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Background: Sepsis-induced liver dysfunction is believed to be an independent risk factor for multiple 
organ dysfunction and death. Idebenone (IDE), a synthetic analog of coenzyme Q10 (CoQ10), possesses an 
antioxidizing property. The present study aimed to investigate the efficacy of IDE on sepsis-induced liver 
injury and discuss its reaction mechanism in vivo and in vitro.
Methods: To establish an in vivo model of sepsis-induced liver injury, rats were treated with high-
grade cecal ligation and puncture (CLP). Hematoxylin-eosin staining was applied to observe the liver 
pathological changes, and liver function was examined using alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) assay kits. Enzyme-linked immunosorbent assay (ELISA) kits were employed to 
assess the levels of inflammatory cytokines in serum and tissues. The activities of malondialdehyde (MDA), 
superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px) were analyzed using MDA, SOD, and 
GSH-Px assay kits, respectively. The apoptosis of liver tissues was measured by terminal deoxynucleotidyl 
transferase-mediated nick-end labeling (TUNEL) staining, and western blot was employed to estimate 
apoptosis-related proteins. In vitro, 0.5 μg/mL lipopolysaccharide (LPS) was adopted to administrate primary 
hepatocytes. The expressions of receptor for advanced glycation end products (RAGE)/p38-related proteins 
were evaluated by western blot. Cell counting kit-8 (CCK-8) and dichloro-dihydro-fluorescein diacetate 
(DCFH-DA) assays were utilized to estimate cell viability and reactive oxygen species (ROS) content. 
Moreover, the transfection efficacy of overexpression (Ov)-RAGE in primary hepatocytes was tested by real-
time quantitative polymerase chain reaction (RT-qPCR) and western blot.
Results: IDE could improve liver function and reduce sepsis-induced pathological damage. The levels 
of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6) in the serum and liver 
tissue of sepsis rats were suppressed by IDE. Additionally, IDE repressed the oxidative stress and apoptosis 
of liver tissues in sepsis-induced rats. IDE also inhibited RAGE/p38 signaling. Furthermore, IDE revived 
the decreased viability in LPS-induced hepatocytes concentration-dependently. After overexpressing RAGE, 
RAGE expression in hepatocytes was significantly elevated. Further functional experiments revealed that 
IDE attenuated cell viability injury, apoptosis, oxidative stress, and inflammatory damage in LPS-induced 
hepatocytes via RAGE/p38 signaling.
Conclusions: IDE helped to protect against sepsis-induced liver injury via the regulation of RAGE/p38 
signaling.
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Introduction

Sepsis is a major contributor to the death of hospitalized 
patients in the intensive care unit (ICU) (1). Sepsis diagnosis 
can be especially difficult due to the multiple comorbidities 
and underlying diseases of patients (2). As a syndrome that 
is characterized by dysregulated responses of the host to 
invading pathogens, sepsis can induce a variety of organ 
dysfunctions (3). In the process of systemic infections, the 
liver regulates the body’s immune defense by clearing the 
bacteria and producing acute phase proteins (APP) and 
cytokines (4). Compared with the incidence of failure of 
other organs, the incidence of sepsis-induced liver failure 
is lower due to its high regenerative capacity and ability to 
withstand damage (5). Nevertheless, liver dysfunction and 
failure are closely related to serious complications in sepsis. 
Fortunately, many drugs were found to be effective for the 
improvement of sepsis-induced liver injury. For example, 
metformin was testified to be effective in the alleviation of 
sepsis-related liver injury (6). Additionally, Hwang and co-
workers have testified that glucosamine improves survival 
of sepsis mice (7). Nevertheless, the efficacy of idebenone 
(IDE) on sepsis-related liver injury remains unknown.

As a synthetic analog of coenzyme Q10 (CoQ10), IDE 
acts as a critical antioxidant for the cell membrane and 
an elementary constituent of the adenosine triphosphate 
(ATP)-producing mitochondrial electron transport chain (8).  
A typical characteristic of IDE is its antioxidant capacity (9).  
The clinical safety of IDE is well-dpcumented and it 
has been currently used for the treatment of Freidrich’s 
ataxia and Alzheimer’s disease due to its high antioxidant 
capacity (10). To our knowledge, the functional role of 
IDE in numerous diseases has been widely discussed. 
For instance, IDE has been shown to help protect 

against rotenone-induced Parkinson’s disease (10).  
Qian et al. proposed that IDE could attenuate oxidative 
stress and neuroinflammation in rats with vascular 
dementia, which indicated the therapeutic potential of IDE 
for vascular dementia (11). Interestingly, IDE has also been 
found to protect against sepsis-induced lung damage (12). 
Nevertheless, whether IDE can alleviate sepsis-induced 
liver injury remains unknown.

The receptor for advanced glycation end products 
(RAGE), which belongs to the immunoglobulin superfamily, 
acts as a critical player under physiological and pathological 
conditions (13). Moreover, it is believed that RAGE is not 
only an inflammatory intermediary but also a key inducer 
of oxidative stress (14). It was reported previously that 
RAGE regulation is important for the improvement of 
sepsis-associated lung injury. For instance, RAGE inhibition 
pathways have been demonstrated to relieve inflammation 
in sepsis-induced acute lung liver (15). In addition, Zhang 
et al. reported that RAGE depletion promoted the release 
of inflammatory cytokines in sepsis-induced acute lung  
injury (16). Interestingly, the RAGE pathway also participates 
in the progression of sepsis-induced liver injury (17). 
Additionally, a previous study illustrated that IDE could 
repress RAGE pathway expression (18).

The present study was designed to investigate the 
efficacy of IDE on the inflammation and oxidative stress 
in sepsis-induced liver injury and reveal its hidden reaction 
mechanism. We present the following article in accordance 
with the ARRIVE reporting checklist (available at https://
atm.amegroups.com/article/view/10.21037/atm-22-5758/rc).

Methods

Rat model of sepsis-induced liver injury

Male Sprague-Dawley rats (230±20 g, 8-week-old) provided 
by the Laboratory Animal Center of China were housed in 
temperature-controlled cages with 12 h light/dark cycle for 
2 weeks. All rats were fed a standard pellet diet and water ad 
libitum. Varying concentrations of IDE were applied for the 
administration of rats (12). All rats were randomly separated 
into five groups (n=5): control group, sepsis group, 
sepsis + IDE 50 mg/kg group, sepsis + IDE 100 mg/kg  
group, and sepsis + IDE 200 mg/kg group. Before the 
cecal ligation and puncture (CLP) operation, the rats were 
anesthetized with 1% pentobarbital sodium (30 mg/kg 
body weight). Subsequently, a 2-cm incision was made on 
the abdominal wall and the cecum was exposed and ligated 
0.5 cm from the tip with a 4-0 silk suture. The distal cecum 
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was punctured using a 22-gauge needle to extrude a small 
quantity of fecal contents. After returning the cecum to the 
peritoneal cavity, 4-0 silk sutures were applied to close the 
two layers of the exposed abdominal wall. Next, 1 mL of 
normal saline was employed to resuscitate the rats. After 
24 h, 10 rats were euthanized and the collected blood was 
centrifuged at 3,000 rpm for 15 min at 4 ℃ to obtain the 
serum samples. The harvested live tissues were immediately 
stored at −80 ℃.

A protocol was prepared before the study without 
registration. The animal experiments was conducted in 
Zhaofenghua Biotechnology (Nanjing) Co., Ltd. Animal 
experiments were performed under a project license (No. 
IACUC-20210408-01) granted by the Ethics Committee 
of Zhaofenghua Biotechnology (Nanjing) Co., Ltd., in 
compliance with the Zhaofenghua Biotechnology (Nanjing) 
Co., Ltd. guidelines for the care and use of animals.

Serum preparation

A non-heparinized capillary tube was applied to extract 
blood from the medial epicanthus of the rats’ eyes. Blood 
centrifugation was conducted at 1,000 ×g for 30 min in a 
cooling centrifuge, followed by collection in Eppendorf 
tubes. The blood, which was stored at −20 ℃, was utilized 
to measure the serum alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), tumor necrosis factor-α 
(TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6).

Liver tissue preparation

After euthanasia, the collected livers were separated into 
three portions. A 10% liver homogenate in normal saline 
was prepared using a homogenizer. The first portion 
was then centrifuged at 1,000 ×g for 15 min at 4 ℃. The 
collected supernatant was applied to estimate the levels of 
TNF-α, IL-1β, IL-6, malondialdehyde (MDA), superoxide 
dismutase (SOD), and glutathione peroxidase (GSH-Px). To 
assess Bcl-2, Bax, and cleaved caspase3, the second portion 
was stored at −80 ℃. For histopathological examination, the 
third portion was maintained in a 10% formalin solution in 
normal saline.

Cell culture

Primary hepatocytes provided by Geneline Bioscience 
(Shanghai, China) were cultivated in Dulbecco’s modified 
Eagle medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS, Guangzhou Perseco Biotechnology 
Co., Ltd., Guangzhou, China) and 1% antibiotics at 37 ℃ 
in the presence of 5% CO2. A sepsis-induced liver injury 
model was established by administering primary hepatocytes 
with 0.5 μg/mL lipopolysaccharide (LPS) for 24 h.

Cell transfection

Plasmids carrying the RAGE gene [overexpression (Ov)-
RAGE] and its corresponding negative control (Ov-NC) 
were constructed by GenePharma (Shanghai, China). The 
above-mentioned plasmids were transfected into primary 
hepatocytes using Lipofectamine 2000 (Invitrogen, CA, 
USA) for 24 h. After 24 h, the transfection efficacy was 
tested utilizing real-time quantitative polymerase chain 
reaction (RT-qPCR) and western blot.

Hematoxylin-eosin (HE) staining

The histopathological examination of the liver sections was 
carried out according to the method described in a previous 
study (19). Briefly, the liver tissues were fixed with formalin, 
embedded in paraffin, and then stained using HE. A light 
microscope (Thermo Fisher Scientific, Inc., Shanghai, 
China) was used for observation.

Measurement of ALT and AST

The levels of ALT and AST were estimated using ALT 
and AST assay kits strictly according to the manufacturer’s 
suggested protocol.

Enzyme-linked immunosorbent assay (ELISA)

To evaluate the release of inflammatory cytokines, the levels 
of TNF-α, IL-1β, and IL-6 in the serum and liver tissue 
were appraised using ELISA kits according to the standard 
recommendations. The optical density was determined at 
450 nm and the inflammatory cytokines were calculated 
using the standard curve.

Measurement of MDA, SOD, and GSH-Px

The contents of MDA, SOD, and GSH-Px in the 
liver tissues and cell suspensions were measured using 
MDA, SOD, and GSH-Px assay kits according to the 
recommended specifications, which were all provided by the 
Nanjing Jiancheng Bioengineering Institute (China).
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Terminal deoxynucleotidyl transferase-mediated nick-end 
labeling (TUNEL) staining

The effects of IDE on the apoptosis of LPS-induced 
hepatocytes were evaluated using a TUNEL assay kit 
(Invitrogen; Thermo Fisher Scientific, Inc., Shanghai, China) 
strictly according to the manufacturers’ specifications. Briefly, 
the hepatocytes were subjected to 4% paraformaldehyde 
embedding and 0.25% Triton-X 100 permeabilization. 
Subsequently, the phosphate-buffered saline (PBS)-rinsed 
cells were exposed to a TUNEL reaction solution for 1 h 
and 4',6-diamidino-2-phenylindole (DAPI) was applied to 
counterstain the cell nuclei. Lastly, a fluorescent microscope 
(Olympus Corporation, Beijing, China) was employed to 
capture the apoptotic cells in five randomly selected fields.

Western blot

Liver tissue was homogenized in lysis buffer and centrifuged 
at 13,200 rpm for 20 min. Primary hepatocytes were lysed 
in Nonidet P-40 lysis buffer (Thermo Fisher Scientific, Inc., 
Shanghai, China). Following separation with 8% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), the proteins were transferred onto polyvinylidene 
fluoride (PVDF) membranes. Subsequently, the PVDF 
membranes were blocked using 5% non-fat milk or 5% 
bovine serum albumin (BSA) and subsequently cultivated 
with primary antibodies targeting Bcl-2 (ab196495; 1:1,000; 
Abcam, Shanghai, China), Bax (ab32503; 1:1,000; Abcam), 
cleaved caspase3 (19677-1-AP; 1:10,000; Proteintech, 
Wuhan, China), RAGE (ab216329; 1:1,000; Abcam), 
phosphorylated (p)-p38 (ab195049; 1:1,000; Abcam), 
p38 (ab170099; 1:1,000; Abcam), or glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (ab181602; 1:10,000; 
Abcam) overnight at 4 °C. Thereafter, they were subjected 
to horseradish peroxidase (HRP)-labeled rabbit anti-rat 
secondary antibody (ab6734; 1:1,000; Abcam) or HRP-
labeled rabbit anti-mouse secondary antibody (ab6728; 
1:2,000; Abcam) at room temperature for 2 h. Finally, 
enhanced chemiluminescence (ECL) (Yeasen Biotech, 
Shanghai, China) and Image J software (version 146, 
National Institutes of Health, USA) were adopted for the 
visualization and analysis of the protein bands.

Cell counting kit-8 (CCK-8)

The viability of primary hepatocytes was estimated using 
CCK-8. Initially, the primary hepatocytes were inoculated 

into 96-well plates at a density of 5×103 cells/well and then 
cultivated for 24 h. Next, 10 μL of CCK-8 reagent (Beyotime, 
China) was added into each well to further cultivate the 
cells for another 3 h. Lastly, the optical density value was 
measured at 450 nm using a microplate reader (Shenzhen 
Ziker Biotechnology Co., Ltd., Shenzhen, China).

RT-qPCR

RNA extracted from the sample cells with Trizol® reagent 
(Guangzhou Saiyan Biotechnology Co., Ltd., Guangzhou, 
China) was synthesized into complementary DNA (cDNA) 
using a commercial RevertAidTM cDNA Synthesis kit 
(Beijing Think-Far Technology Co., Ltd., Beijing, China). 
QPCR was performed using the SYBR Premix Ex TaqTM 
II kit (Thermo Fisher Scientific, Inc.) according to the 
standard protocol. The following requirements for PCR 
were applied: initial denaturation at 95 ℃ for 8 min; 
denaturation at 95 ℃ for 25 sec; annealing at 60 ℃ for 
30 sec; extension at 72 ℃ for 30 sec; and final extension 
at 72 ℃ for 10 min. A comparative cycle threshold (Ct) 
method was applied to assess the relative gene expressions. 
The primer sequences were as follows: RAGE forward 
primer: 5'-CCTCCCCAATGGTTCACTCC-3', reverse 
primer: 5'-AGCGACTGTTCCACCTTCAG-3', or 
GAPDH forward primer:  5 '-TGTGGGCATCAA 
TGGATTTGG-3', reverse primer: 5'-ACACCATGTATT 
CCGGGTCAAT-3'.

Reactive oxygen species (ROS) measurement

Primary hepatocytes were injected into a 96-well plate 
and then cultivated with dichloro-dihydro-fluorescein 
diacetate (DCFH-DA) solution (1:1,000). The ROS content 
was decided at wavelengths of 488 and 525 nm using a 
fluorescence microplate reader. The control group served 
as the baseline absorbance value to demonstrate the average 
fluorescence intensity of each group.

Statistical analysis

All collected data were presented as the mean ± standard 
deviation and analyzed using GraphPad Prism software 
(version 8.0; GraphPad Software, Inc., USA). One-way 
analysis of variance (ANOVA) with Tukey’s post hoc test 
was employed to compare multiple groups. A P value less 
than 0.05 indicated that the experimental data were of 
statistical significance.
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Results

IDE improved liver function and alleviated sepsis-induced 
pathological damage

Compared to the control group, the liver pathological score 
was markedly elevated after sepsis induction (Figure 1A).  
However, this was reduced by IDE treatment in a 
concentration-dependent manner, indicating that IDE could 
alleviate liver pathological damage. Also, in contrast to the 
control group, sepsis stimulation elevated the expressions 
of ALT and AST, while IDE treatment exerted the opposite 
effect on them, as evidenced by the decreased levels of ALT 
and AST in sepsis-induced rats with IDE administration 
(50, 100, and 200 mg/kg). This result implied that IDE 
administration could improve liver function following 
sepsis-induced damage (Figure 1B,1C).

IDE inhibited the levels of inflammatory cytokines in the 
serum and liver tissues of sepsis-induced rats

As shown in Figure 2A, the levels of TNF-α, IL-1β, and IL-6 
in the serum were significantly increased by sepsis induction 

compared to those in the control group. However, in 
contrast to the sepsis group, the levels of these inflammatory 
cytokines were reduced by IDE administration in a 
concentration-dependent manner. Similarly, compared to 
the sepsis group, the increased levels of TNF-α, IL-1β, and 
IL-6 in sepsis-induced liver tissues were also diminished 
following the administration of IDE (Figure 2B). The above 
results showed that IDE treatment exerted a suppressive 
effect on the inflammatory response in sepsis-induced rats.

IDE inhibited the level of oxidative stress in liver tissues of 
sepsis-induced rats

Compared to the control group, sepsis  induction 
remarkably elevated MDA activity but inhibited the 
activities of SOD and GSH-Px in the liver tissues. However, 
compared to the sepsis group, IDE treatment decreased 
the activity of MDA and partially enhanced the activities of 
SOD and GSH-Px in a concentration-dependent manner 
(Figure 3A-3C). Collectively, these results demonstrate that  
IDE repressed the oxidative stress in liver tissues of sepsis-
induced rats.

Figure 1 IDE improved liver function and alleviated sepsis-induced pathological damage. (A) The liver pathological damage was examined 
with HE staining. (B,C) The liver function was tested using ALT and AST assay kits. ***P<0.001 vs. control group; ##P<0.01, ###P<0.001 vs. 
sepsis group. ALT, alanine aminotransferase; ns, not significant; AST, aspartate aminotransferase; IDE, idebenone; HE, hematoxylin-eosin.
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Figure 2 IDE inhibited the levels of inflammatory cytokines in the serum and liver tissues of sepsis-induced rats. (A) The levels of TNF-α, 
IL-1β, and IL-6 in the serum were detected using an ELISA assay kit. (B) The levels of TNF-α, IL-1β, and IL-6 in liver tissues were 
detected using an ELISA assay kit. ***P<0.001 vs. control group; #P<0.05, ##P<0.01, ###P<0.001 vs. sepsis group. TNF-α, tumor necrosis 
factor-α; IL-1β, interleukin-1β; ns, not significant; IL-6, interleukin-6; IDE, idebenone; ELISA, enzyme-linked immunosorbent assay.

IDE inhibited the apoptosis of liver tissue cells in  
sepsis-induced rats

Compared to the sepsis group, the sepsis-induced promotion 
of apoptosis of liver tissue cells was diminished after IDE 
administration (Figure 4A). In addition, sepsis induction 
decreased Bcl-2 expression but dramatically increased the 
contents of Bax and cleaved caspase 3 compared to those 
in the control group, which were subsequently reversed by 
IDE treatment, highlighting the repressive effects of IDE on 
apoptosis in sepsis-induced rats (Figure 4B,4C).

IDE suppressed the expressions of RAGE/p38 signaling

As demonstrated in Figure 5A,5B, the protein contents 

of RAGE and p-p38 in LPS-induced hepatocytes were 
markedly elevated by sepsis stimulation compared with 
the control group. In contrast to the sepsis group, IDE 
administration lowered the contents of RAGE and p-p38 
in a concentration-dependent manner, illustrating that IDE 
treatment could inhibit RAGE/p38 signaling in hepatocytes 
with LPS induction.

IDE alleviated LPS-induced hepatocyte activity damage 
and suppressed the expressions of RAGE/p38 signaling

The CCK-8 results demonstrated that IDE treatment 
had no significant impacts on the viability of hepatocytes 
(Figure 6A). Compared to the control group, LPS induction 
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Figure 3 IDE inhibited the level of oxidative stress in the liver tissues of sepsis-induced rats. (A) The expression of MDA was detected using 
an MDA assay kit. (B) The expression of SOD was detected using a SOD assay kit. (C) The expression of GSH-Px was detected using a 
GSH-Px assay kit. ***P<0.001 vs. control group; #P<0.05, ##P<0.01, ###P<0.001 vs. sepsis group. MDA, malondialdehyde; ns, not significant; 
SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; IDE, idebenone.
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remarkably reduced the viability of hepatocytes, while IDE 
administration partially revived the cell viability in contrast 
to that in the LPS group (Figure 6B). Moreover, the 
enhanced expressions of RAGE and p-p38 in hepatocytes 
caused by LPS stimulation were decreased by IDE 
administration (Figure 6C,6D). It is worth noting that the 
viability in the LPS + IDE 5 μM group was higher than 
those in the LPS + IDE 1 μM group and LPS + IDE 2.5 μM  
group. Therefore, an IDE concentration of 5 μM was 
applied for the subsequent experiments.

IDE alleviated LPS-induced hepatocyte activity damage 
and apoptosis via RAGE/p38 signaling

In contrast to Ov-NC, the messenger RNA (mRNA) and 
protein expressions of RAGE were significantly elevated 
following cell transfection with Ov-RAGE (Figure 7A,7B). 
We found that the reduced cell viability in LPS-induced 
hepatocytes was partially revived after IDE treatment  
(Figure 7C). Nevertheless, RAGE overexpression reversed 
the cell viability-promoting effects of IDE, as evidenced by 
the decreased cell viability in LPS + IDE 5 μM + Ov-RAGE 
group in contrast with the LPS + IDE 5 μM + Ov-NC 
group.

Additionally, IDE administration diminished the 
apoptosis of LPS-induced hepatocytes compared to the 
sepsis group, which was then countervailed following 
RAGE overexpression (Figure 7D,7E). Moreover, IDE 

treatment elevated Bcl-2 content and diminished the 
contents of Bax and cleaved caspase3 in LPS-stimulated 
hepatocytes compared with those in the LPS group, while 
RAGE overexpression exerted the opposite effects on these 
proteins, as evidenced by the lower Bcl-2 content as well 
as the elevated contents of Bax and cleaved caspase3 in 
the LPS + IDE 5 μM + Ov-RAGE group (Figure 7F,7G). 
The above results demonstrated that IDE alleviated LPS-
induced hepatocyte activity damage and apoptosis via 
RAGE/p38 signaling.

IDE alleviated LPS-induced oxidative stress and 
inflammatory release in hepatocytes via RAGE/p38 
signaling

As shown in Figure 8A-8C, LPS induction increased MDA 
activity but decreased the activities of SOD and GSH-Px 
compared to the control group, which were then reversed 
by IDE treatment. Also, compared to the LPS + IDE 5 μM 
+ Ov-NC group, RAGE overexpression markedly elevated 
MDA activity and reduced the activities of SOD and GSH-
Px in LPS-induced hepatocytes with IDE treatment. 
Additionally, IDE treatment lowered the content of ROS 
relative to the LPS group, which was subsequently reversed 
following RAGE overexpression (Figure 8D). Furthermore, 
IDE treatment markedly decreased the levels of TNF-α, 
IL-1β, and IL-6 in LPS-induced hepatocytes compared to 
the LPS group. However, RAGE overexpression exerted 
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Figure 4 IDE inhibited the apoptosis of liver tissue cells in sepsis-induced rats. (A) The apoptosis of liver tissue cells was detected by 
TUNEL staining. (B,C) The expressions of apoptosis-related proteins were detected using western blot. ***P<0.001 vs. control group; 
##P<0.01, ###P<0.001 vs. sepsis group. TUNEL, terminal deoxynucleotidyl transferase-mediated nick-end labeling; DAPI, 4',6-diamidino-2-
phenylindole; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ns, not significant; IDE, idebenone.

the opposite effects on these proteins, as illustrated by the 
significantly elevated contents of TNF-α, IL-1β, and IL-6 in 
the LPS + IDE 5 μM + Ov-RAGE group compared to those 
in the LPS + IDE 5 μM + Ov-NC group (Figure 8E). In 
summary, IDE alleviated LPS-induced oxidative stress and 
inflammatory release in hepatocytes via RAGE/p38 signaling.

Discussion

Previous studies have reported that sepsis could contribute 

to serious liver injury (20). Normal liver function is key 
to the survival of sepsis patients (21). It is well known that 
the dysregulation of inflammatory cytokines and liver 
damage resulting from oxidative stress can lead to a poor 
prognosis in sepsis patients (22,23). As is known to all, 
inflammation, oxidative stress and apoptosis were involved 
in the development of sepsis-induced liver injury, the 
intervention of which might help to fight against it (21,24). 
In recent years, great progresses have been achieved in 
the exploration of effective drugs for sepsis-induced liver 
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Figure 5 IDE suppressed the expressions of RAGE/p38 signaling. (A,B) The expressions of RAGE and p-p38/p38 were detected 
using western blot. ***P<0.001 vs. control group; ###P<0.001 vs. sepsis group. RAGE, receptor for advanced glycation end products; p, 
phosphorylated; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IDE, idebenone.
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Figure 6 IDE alleviated LPS-induced hepatocyte activity damage and suppressed the expressions of RAGE/p38 signaling. (A) The viability 
of hepatocytes was detected using CCK-8. (B) The viability of LPS-induced hepatocytes was detected using CCK-8. (C,D) The expressions 
of RAGE and p-p38/p38 were detected using western blot. ***P<0.001 vs. control group; #P<0.05, ###P<0.001 vs. LPS group. LPS, 
lipopolysaccharide; ns, not significant; RAGE, receptor for advanced glycation end products; p, phosphorylated; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; IDE, idebenone; CCK-8, cell counting kit-8.
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Figure 7 IDE alleviated LPS-induced hepatocyte activity damage and apoptosis via RAGE/p38 signaling. (A) The mRNA expression of 
RAGE was detected using RT-qPCR. ***P<0.001 vs. Ov-NC group. (B) The protein expression of RAGE was detected using western blot. 

***P<0.001 vs. Ov-NC group. (C) The viability of LPS-induced hepatocytes was detected using CCK-8. (D,E) The apoptosis of LPS-
induced hepatocytes was detected using TUNEL. (F,G) The expressions of apoptosis-related proteins were detected using western blot. 

***P<0.001 vs. control group; ###P<0.001 vs. LPS group; $P<0.05, $$P<0.01, $$$P<0.001 vs. LPS + IDE + Ov-NC group. RAGE, receptor 
for advanced glycation end products; mRNA, messenger RNA; Ov, overexpression; NC, negative control; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; LPS, lipopolysaccharide; TUNEL, terminal deoxynucleotidyl transferase-mediated nick-end labeling; DAPI, 
4',6-diamidino-2-phenylindole; IDE, idebenone; RT-qPCR, real-time quantitative polymerase chain reaction; CCK-8, cell counting kit-8.
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Figure 8 IDE alleviated LPS-induced oxidative stress and inflammatory release in hepatocytes via RAGE/p38 signaling. (A) The expression 
of MDA was detected using an MDA assay kit. (B) The expression of SOD was detected using a SOD assay kit. (C) The expression of 
GSH-Px was detected using a GSH-Px assay kit. (D) The ROS content was detected using DCFH-DA. The hepatocytes were stained with 
DCFH-DA. Magnification, ×200. (E) The levels of TNF-α, IL-1β, and IL-6 were detected using ELISA. ***P<0.001 vs. control group; 
###P<0.001 vs. LPS group; $$$P<0.001 vs. LPS + IDE + Ov-NC group. MDA, malondialdehyde; LPS, lipopolysaccharide; Ov, overexpression; 
NC, negative control; RAGE, receptor for advanced glycation end products; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; 
TNF-α, tumor necrosis factor-α; IL-1β, interleukin-1β; IL-6, interleukin-6; IDE, idebenone; ROS, reactive oxygen species; DCFH-DA, 
dichloro-dihydro-fluorescein diacetate; ELISA, enzyme-linked immunosorbent assay.
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injury and the potential of targeted treatments has been 
highlighted (25,26).

IDE is an essential component of the mitochondrial 
electron transport chain, which produces ATP (27). Elevated 
expressions of AST and ALT in the serum are considered to 
indicate hepatic damage (28). A previous study reported that 
IDE treatment could decrease the expressions of AST and 
ALT, thereby improving liver function (29). In the present 
study, we discovered that the increased levels of AST and 
ALT resulting from sepsis induction were lowered after IDE 
treatment. Moreover, the histopathological examination 
results of the liver also showed that IDE treatment 
alleviated liver pathological damage.

Sepsis is characterized by systemic inflammation (30). 
Circulating proinflammatory mediators, including TNF-α, 
IL-1β, and IL-6 are elevated and are considered to be 
important biomarkers for the diagnosis and prognosis of 
sepsis patients (31). Thus, the modulation of inflammatory 
cytokines might be an effective therapy for the improvement 
of sepsis-induced liver injury. IDE, which possesses an 
anti-inflammatory property, has been reported to regulate 
inflammation in multiple diseases (32). Blanco et al. reported 
that IDE exerted suppressive effects on inflammatory damage 
in lupus (33). In addition, IDE protects against spontaneous 
chronic murine colitis by relieving inflammation (34).  
In the present study, it was discovered that the elevated 
expressions of TNF-α, IL-1β, and IL-6 in the serum and liver 
tissues of sepsis-induced rats were lowered following IDE 
administration. In the pathogenesis of sepsis, LPS, which is 
a potent activator, can be utilized to trigger an inflammatory 
response (31). Herein, it was found that LPS induction 
significantly elevated the levels of TNF-α, IL-1β, and IL-6 in 
hepatocytes, which were subsequently diminished by IDE 
treatment.

Redox reactions represent the basis for numerous 
biochemical mechanisms imperative for physiological 
cell function (35,36). Oxidants and antioxidants are 
critical players in the abovementioned mechanisms (37). 
It is known that oxidative stress is a critical factor in the 
pathogenesis of sepsis, in which the excessive production 
of ROS (due to CLP) can cause macrophage activation, 
contributing to further inflammation and damage (38). A 
previous study demonstrated that the GSH-Px enzyme 
plays a pivotal role in safeguarding organisms from 
oxidative damage (39). Additionally, MDA has been shown 
to indicate lipid peroxidation as well as tissue damage (19). 
Interestingly, IDE can regulate oxidative stress in many 
diseases. For instance, IDE inhibited the oxidative stress 

in retinal pigment epithelium cells in age-related macular 
degeneration (AMD) (40). Also, Qian et al. showed that 
IDE treatment increases MDA activity and reduces SOD 
activity (11). In the present study, it was found that sepsis 
induction elevated MDA activity but decreased the activities 
of SOD and GSH-Px, which were then reversed by IDE 
administration. Similarly, the enhanced MDA activity as 
well as the diminished activities of SOD and GSH-Px in 
LPS-stimulated hepatocytes were also countervailed after 
IDE treatment.

Deregulated cell apoptosis is one of the mechanisms 
involved in sepsis-induced liver injury (41). It has been 
reported that apoptosis is vital in the progression of 
organ damage after sepsis (42), and previous studies have 
demonstrated that the inhibition of apoptosis could improve 
outcomes in experimental models of severe sepsis (43,44). 
Therefore, the regulation of apoptosis could also be a 
method of alleviating sepsis-induced liver injury. Guan  
et al. proposed that IDE maintained the survival of mutant 
myocilin cells through the suppression of apoptosis (45). 
In the present study, the sepsis-induced promotion of 
apoptosis in liver tissue cells was inhibited by IDE treatment 
in a concentration-dependent manner. It is likely that 
the enhanced apoptosis in LPS-induced hepatocytes was 
also reduced after IDE treatment. Bcl-2, Bax, and cleaved 
caspase3 are markers of apoptosis (46). The western blot 
results demonstrated that IDE treatment elevated the Bcl-2 
content and reduced the contents of Bax and cleaved caspase3 
in both sepsis-induced and LPS-induced hepatocytes.

Zhang et al. found that the RAGE pathway was associated 
with sepsis-associated encephalopathy (47). Another 
previous study also verified that the suppression of RAGE 
could improve survival in experimental models of severe 
sepsis (48). Importantly, Bopp et al. posited that RAGE 
might be a therapeutic target in sepsis (49). Also, Sun et al.  
demonstrated that IDE could inhibit the expression of 
RAGE signaling (18). Meanwhile, RAGE suppression 
could reduce the expression of p38 signaling (50). In this 
study, the elevated expressions of RAGE and p-p38 due 
to sepsis induction were decreased by IDE treatment in 
a concentration-dependent manner, indicating that IDE 
could block RAGE/p38 signaling. To further investigate 
the mechanism of IDE and RAGE/p38 signaling in sepsis-
induced liver injury, the above functional experiments 
were conducted again and the results revealed that the 
suppressive effects of IDE treatment on cell viability 
damage, apoptosis, oxidative stress, and inflammation in 
LPS-induced hepatocytes were countervailed following 
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RAGE overexpression. This implied that IDE protected 
against oxidative stress, apoptosis, and inflammation in 
sepsis-induced liver injury via the regulation of RAGE/p38 
signaling.

Conclusions

In conclusion, this study demonstrated the efficacy of 
IDE in sepsis-induced liver injury both in vivo and in vitro 
and illustrated that IDE protected against sepsis-induced 
oxidative stress, apoptosis, and inflammation via the 
suppression of RAGE/p38 signaling. This is the first study 
to identify the potential of IDE as a drug treatment for the 
improvement of sepsis-induced liver injury.

Limitations

Although this study was the first to explore the efficacy 
of IDE in sepsis-induced liver injury, there were some 
limitations. For example, the side effects of IDE on patients 
were not investigated in the present study. Therefore, 
further studies are needed in the future.
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