cell suspension was
obtained by digestion with 0.25% trypsin for 5 min, and the
precipitate was obtained by centrifugation at 800 r/min for 5 min
and then incubated with 10% normal goat serum to block
nonspecific protein–protein interactions. The cells were then
incubated with the antibody of interest (1:100 dilution) at 22 °C for
30min. For the apoptosis assay, an Annexin V-FITC/PI apoptosis kit
and cell cycle detection kit were used to assess the level of
apoptosis in macrophages. For apoptosis detection, cells were
rinsed in PBS after drug treatment and were then resuspended in
a combination buffer containing FITC reagent before being
incubated in the dark at room temperature for 15min. Finally, PI
was added to cells. The data were collected using a flow
cytometer (Beckman Coulter, California, CA, USA) and were
analyzed using FlowJo software.

Cell viability assay
We seeded primary Kupffer cells into 96-well plates, and the
adherent cells were cultured for 24 h. Next, the cells were exposed
to 100 μL of culture medium supplemented with or without LPS
(1 μg/mL) for 6 h. Drug-free medium served as the control. Finally,
we added CCK-8 reagent (10 ng/mL) to the cells and incubated
them for 3 h. Then, we measured the absorbance of the enzyme
marker at 450 nm to determine the cell viability. The cell inhibition
rate was calculated as described previously [20].

Biochemical analysis
Blood samples were collected by cardiac puncture and centri-
fuged at 3000 r/min for 15 min using a high-speed centrifuge to
obtain serum. Serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) levels were measured using ALT and AST
assay kits (Jiancheng, Nanjing China), respectively [24].

Histopathology
Fresh liver tissues were first fixed with 4.0% formalin buffer for 24
h to stabilize the tissue. Paraffin embedding was performed using
standard techniques. Sections with a thickness of 4 µm were
stained with hematoxylin and eosin and then observed under a
microscope. The pathological scores of liver tissues were
calculated as described by Suzuki et al. [25]. The scoring
parameters included congestion, edema, cytoplasmic vacuoliza-
tion, and necrosis of hepatic cells. The highest possible score was
4 points.

TUNEL staining
To examine cell apoptosis in liver tissues, a TUNEL staining kit
(Beyotime, Shanghai, China) was used to stain paraffin sections of
liver tissues according to the protocol provided by the
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manufacturer. Moreover, hepatocyte nuclei were stained with
DAPI (blue). Cells in the liver sections were visualized with a
fluorescence microscope at a magnification of ×40 [26].

Enzyme-linked immunosorbent assay (ELISA)
Serum and supernatant levels of TNF-α, IL-6, and IL-1β were
analyzed using ELISA kits (R&D Systems, Minneapolis, MN, USA)
according to the instructions of the manufacturer.

Carbonyl assay
To determine the levels of oxidative proteins in mouse livers,
hepatic protein carbonyl levels were analyzed using a carbonyl
protein detection kit (Solarbio, Beijing, China) according to the
manufacturer’s procedure. Briefly, tissue samples were finely
minced in lysis buffer. The supernatant containing the proteins
was collected after centrifugation at 5000 × g for 10 min. Next, the
proteins were incubated in the reaction buffer in the dark at 37 °C
for 1 h and were then precipitated by the addition 20%
trichloroacetic acid solution. We further incubated the precipitate
at room temperature for 15min, followed by centrifugation at 12
000 × g for 10min at 4 °C. After that, the precipitate was washed
three times. Finally, 6 M guanidine HCl was added to dissolve the
pellets, followed by incubation at 37 °C for 30 min. After the
precipitate was completely dissolved, the solution was centrifuged
at 12,000 × g for 15min. The maximum absorbance (370 nm) of
the supernatant was measured and compared to the correspond-
ing blanks, and the carbonyl level was calculated using the molar
absorption coefficient of 22000mol/L per cm [27].

Caspase 3 assay
To determine the rate of apoptosis in liver cells, the enzymatic
activity of apoptosis-induced caspase 3 was measured with a
caspase 3 assay kit (BestBio, Shanghai, China) according to the
manufacturer’s protocol. Briefly, tissue samples were finely minced
in lysis buffer and incubated at room temperature for 15 min.
Next, the supernatant was collected after centrifugation at
12,000 × g for 15min at 4 °C. Caspase 3 activity was measured in
a 96-well plate, and each well contained 50 μL of lysate, 40 μL of
assay buffer, and 10 μL of caspase 3 colorimetric substrate
reagent. The plate was incubated at 37 °C for 4 h. Finally, the
absorbance of each well was measured at 405 nm using a
microplate reader. Protein levels were estimated using the BCA
method [28].

Determination of NF-κB expression in liver tissue using
immunohistochemistry
Briefly, sections of liver tissues were dewaxed prior to dehydration.
Next, 3% H2O2 was used to eliminate endogenous peroxidase
activity in the liver tissues, after which antigen repair was
performed using the proteinase k method. Subsequently, liver
sections were incubated with goat serum for 1 h and then with p-
NF-κB (1: 300) antibodies overnight at 4 °C. Next, we washed the
sections with TBST three times and incubated them with a rabbit
IgG secondary antibody at 37 °C for 60 min. The sections were
developed with diaminobenzidine and then stained with hema-
toxylin to reveal the cell nuclei. The percentage of p-NF-κB-
positive cells was determined using ImageJ software.

Quantitative real-time PCR to detect mRNA expression
Total RNA was extracted from primary Kupffer cells and liver
tissues using an RNAiso Plus kit (Takara, Japan) according to the
manufacturer’s protocol. We reverse transcribed the isolated RNA
into cDNA using the PrimeScript™ RT reagent kit (Takara, Japan).
Next, qPCR was conducted using a SYBR Premix Ex Taq kit on a
QuantStudio™ 5 system (Thermo, USA). The amplification condi-
tions included initial denaturation at 95 °C for 10 s, followed by 40
cycles at 95 °C for 5 s and at 60 °C for 20 s. GAPDH was used as the
control gene. The relative expression levels were estimated using

the 2−ΔΔCt method. The primers used were synthesized by Sangon
(Shanghai, China), and the sequences are listed in Table 1 [28].

Western blotting
Protein extracts from whole cell and liver tissue samples were
separated on SDS-PAGE gels and transferred onto polyvinylidene
fluoride (PVDF) membranes (Millipore, Massachusetts, MA, USA).
The membranes were blocked with 5% skimmed milk in Tris-
buffered saline-Tween (TBST) for 1 h. After being blocked, the
membranes were probed overnight at 4 °C with anti-TLR4 (1:1000),
anti-MyD88 (1:1000), anti-NF-κB (1:1000), anti-p-NF-κB (1:1000),
anti-caspase 3, anti-Bax (1:1000), anti-Bcl-2 (1:1000), and anti-
GAPDH (1:10,000) antibodies. Subsequently, the PVDF membranes
were washed three times in TBST and then incubated for 1 h at
room temperature with HRP-labeled secondary antibodies. Protein
bands were visualized using enhanced chemiluminescence
reagents with GAPDH or β-actin as the internal control [28].

Statistical analysis
The data are presented as the mean ± SEM. Differences between
multiple treatments were analyzed by analysis of variance
(ANOVA), and the means were separated by Tukey’s test (post
hoc analysis). A value of P < 0.05 was considered statistically
significant.

RESULTS
General biometric properties of WT and TLR4−/− mice
LPS administration had no effect on body weights (BWs) in any
mouse group. In addition, TLR4 deficiency had no effect on body
or organ weights. LPS markedly increased heart weight (HW) and
liver weight (LW) and elevated the ratios of HW to BW (HW:BW)
and LW to BW (LW:BW) (P < 0.05 vs. the WT group). However, the
effect of LPS was alleviated by TLR4 deficiency (Table 2).

Effects of TLR4 deficiency on LPS-induced hepatic pathological
and biochemical parameters
ELISA analysis of biochemical indices (ALT/AST) and carbonyl
protein assays were conducted to explore the impact of TLR4 on
LPS-induced brachy-chronic liver injury. We examined the
functions and oxidative damage of liver tissues in each group.
The results showed that serum ALT and AST levels and the
expression of carbonyl protein in the liver, were significantly
increased following LPS administration (P < 0.05 vs. the WT group),

Table 1. RT-PCR primer sequences for TLR4, Myd88, NF-κB, TNF-α,
IL-1β, and IL-6.

Primer Sequence (5′→ 3′)

TLR4 Forward ATGGCATGGCTTACACCACC

Reverse GAGGCCAATTTTGTCTCCACA

MYD88 Forward TCATGTTCTCCATACCCTTGGT

Reverse AAACTGCGAGTGGGGTCAG

NF-κB Forward ATGGCAGACGATGATCCCTAC

Reverse TGTTGACAGTGGTATTTCTGGTG

TNF-α Forward GGACTAGCCAGGAGGGAGAACAG

Reverse GCCAGTGAGTGAAAGGGACAGAAC

IL-1β Forward CACTACAGGCTCCGAGATGAACAAC

Reverse TGTCGTTGCTTGGTTCTCCTTGTAC

IL-6 Forward AGCCCACCAAGAACGATAGTCAATTC

Reverse GTCACCAGCATCAGTCCCAAGAAG

GAPDH Forward GGTTGTCTCCTGCGACTTCA

Reverse TGGTCCAGGTTTCTTACTCC
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although the effect of LPS was attenuated by TLR4 knockout. TLR4
deficiency had no impact on serum ALT or AST levels or carbonyl
protein expression in the liver (Fig. 1c–e).
In the WT and TLR4−/− groups, the morphological structure of

the liver lobules was clear, with liver cells exhibiting a neat
architecture, normal size, and little inflammatory cell infiltration.
However, in the WT-LPS group, the morphology of the hepatic
lobules was abnormal, and the hepatocytes were disorderly
arranged. Additionally, we observed marked necrosis of liver cells
and scattered inflammatory cell infiltration. The structure of
hepatic lobules in the livers of TLR4−/−-LPS mice was clearer than
that in the livers of WT-LPS mice. Moreover, inflammatory cell
infiltration was decreased (Fig. 1a). The pathological score of liver
tissues in the WT-LPS group was markedly higher (P < 0.05) than
that in the WT group; however, the liver pathology score in the
TLR4−/−-LPS group was lower than that in the WT-LPS group (P <
0.05) (Fig. 1b).

Effects of TLR4 deficiency on LPS-induced changes in the TLR4/
MyD88/NF-κB signaling pathway
The TLR4/MyD88 signaling pathway regulates NF-κB, a crucial
intracellular modulator of inflammation and cell death in the liver

under different pathological conditions [29]. Hence, we examined
the effect of TLR4 deficiency on the expression of TLR4 and MyD88
and the phosphorylation of NF-κB at 6 h following LPS adminis-
tration (n= 5 or 6 per group). Consequently, LPS administration
markedly upregulated the levels of TLR4, MyD88, and NF-κB
phosphorylation. However, TLR4 knockout led to a marked
decrease in LPS-induced TLR4, MyD88, and NF-κB activation (P <
0.05) (Fig. 2a–f). Furthermore, we conducted an immunohisto-
chemical staining assay to assess the effect of TLR4 deficiency on
the expression of p-NF-κB at 6 h following LPS administration.
Compared with those of untreated-LPS mice, liver tissue sections
of WT-LPS mice exhibited higher levels of p-NF-κB. However, TLR4
deficiency led to a marked reduction in the levels of nuclear p-NK-
κB (P < 0.05).

Effects of TLR4 deficiency on LPS-induced changes in
proinflammatory cytokines
Studies have shown that the overexpression of inflammatory
cytokines is critically involved in the occurrence and development
of LPS-associated ALI [7, 30]. Therefore, we performed ELISA
and qPCR to examine the expression levels of TNF-α, IL-6, and
IL-1β in the liver and serum (Fig. 3a–f). Consequently, TLR4
deficiency did not affect the levels of TNF-α, IL-1β, and IL-6 in
the liver or serum (P > 0.05). However, compared to those of the
WT group, the expression levels of IL-6, IL-1β, and TNF-α
in the liver and serum were markedly increased after LPS
administration (P < 0.05). In contrast, the levels of IL-1β, TNF-α,
and IL-6 in the liver and serum were markedly decreased in the
TLR4−/−-LPS group compared with the WT-LPS group after LPS
administration.

Effects of TLR4 deficiency on LPS-induced changes in hepatocyte
apoptosis
Caspase 3 activity assays, TUNEL staining and Western blotting
were performed to evaluate the impact of TLR4 deficiency on
hepatocyte apoptosis (Fig. 4a–e). We hypothesized that TLR4
deficiency exerted hepatoprotective effects against LPS-induced

Table 2. Biometric parameters of WT and TLR4−/−mice treated with
LPS or saline.

Parameter WT WT-LPS TLR4−/− TLR4−/−-LPS

Body weight (g) 24.1 ± 0.8 23.9 ± 0.7 24.1 ± 0.7 24.2 ± 0.8

Heart weight (mg) 132 ± 4 154 ± 7* 134 ± 4 139 ± 7#

Heart/body weight (mg/g) 5.50 ± 0.18 6.43 ± 0.31* 5.55 ± 0.17 5.75 ± 0.24#

Liver weight (g) 1.34 ± 0.05 1.52 ± 0.12* 1.33 ± 0.03 1.38 ± 0.05#

Liver/body weight (mg/g) 55.8 ± 2.0 63.5 ± 4.1* 54.9 ± 2.3 56.9 ± 3.0#

Mean ± SEM, n= 10–12 mice per group.
*P < 0.05 vs. WT group.
#P < 0.05 vs. WT-LPS group.

Fig. 1 Effect of TLR4 deficiency on LPS-induced hepatic pathological and biochemical parameters.Mice were challenged with saline or LPS
(4mg/kg, 6 h). a Liver samples were stained with H&E for histological assessment, and representative images from each group are shown
(original magnification, ×200). b Histopathological scores. c Levels of oxidative carbonyl proteins in liver tissues in the groups. Serum levels of
ALT (d) and AST (e) were measured at 6 h after intraperitoneal injection of LPS. Mean±SEM, n= 6–8 mice in each group; *P < 0.05 between the
indicated groups.
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injury. LPS administration led to marked increases in caspase 3
activity, the number of TUNEL-positive cells, and the level of Bax,
in association with a marked decrease in the level of Bcl-2 (P < 0.05

vs. the WT group), and these effects were attenuated by TLR4
deficiency. Notably, TLR4 deficiency did not directly influence
these apoptotic biomarkers.

Fig. 3 Impact of TLR4 knockout (TLR4−/−) on LPS-induced effects on hepatic and serum markers of inflammation. a Serum IL-6 levels.
b Serum IL-1β levels. c Serum TNF-α levels. d Hepatic IL-6 mRNA levels. e Hepatic IL-1βmRNA levels. f Hepatic TNF-αmRNA levels. Mean ± SEM,
n= 4–7 mice in each group; *P < 0.05 between the indicated groups.

Fig. 2 Western blot results showing the expression of TLR4 and its downstream targets and the IHC analysis results showing the level of
NF-κB in liver tissue in the indicated groups. a Representative gel blots showing the levels of TLR4, MyD88, NF-κB, and p-NF-κB (GAPDH as
the loading control). b Representative images showing the binding of p-NF-κB antibody and DAPI (original magnification, ×400). c TLR4
expression. d MyD88 expression. e NF-κB phosphorylation (p-NF-κB-to-NF-κB ratio). f Quantitative results showing p-NF-κB-positive cells.
Mean±SEM, n= 4–8 mice in each group; *P < 0.05 between the indicated groups.
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Effects of TLR4 deficiency on LPS-induced injury in primary liver
macrophages in vitro
To examine the effect of TLR4 deficiency on LPS-induced acute
injury in hepatic macrophages, Kupffer cells were isolated from
the livers of WT and TLR4−/− mice. Cells were identified by flow
cytometry after being labeled with specific antibodies in vitro. F4/
80 and CD11b are the most commonly used markers for
macrophages [31]. Based on our results, it was noted that the
percentage of F4/80-positive cells was greater than 85%, which
validated the high purity of the isolated primary macrophages.
Moreover, the percentage of F4/80 and CD11b double-positive
cells showed the levels of primary macrophage differentiation
(Fig. 5a, b). LPS stimulation was used to establish a septic
macrophage model. We next assessed the effect of TLR4
deficiency on LPS-induced cell viability using a CCK-8 assay. Our
results indicated that LPS administration significantly reduced the
viability of Kupffer cells, and the effect was mitigated by TLR4
deficiency (P < 0.05). TLR4 deficiency had little overt effect on cell
morphology or viability in the absence of LPS challenge (Fig. 5c).

Effects of TLR4 deficiency on LPS-induced changes in the TLR4/
MyD88/NF-κB signaling pathway in vitro
LPS elevated the protein and mRNA levels of TLR4 and MyD88 and
the phosphorylation of NF-κB in primary Kupffer cells (P < 0.05 vs.
the WT group). Intriguingly, this effect was abolished by TLR4
deficiency with little effect on TLR4 ablation itself (Fig. 6a–f).

Effects of TLR4 deficiency on proinflammatory cytokines following
LPS administration in vitro
LPS administration significantly increased the protein and mRNA
levels of TNF-α, IL-6, and IL-1β in primary Kupffer cells (P < 0.05 vs.
the WT group), and the effect was abrogated by TLR4 deficiency
with little effect on TLR4 ablation itself (Fig. 7a–f).

Effects of TLR4 deficiency on apoptotic proteins following LPS
administration in vitro
LPS significantly elevated the total number of apoptotic cells,
caspase 3 activity, and Bax expression. Moreover, LPS

downregulated the level of Bcl-2 in primary Kupffer cells (P <
0.05 vs. the WT group). TLR4 deficiency ablated these LPS-induced
effects with little effect on apoptosis (Fig. 8a–d).

DISCUSSION
Sepsis-induced ALI is one of the most destructive types of organ
dysfunctions associated with severe sepsis and induces serious
health problems [32]. The mouse model of LPS-induced sepsis is
an accepted animal model that has been used to study
mechanisms related to ALI during sepsis [11, 12]. Notably,
TLR4 signaling is crucially involved in sepsis-induced inflammatory
and immune responses [7, 16]. Herein, a mouse model of LPS-
induced sepsis was established to discern the potential effect of
TLR4 expression on LPS-induced ALI in mice with sepsis.
In this study, TLR4 deficiency alleviated adverse changes in

hepatic biochemical indices and liver morphology. In addition,
TLR4 deficiency inhibited proinflammatory cytokine expression, as
well as hepatic apoptosis, following LPS administration. These
results suggest that TLR4 knockout protects against LPS-induced
ALI by reducing inflammation. In particular, TLR4 mediates
proinflammatory cytokine production and apoptosis. Importantly,
our data showed that LPS-induced changes in the inflammatory
response and hepatocyte apoptosis are tightly associated with
activation of the TLR4 signaling cascade and the phosphorylation
of NF-κB. Furthermore, the results of our in vitro experiment
indicate that TLR4 knockout protects against Kupffer cell damage
by suppressing inflammation and apoptosis. These results are
consistent with the hypothesis that the TLR4 signaling pathway
is vitally involved in altered susceptibility to LPS-induced
macrophage inflammation and apoptosis in the context of
TLR4 deficiency. Collectively, these findings reveal that
TLR4 knockout protects against LPS-induced dysfunctional inflam-
matory responses, particularly TLR4/MyD88/NF-κB-mediated
proinflammatory factor production and apoptosis, ultimately
attenuating sepsis-induced ALI.
Several studies have reported the presence of unfavorable

changes in hepatic liver enzymes and morphology during sepsis

Fig. 4 Impact of TLR4 knockout (TLR4−/−) on LPS-induced hepatocyte apoptosis. Apoptosis in hepatic tissues was determined by TUNEL
assays, caspase 3 activity assays, and Western blotting, and the results show the expression of apoptosis-associated proteins. a Representative
TUNEL staining images for each group (original magnification, ×400). b The number of TUNEL-positive cells in each group. c Caspase 3 activity.
d Bcl-2 expression. e Bax expression. Mean ± SEM, n= 6–8 mice in each group; *P < 0.05 between the indicated groups.
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[33–36]. Studies have shown that elevated aspartate transaminase
(AST) and ALT in plasma are typical manifestations of liver injury.
Therefore, these factors are used clinically to assess the degree of
acute hepatocyte injury and early liver dysfunction [37]. In this
study, the biochemical, morphological, and mechanical features of
macrophages indicated that LPS administration elevated serum
ALT and AST levels, disrupted the structure of liver tissue (due to
profound inflammatory cell infiltration), significantly reduced
macrophage viability, and prolonged the cell cycle. Furthermore,
our HE staining results revealed that TLR4 deficiency reduced LPS-
induced hepatic pathological changes. Protein carbonyl is an
indicator of protein oxidation [38]. In our study, increased levels of
protein carbonyl were observed in hepatocytes from LPS-treated
mice, and this effect was abolished by TLR4 knockout. These
findings suggest that TLR4 deficiency has a protective function in
LPS-induced ALI.
Accumulating evidence has shown that sepsis activates the

TLR4/MyD88 signaling pathway to induce NF-κB phosphorylation,
leading to the secretion of many inflammatory factors [7, 39, 40].
Our current findings also indicate that TLR4 plays a vital role in the
development of LPS-associated ALI [7]. When bacteria enter the
circulation, they first activate the TLR4 signaling cascade and
promote the transduction of target proinflammatory genes
through the phosphorylation of NF-κB. This results in the release
of several inflammatory factors (TNF-α, IL-6, and IL-1β), which
induce apoptosis, eventually leading to liver damage and
dysfunction [29]. Herein, we examined the effect of TLR4 knockout
on LPS-associated ALI and the prospective molecular mechanisms.
Our in vivo and in vitro results indicate that TLR4 deficiency
abrogates the increases in LPS-induced TLR4 and MyD88

expression and NF-κB phosphorylation. Moreover, TLR4 deficiency
attenuates LPS-mediated changes in proinflammatory cytokines
(IL-6, TNF-α, and IL-1β). These findings are consistent with those of
other studies indicating that TLR4/MyD88 induces hepatoprotec-
tion by modulating host immune homeostasis, thereby preventing
sepsis [13, 40]. TLR4/MyD88 induces the phosphorylation of NF-κB
and prevents organ damage during sepsis [30, 41, 42]. NF-κB
activation was shown to overtly promote the synthesis of
proinflammatory cytokines [34]. The production of proinflamma-
tory cytokines, including TNF-α, IL-1β, and IL-6, triggers ALI.
Furthermore, several studies have reported that the levels of these
proinflammatory cytokines are markedly elevated in injured livers
[43, 44]. Similarly, in our mouse and macrophage models of LPS-
induced sepsis, we found significant increases in the protein and
mRNA levels of IL-6, TNF-α, and IL-1β in hepatic cells. In contrast,
the levels of these cytokines were markedly decreased in the TLR4-
knockout (TLR4−/−) group. Moreover, the variations in proinflam-
matory cytokines (IL-1β, IL-6, and TNF-α) coincided with the
phosphorylation of NF-κB in response to LPS administration and
TLR4 knockout. Briefly, these data suggest that TLR4 deficiency has
a protective effect on LPS-induced inflammation in the liver.
Apoptosis plays an indispensable role in liver diseases, including

cholestatic liver injury, alcoholic hepatopathy, diabetic hepato-
pathy, and sepsis-associated liver injury [45–48]. In sepsis,
endotoxin first stimulates Kupffer cells to secrete TNF-α, which
further binds to liver cells and their receptors. The resulting signal
is then transduced through multiple signaling cascades, including
the Fas/Apo-1 axis, TNF-α, and its receptor-mediated cascade, and
the oxidant-mediated cascade. Finally, apoptotic signals are
transmitted to activate caspase 3, leading to the induction of

Fig. 5 Effect of TLR4 knockout (TLR4−/−) on cell viability in primary hepatic macrophages following LPS exposure (1 μg/mL, 6 h).
a Representative flow cytometry result showing F4/80 and CD11b staining. b The percentages of F4/80+ cells and F4/80+CD11b+ cells. c The
viability of Kupffer cells in each group was determined by CCK-8 assays. Mean ± SEM of three independent experiments, *P < 0.05 between the
indicated groups.
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Fig. 6 Effect of TLR4 knockout (TLR4−/−) on the protein and mRNA levels of factors involved in the TLR4/MyD88/NF-κB pathway in
isolated primary hepatic macrophages following LPS exposure (1 μg/mL, 6 h). a The protein expression of TLR4. b The protein expression of
MyD88. c The level of phosphorylated NF-κB. d The mRNA expression of TLR4. e The mRNA expression of MyD88. f The mRNA expression of
NF-κB. Insets: Representative gel blots showing the proteins of interest (GAPDH as a loading control). Mean ± SEM, n= three independent
experiments, *P < 0.05 between the indicated groups.

Fig. 7 Effect of TLR4 knockout (TLR4−/−) on the protein and mRNA levels of proinflammatory cytokines in isolated primary hepatic
macrophages following LPS exposure (1 μg/mL, 6 h). a IL-6 protein levels. b IL-1β protein levels. c TNF-α protein levels. d IL-6 mRNA levels.
e IL-1β mRNA levels. f TNF-α mRNA levels. Mean ± SEM, n= three independent experiments, *P < 0.05 between the indicated groups.
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hepatocyte apoptosis [49]. Activated caspase 3 is the chief
executor of apoptosis. Moreover, studies have shown that
excessive inflammation and oxidative stress caused by LPS
increase liver cell apoptosis and necrosis, eventually leading to
liver damage [50]. In this study, TLR4 deficiency abolished the
activation of sepsis-induced inflammatory pathway and apoptosis,
which was consistent with changes in proinflammatory cytokines
and protein carbonyl accumulation in the liver in vitro. This was
consistent with the findings of previous studies that revealed that
endotoxin induces the expression of proapoptotic markers,
including Bax and caspase 3, in the liver and macrophages and
contributes to liver injury [8, 51]. In the present study, apoptosis
levels in hepatic tissues were assessed in each group by
performing TUNEL assays. Consequently, TLR4 deficiency led to
a marked reduction in the number of TUNEL-positive cells in LPS-
challenged mice. Earlier evidence showed that the Bcl and caspase
families heavily govern the apoptotic process [52, 53]. In this
study, TLR4 deficiency decreased caspase 3 activity and the
expression of the apoptosis-related protein Bax. In contrast, TLR4
deficiency promoted the expression of the antiapoptotic protein
Bcl-2 in LPS-induced septic mice. Moreover, our in vitro results
showed that TLR4 deficiency led to a significant reduction in
apoptosis in isolated primary Kupffer cells following LPS challenge.
Further observations revealed that TLR4 deficiency downregulated
Bax expression and upregulated Bcl-2 expression. These results
reveal that TLR4 deficiency protects against LPS-induced ALI by
inhibiting apoptosis.
In conclusion, our data show that TLR4 deficiency protects

against LPS-induced ALI through a TLR4/MyD88/NF-κB-dependent
mechanism. This mechanism involves the interplay between the
activation of proinflammatory cytokines and apoptosis. TLR4
knockout alleviates liver damage by inhibiting activation of the
TLR4/MyD88/NF-κB signaling cascade in macrophages, thereby
reducing inflammation and apoptosis in the context of sepsis.
These findings provide new insights into the identification of
potential therapeutic targets to assist in the clinical management
of sepsis-induced ALI.
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