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Abstract. Sepsis‑associated encephalopathy (SAE) is a 
common and severe complication of sepsis. The cognitive 
dysfunction that ensues during SAE has been reported to be 
caused by impairments of the hippocampus. Microglia serves 
a key role in neuroinflammation during SAE through migra‑
tion. Forkhead box C1 (Foxc1) is a member of the forkhead 
transcription factor family that has been found to regulate in 
cell migration. However, the role of Foxc1 in neuroinflam‑
mation during SAE remains unknown. In the present study, 
the mechanistic role of Foxc1 on microglial migration, 
neuroinflammation and neuronal apoptosis during the occur‑
rence of cognitive dysfunction in SAE was investigated. A 
microglia‑mediated inflammation model was induced by LPS 
in BV‑2 microglial cells in vitro, whilst a SAE‑related cogni‑
tive impairment model was established in mice using cecal 
ligation and perforation (CLP) surgery. Cognitive function in 
mice was evaluated using the Morris Water Maze (MWM) 
trial. Lipopolysaccharide (LPS) treatment was found to trigger 
BV‑2 cell migration, inflammation and neuronal apoptosis. In 
addition, CLP surgery induced cognitive injury, which was 

indicated by longer latencies and shorter dwell times in the goal 
quadrant compared with those in the Sham group in the MWM 
trial. LPS treatment or CLP induction decreased the expres‑
sion of Foxc1 and inhibitor of NF‑κB (IκΒα) whilst increasing 
that of p65, IL‑1β and TNF‑α. After Foxc1 was overexpressed, 
the cognitive dysfunction of mice that underwent CLP surgery 
was improved, with the expression of IκBα also increased, 
microglial cell migration, the expression of p65, IL‑1β and 
TNF‑α and neuronal apoptosis were all decreased in vivo and 
in vitro, which were in turn reversed by the inhibition of IκBα 
in vitro. Overall, these results suggest that the overexpression 
of Foxc1 inhibited microglial migration whilst suppressing 
the inflammatory response and neuronal apoptosis by regu‑
lating the IκBα/NF‑κB pathway, thereby improving cognitive 
dysfunction during SAE.

Introduction

Cognitive dysfunction as a result of sepsis‑associated 
encephalopathy (SAE) is a serious complication of sepsis (1). 
Lipopolysaccharide (LPS)‑activated macrophages can directly 
permeate into the central nervous system (CNS) to produce 
an inflammatory response. In addition, LPS can indirectly 
produce neuroinflammation by peripheral inflammatory 
factors diffusing into the CNS through the blood‑brain barrier, 
thus leading to CNS inflammatory injury (1). Symptoms of 
SAE‑related cognitive dysfunction ranges from mild delirium 
to coma, which can persist for months to years (2). They are 
frequently associated with reduced quality of life and poor 
prognosis, in addition to increased morbidity and mortality (3). 
Several studies previously revealed that cognitive dysfunction 
is associated with microglial activation and hypoxic‑ischemic 
injury, which then activates the inflammatory response in 
the hippocampus (4,5). This leads to pathological changes 
that are comparable to those observed during neurodegen‑
erative diseases (6,7). However, the specific mechanism of this 
remains elusive.
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The pathogenesis of SAE involves a number of factors, 
including neuroinf lammation, collapse of the blood 
brain barrier (BBB), ischemic injury, alterations in the 
neurotransmitter profile and mitochondrial dysfunction. 
Aberrant neuroinflammation has been reported to at least 
in part mediate the pathogenesis of SAE and multiple organ 
dysfunction syndrome (MODS) (8,9). This is especially the 
case for the CNS injury that occurs during MODS, which is 
vulnerable to inflammatory insults (8,9). Additionally, neuro‑
inflammation has been previously found to be responsible 
for the extensive apoptosis of various cell types in the brain, 
including microglial cells, neurons and vascular endothelial 
cells (10). Microglia‑mediated neuroinflammation reportedly 
mediates a substantial portion of the inflammatory response 
in the CNS, which results in worse outcomes due to septic 
complications (11‑13).

Forkhead box C1 (Foxc1) is a transcription factor that is 
involved in various pathophysiological processes, such as 
myocardial ischemia (14), facial paralysis (15) and colorectal 
cancer (16). Recent studies revealed that Foxc1 can promote 
defense against oxidative stress, inflammation and apop‑
tosis (17,18). In addition, Foxc1 has been found to serve key 
roles in a number of biological processes, including cell 
proliferation, differentiation, migration and survival (19,20). 
A previous study demonstrated that upregulation of Foxc1 
expression promoted Schwann cell migration  (15). By 
contrast, knockdown of Foxc1 expression has been shown to 
significantly suppress the migration of cervical and breast 
cancer cells (21,22). In terms of myeloid tissue regeneration, 
Foxc1 was demonstrated to promote regenerative functions by 
promoting mveloid tissue bone marrow mesenchymal stem 
cell migration (23). However, the biological function of Foxc1 
in microglial cells remains poorly understood.

NF‑κB consists of a family of transcription factors that are 
involved in the regulation of inflammation, cell proliferation, 
migration, differentiation and survival (24,25). NF‑κB can 
regulate the expression of genes involved in a wide range 
of biological processes, including cancer cell proliferation, 
migration and apoptosis (25). A previous study has revealed 
that suppression of NF‑κB signaling can attenuate inflam‑
mation and cell migration in LPS‑treated BV‑2 microglial 
cells (26). However, the relationship between Foxc1 and the 
NF‑κB pathway in microglial physiology remains unclear.

In the present study, the potential role of Foxc1 in 
SAE‑associated cognitive dysfunction was investigated using 
an LPS‑induced microglial cell model and a cecal ligation 
and perforation (CLP) mouse model. In addition, the effects 
of Foxc1 on microglial migration in the hippocampus and 
NF‑κB signaling were also focused upon. These results may 
prove beneficial for the development of therapeutic strategies 
for SAE.

Materials and methods

Cell culture and treatment. BV‑2 is a murine‑derived immor‑
talized microglial cell line and were purchased from ScienCell 
Research Laboratories, Inc., which were routinely cultured in 
DMEM (Gibco; Thermo Fisher Scientific, Inc.) supplemented 
with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 
2 mM L‑glutamine, penicillin (100 U/ml) and streptomycin 

(100 g/ml; Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C 
with 5% CO2 and 95% humidity. For treatment, BV‑2 cells 
were incubated in a six‑well plate at a density of 1x105 cells/ml 
at 37˚C with 5% CO2 for 24 h, and were then cultured in 
the absence or presence of 100 ng/ml LPS (Sigma‑Aldrich; 
Merck KGaA) for 6 h (27).

Foxc1 adenovirus transfection. Foxc1 adenovirus (Ad‑Foxc; 
adenoviral plasmid name: GV345; target gene ID: 17300; 
sequence: GGTATAAGAGGCGCGACCAG; accession 
no. NC _000079; 4x108  TU/ml; Shanghai GeneChem Co., 
Ltd.) or the adenovirus control (Ad‑Ctrl), which is the 
adenovirus containing the empty vector without the Foxc1 
gene (1.5x109 TU/ml; Shanghai GeneChem Co., Ltd.), was 
added into the media for transfection into BV‑2 cells at a 
60‑80% confluence. Transfection was for 8 h at 37˚C with 
5% CO2 (Multiplicity of infection, 100). The medium was 
then removed and replaced with fresh medium. Cells stably 
overexpressing Foxc1 were then selected using puromycin 
incubation (2.5 µg/ml; cat.  no. ST551; Beyotime Institute 
of Biotechnology) at 37˚C with 5% CO2 for 7 days. Reverse 
transcription‑quantitative PCR (RT‑qPCR), western blotting 
and immunofluorescence analysis were used to detect trans‑
fection efficiency.

Small interfering RNA (siRNA) transfection. BV‑2 cells 
were seeded in 6‑well plates at a density of 5x104 cells/ml 
for culturing at 37˚C with 5% CO2 for 12 h before siRNA 
transfections (50 nM) were performed at ~80% confluency. 
IκBα expression in BV‑2 cells was knocked down using 
siRNA (siRNA‑IκBα sense, 5'‑ACU​CAU​UGG​UUC​CUU​
UAA​GGG‑3' and antisense, 5'‑CUU​AAA​GGA​ACC​AAU​
GAG​UCC‑3'). A non‑targeting siRNA (siRNA‑NT) was 
used as a negative control (Santa Cruz Biotechnology, Inc.). 
Transfection of siRNAs into BV‑2 cells was performed using 
the Lipofectamine® 3000 reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) at 37˚C with 5% CO2 for 10 h. Transfection 
efficiency was measured using RT‑qPCR and western blot 
analysis.

Animals. A total of 48 C57BL/6J mice, aged 8‑10  weeks 
(weight, 25±5  g), were obtained from the Department 
of Experimental Animal Science, School of Medicine, 
Shanghai Jiao Tong University (license no. SYXK 2018‑0027; 
Shanghai, China). All study procedures were approved by the 
Institutional Animal Care and Use Committee of Shanghai 
Jiao Tong University School of Medicine. All experimental 
procedures were conducted in accordance with the National 
Institutes of Health Guide for the Care and Use of Laboratory 
Animals (National Institutes of Health, revised in 1996) (28). 
Mice were housed in a temperature of 23±2˚C and humidity 
of 40‑60% on a 12‑h light‑dark cycle with free access to food 
and water. Only male mice were used in the present study to 
minimize the risk of heterogeneity due to sex differences in 
the pathology of encephalopathy.

For the generation of Foxc1‑overexpressing (Foxc1 OE) 
mice, embryonic stem (ES) cells (B6/BLU; cat. no. SCSP‑226; 
The Cell Bank of Type Culture Collection of the Chinese 
Academy of Sciences) were cultured with the ES complete 
medium [600 ml, comprising DMEM (cat. no. 12430; Gibco; 
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Thermo Fisher Scientific, Inc.) 497 ml; fetal bovine serum 
(Gibco; Thermo Fisher Scientific, Inc.), 90 ml; Glutamax 
(cat.  no.  35050‑061; Gibco; Thermo Fisher Scientific, 
Inc.) 6  ml; MEM Non‑Essential Amino Acids Solution 
(cat. no. 11140‑050; Gibco; Thermo Fisher Scientific, Inc.), 
6 ml; LIF (cat. no. ESG1107; MilliporeSigma), 60 µl (concen‑
tration, 1,000 U/ml), 2‑Mercaptoethanol (cat. no. 21985023; 
Gibco; Thermo Fisher Scientific, Inc.) 1.5 ml] at 37˚C with 
5% CO2 and obtained from School of Medicine, Shanghai 
Jiao Tong University and transfected with the Foxc1 over‑
expression adenovirus (MOI, 100) for 72  h in  vitro. The 
Foxc1‑overexpressing ES cells were then transplanted into 
the uterus of female mice (10  male mice and 20  female 
mice were used in this study). In total, two litters of 
first‑generation male and female mice were bred to obtain the 
Foxc1‑overexpressing mice, where the Foxc1‑overexpressing 
mice were reproduced indefinitely.

Experimental design. The sepsis mouse model was estab‑
lished using CLP surgery as described previously  (29). 
Mice were randomly divided into the following four groups 
(n=12 per group): i) Naive; ii) sham operated; iii) CLP; and 
iv) CLP + Foxc1 overexpression (OE). A total of 6 days before 
and 10 days after CLP surgery, mice were subjected to the 
Morris water maze (MWM) trial for 6 days. The mice were 
then sacrificed after MWM trial, and the hippocampus tissues 
were removed for RT‑qPCR and western blot analysis.

Mice with the following symptoms (humane endpoints) 
were be euthanized during the experiment: i) Inactivity or 
do not respond to gentle stimulation; ii) dyspnea, including 
signs of salivation and/or cyanosis from the nose and mouth; 
iii) diarrhea or urinary incontinence; iv) 20% weight loss; 
v) Inability to eat or drink; vi) clear signs of anxiety and irri‑
tability in animals; vii) paralysis, persistent epilepsy or rigid 
behavior and viii) infection and pus at the site of operation.

CLP surgery. For the CLP surgery itself (29), the mice were 
anesthetized using intraperitoneal injections of ketamine 
(80 mg/kg) and xylazine (5 mg/kg). After disinfection an 
incision was made below the xiphoid to expose the abdominal 
cavity. The cecum was then isolated, ligated and punctured 
twice using a 22‑gauge needle. Intestinal contents were gently 
extruded into the peritoneal cavity. The abdomen was then 
sutured after the cecum was reinserted into the peritoneum. 
For the sham operated mice, the cecum was only exposed 
without ligation or perforation, before 1  ml sterile saline 
pre‑warmed to 37˚C was put into the abdominal cavity. After 
surgery, mice were returned to their cages with a warm cotton 
pad and free access to food and water. Naive mice did not 
undergo laparotomy.

MWM trial. Spatial learning and memory were assessed 
using the MWM trial as described previously (30). Briefly, 
the water temperature was kept at 22‑24˚C. Acquisition test 
was performed four times per day for 5 consecutive days; 
mice were put into the pool from four different directions and 
allowed to swim freely until they climbed up to platform under 
the water surface. If they did not find the platform within 
60 sec, they were be guided to the platform and stayed on the 
platform for 10 sec. Four tests were conducted 20 min apart 

and their swimming track was recorded. The time of climbing 
to the hidden platform was defined as the escape latency. The 
platform was then removed on day 6 before retention tests 
were performed, mice were put into the pool from the same 
orientation and allowed to swim freely in the pool for 60 sec 
and the swimming track was recorded. The time of climbing to 
the hidden platform, the number of crossings over the platform 
area and the swimming speed were recorded. Experimental 
parameters were recorded using a SuperMaze Morris Water 
Maze video analysis system (model, XR‑XM101; Shanghai 
XinRuan Information Technology Co., Ltd.).

Animal sample collection. From March to June 2021, mice 
were anesthetized using an intraperitoneal injection of 1% 
pentobarbital sodium (50 mg/kg). Mice were sacrificed by 
CO2 inhalation using 30%/min volume displacement rate after 
cardiac saline perfusion, and the hippocampus tissues were 
then collected for subsequent experimentation.

RT‑qPCR. RT‑qPCR was performed as described previ‑
ously (31). In brief, total RNA was extracted from BV‑2 cells 
and hippocampal tissues using RNAiso Plus reagent (Takara 
Bio, Inc.), and then subjected to reverse transcription using a 
PrimeScript™ RT Master Mix kit (cat. no. RR036A; Takara 
Bio, Inc.) according to manufacturer's protocol. cDNA was used 
for qPCR with a TB Green® Premix Ex Taq™ (Tli RNaseH 
Plus) kit (cat. no. RR420A; Takara Bio, Inc.) according to the 
manufacturer's protocol. All procedures were performed in 
triplicate. The mRNA expression levels were calculated rela‑
tive to the GAPDH using the the 2‑ΔΔCq method. The sequences 
of the primers used were as follows: Foxc1 forward, 5'‑AAG​
ACG​GAG​AAC​GGT​ACG​TG‑3' and reverse, 5'‑TCA​CCG​GGG​
AGT​TGT​TCA​AG‑3'; IκBα forward, 5'‑TGT​GCT​TCG​AGT​
GAC​TGA​CC‑3' and reverse, 5'‑TCA​CCC​CAC​ATC​ACT​GAA​
CG‑3' and GAPDH forward, 5'‑AGG​TCG​GTG​TGA​ACG​GAT​
TTG‑3' and reverse, 5'‑TGT​AGA​CCA​TGT​AGT​TGA​GGT​
CA‑3'. The full thermocycling conditions used for qPCR were 
as follows: Initial denaturation at 95˚C for 30 sec; followed by 
40 cycles at 95˚C for 5 sec, 60˚C for 34 sec, 95˚C for 15 sec, 
60˚C for 60 sec and 95˚C for 15 sec.

Western blot analysis. Western blot analysis was performed 
as described previously (32). The total protein content of cells 
and hippocampal samples was extracted using RIPA solu‑
tion (cat. no. P0013B; Beyotime Institute of Biotechnology) 
for 30 min, and a BCA assay kit (cat. no. P0012S; Beyotime 
Institute of Biotechnology) was used to detect the total protein 
concentration. The extracted proteins (30  µg/lane) were 
separated by sodium dodecyl sulfate‑polyacrylamide gel elec‑
trophoresis on 10% gels (Invitrogen; Thermo Fisher Scientific, 
Inc.) and were then transferred onto nitrocellulose membranes 
(MilliporeSigma), which were blocked with 5% non‑fat milk 
at room temperature for 2 h, incubated with the corresponding 
primary at 4˚C overnight and secondary antibodies at room 
temperature for 2 h. The mouse antibodies used in the present 
study are listed: Foxc1 (1:1,000; cat. no. ab227977; Abcam), 
p65 (1:1,000; cat.  no.  ab32536; Abcam), IκBα (1:1,000; 
cat. no. ab32518; Abcam), allograft inflammatory factor 1 
(Iba‑1; 1:1,000; cat. no. ab178846; Abcam), IL‑1β (1:1,000; 
cat. no. ab254360; Abcam), TNF‑α (1:1,000; cat. no. ab215188; 
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Abcam), and β‑actin (1:1,000; cat. no.  ab179467; Abcam), 
HRP‑conjugated goat anti‑rabbit IgG H&L secondary anti‑
body (1:2,000; cat. no. ab7090; Abcam). Protein bands were 
detected using an enhanced chemiluminescence reagent 
(cat.  no. WBKLS0100; MilliporeSigma), visualized using 
a Bio‑Rad ChemiDoc XRS imaging system (Bio‑Rad 
Laboratories, Inc.) and analyzed by Image J software 
(version no: 1.51, National Institute of Health) and normalized 
to that of β‑actin.

Cell proliferation assay. The viability of BV‑2 cells was evalu‑
ated using the Cell Counting Kit‑8 (CCK‑8; MedChemExpress) 
assay in accordance with the manufacturer's protocol. Briefly, 
the BV‑2 cells with or without Foxc1 overexpression were 
seeded into 96‑well plates (2x105  cells/well) and cultured 
at 37˚C for 12 h. After treatment with or without LPS at 37˚C 
for 6 h, 10 ml CCK‑8 solution was added into each well and 
cultured at 37˚C for 2 h, after which the optical density of each 
well was determined at 450 nm using a multiplate reader.

Transwell migration assay. The effect of Foxc1 on the migra‑
tion of BV‑2 cells was examined using Transwell chambers 
(pore size, 8‑µm). Cells in different groups suspended in 
serum‑free DMEM were seeded into the top chamber at a 
density of 3x105 cells/well, whereas 500 µl complete DMEM 
containing 10% FBS was added to the lower chamber. The 
cells were allowed to migrate for 24 h at 37˚C in 5% CO2. Cells 
on the upper surfaces of each chamber were removed using a 
cotton swab, before the chambers were fixed with 4% parafor‑
maldehyde at room temperature for 30 min followed by 0.4% 
crystal violet staining at room temperature for 15 min. In total, 
five random fields of view were counted per chamber using 
an inverted microscope under a light field (x40 magnification; 
Olympus BX51; Olympus Corporation).

H&E staining. The hippocampal tissues were fixed with 4% 
paraformaldehyde at room temperature overnight, embedded 
in paraffin, sliced into 40‑µm sections and dewaxed at 65˚C 
for 30 min. Sections were then incubated twice with xylene for 
8 min and once for 5 min, followed by incubated three times 
with 100% alcohol for 5 min and once with 75% alcohol for 
3 min, and rinsed with water for 5 min. Finally, slices were 
stained at room temperature with hematoxylin for 3 min and 
eosin for 25 sec, and were observed using an inverted micro‑
scope under a light field (x40 magnification; Olympus BX51; 
Olympus Corporation).

Immunof luorescence analysis. After tissue fixation, 
embedding, slicing and dewaxing as aforementioned, the 
antigen retrieval was performed using Improved Citrate 
Antigen Retrieval Solution (cat.  no.  P0083; Beyotime 
Institute of Biotechnology) at 95‑100˚C for 20 min. Slices 
were then blocked with Immunol Staining Blocking Buffer 
(cat. no. P0102; Beyotime Institute of Biotechnology) at room 
temperature for 60 min, and were incubated with primary 
antibodies as follows: Iba‑1 (1:100; cat. no. ab178846; Abcam) 
at 4˚C overnight.

Cells were fixed with 4% paraformaldehyde at room 
temperature for 15 min followed by permeabilization with 
0.03% Triton X‑100 and blocked with 5% BSA (cat. no. ST025; 

Beyotime Institute of Biotechnology) at room temperature for 
30 min. They were then incubated with the Foxc1 antibody (1:100; 
cat. no. ab227977; Abcam) at 4˚C overnight in a humidified box. 
Antibodies were diluted using Immunol Staining Primary and 
secondary Antibody Dilution Buffer (cat. nos. P0103 and P0108; 
Beyotime Institute of Biotechnology).

On the following morning, the cells or tissue sections 
were washed with 1X TBST solution (cat. no. XY51287; 
Shanghai Xinyu Biotechnology Co., Ltd.) and incubated 
with Alexa Fluor® 647‑conjugated goat anti‑mouse IgG 
(1:100, cat. no. ab150115, Abcam) at room temperature for 
1 h and labeled with DAPI (1 mg/ml; cat. no. 62247; Thermo 
Fisher Scientific, Inc.) at room temperature for 5 min. The 
fluorescence intensity was observed in three fields of view 
using fluorescence microscopy (x40 magnification; Olympus 
BX51; Olympus Corporation) and analyzed by ImageJ soft‑
ware.

TUNEL assay. Apoptosis was detected using the TUNEL 
Apoptosis Assay kit (cat. no. C1088; Beyotime Institute of 
Biotechnology). Briefly, after tissue fixation, embedding, 
slicing, dewaxing and antigen retrieval as aforementioned, 
40‑µm tissue sections were treated with 0.1% Triton X‑100 for 
10 min, and then incubated with TUNEL reagent at 37˚C in 
the dark for 60 min. The nuclei were stained with 5 µg/ml 
DAPI at room temperature for 5 min. The morphological 
changes of apoptotic cells were observed under a fluorescence 
microscope in three fields of view (Olympus BX51; Olympus 
Corporation). Green fluorescence was considered to indicate 
apoptotic cells.

ELISA. BV‑2 cells with or with Foxc1 overexpression were 
seeded into 12‑well plates (5x105  cells/well) and cultured 
at 37˚C for 12 hBV‑2 cells were treated with or without LPS 
at 37˚C for 6 h. Finally, IL‑1β and TNF‑α in supernatants 
were measured by ELISA kits (cat. nos. 432601 and 430907; 
BioLegend, Inc.) following the manufacturers' protocols.

Flow cytometry analysis. HT‑22 neuronal cells were 
purchased from The Cell Bank of Type Culture Collection 
of the Chinese Academy of Sciences to explore the effects of 
microglia‑mediated inflammatory response on neuronal cells. 
HT‑22 cells were routinely cultured in DMEM (Gibco; Thermo 
Fisher Scientific, Inc.) supplemented with 10% FBS (Gibco; 
Thermo Fisher Scientific, Inc.) and 2 mM L‑glutamine, peni‑
cillin (100 U/ml) and streptomycin (100 g/ml; Gibco; Thermo 
Fisher Scientific, Inc.) at 37˚C with 5% CO2. HT‑22 cells 
(1x105 cells/ml) were cultured with the BV‑2 cell‑conditioned 
medium under different conditions at 37˚C with 5% CO2 for 
12 h. Suspended HT‑22 cells were washed twice with PBS 
containing 2% FBS and stained with Annexin V FITC Apop 
Dtec Kit (cat. no. 556547; Becton‑Dickinson and Company). 
In brief, 100 µl binding buffer before 5 µl FITC‑labelled 
Annexin V (20 µg/ml) and 5 µl PI (50 µg/ml) were added and 
incubated in the dark at room temperature for 15 min. A tube 
without Annexin V FITC and PI was used as Blank, whereas 
Annexin V or PI was used the single‑standard control. In total, 
400 µl binding buffer was added at the end of the experiment 
and then assessed by flow cytometry (CytoFlex; Beckman 
Coulter, Inc.). The percentage of early‑ and late‑stage 
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apoptotic cells was calculated using FlowJo v10 software 
(FlowJo, LLC).

Statistical analysis. The data are presented as the mean ± stan‑
dard deviation from three independent experiments. 
Differences between/among groups were determined using 
an unpaired Student's t‑test or one‑way ANOVA followed by 
Tukey's post hoc test. A two‑way ANOVA was performed for 
cell proliferation and a mixed ANOVA was used to analyze 
swimming speed and latency data from the MWM followed 
by Bonferroni correction for multiple testing. Statistical anal‑
yses were performed using the SPSS software (version 26.0; 
IBM Corp.). P<0.05 was considered to indicate a statistically 
significant difference.

Results

LPS triggers the inflammatory response in microglia and 
promotes neuronal apoptosis. After LPS treatment, the expres‑
sion levels of Foxc1, p65 and IκBα of the NF‑κB signaling 
pathway in microglial cells was measured by both RT‑qPCR 
and western blot analysis. Foxc1 and IκBα expression was 
found to be significantly decreased, whereas that of p65 was 
significantly increased compared with that in the control group 
(Fig. 1A‑E). In addition, the secretion of IL‑1β and TNF‑α 
(Fig. 1F) by BV‑2 cells was next examined using ELISA, where 
the results showed that LPS significantly increased the secre‑
tion of IL‑1β and TNF‑α compared with that in the control 
group. Subsequently, HT‑22 neurons were cultured with the 
media conditioned by BV‑2 cells in the control or LPS‑treated 
groups, respectively. The percentage of neuronal apoptosis 
was then measured by flow cytometry, which showed that the 
levels of HT‑22 cell apoptosis in the LPS‑treated BV‑2 media 
group were significantly higher compared with those in the 
control group (Fig. 1G and H). These results suggest that 
microglia‑mediated inflammatory response induced by LPS 
resulted in neuronal apoptosis.

Overexpression of Foxc1 inhibits microglia‑mediated 
inflammatory response and neuronal apoptosis induced by LPS. 
After adenoviral transfection, the expression of Foxc1 in BV‑2 
cells with or without LPS treatment was significantly increased 
compared with that in the Ad‑Ctrl group, according to western 
blotting (Fig. 2A, B, D and E), RT‑qPCR (Fig. 2C) and immuno‑
fluorescence analysis observations (Fig. 2F and G). Subsequently, 
the expression of p65 and IκBα was measured using western blot 
analysis, whereas the secretion of IL‑1β and TNF‑α by BV‑2 cells 
was examined by ELISA. Foxc1 overexpression significantly 
reduced the expression of p65 whilst upregulating the expression 
of IκBα compared with those in the Ad‑Ctrl group in the presence 
of LPS (Fig. 2H and I). The secretion of IL‑1β and TNF‑α by BV‑2 
cells also exhibited a similar trend as p65, in that significant rever‑
sals of the LPS‑induced upregulation in secretion were observed 
(Fig. 2J). HT‑22 neurons were next cultured with the media 
conditioned by BV‑2 cells in the control, Ad‑Ctrl and Ad‑Foxc1 
groups with LPS treatment. The extent of neuronal apoptosis in the 
Ad‑Foxc1 group was significantly lower compared with that in the 
Ad‑Ctrl group (Fig. 2K and L). These results suggest that overex‑
pression of Foxc1 inhibited LPS‑induced inflammatory responses 
and neuronal apoptosis by deactivating of NF‑κB signaling.

Overexpression of Foxc1 inhibits LPS‑induced microglial 
migration, inflammation and neuronal apoptosis through 
the inhibition of IκBα/NF‑κB signaling. To investigate the 
underlying regulatory mechanism of Foxc1 on the inflamma‑
tory response, microglial migration and neuronal apoptosis 
induced by LPS, the effect of Foxc1 overexpression on microg‑
lial migration, NF‑κB signaling and neuronal apoptosis was 
next investigated. Transwell assay revealed that LPS mark‑
edly increased microglial migration compared with that in 
the blank group (BV‑2 cells without any treatment). Foxc1 
overexpression significantly inhibited microglial migration 
compared with that in the Ad‑Ctrl group in the presence of LPS 
(Fig. 3A and B). Subsequently, the effect of Foxc1 overexpres‑
sion and LPS treatment on the viability of BV‑2 cells was also 
evaluated using CCK‑8 assay, which showed that neither Foxc1 
overexpression nor LPS treatment could influence the viability 
of BV‑2 cells (Fig. 3C and D). These results suggest that Foxc1 
overexpression inhibited microglial migration induced by LPS 
without affecting viability. Subsequently, to determine the 
effect of Foxc1 overexpression on NF‑κB signaling during the 
LPS‑induced inflammatory response, the expression of IκBα 
in Foxc1‑overexpressing BV‑2 cells was knocked down using 
siRNA‑IκBα in the absence or in the presence of LPS. Both 
western blot analysis and RT‑qPCR results showed that the 
expression of IκBα in the siRNA‑IκBα group was significantly 
decreased compared with that in the siRNA‑NT (the negative 
silenced) group, though no significant difference could be 
found between the siRNA‑NT and control groups (Fig. 3E‑I). 
In addition, the expression of p65 in the siRNA‑IκBα group 
was significantly increased compared with that in siRNA‑NT 
group, but no significant difference could be found between 
the siRNA‑NT and the control groups (Fig.  3H  and I ). 
Transwell assay results demonstrated that knocking down 
IκBα expression significantly promoted microglial migration 
compared with that in the siRNA‑NT group (Fig. 3J and K). 
ELISA results revealed that the secretion of IL‑1β and TNF‑α 
by BV‑2 cells were significantly increased in the siRNA‑IκBα 
group compared with that in the siRNA‑NT group (Fig. 3L). 
Subsequently, HT‑22 neurons were cultured with the media 
conditioned by BV‑2 cells in the control, siRNA‑NT and 
siRNA‑IκBα groups in Foxc1‑overexpressing BV‑2 cells 
treated with LPS. HT‑22 cell apoptosis in siRNA‑IκBα group 
was found to be significantly increased compared with that 
in siRNA‑NT group, but no statistical significance was found 
between the siRNA‑NT and control groups (Fig. 3M and N). 
These data suggest that Foxc1 overexpression attenuated 
LPS‑induced inflammatory response, microglial migration 
and neuronal apoptosis by inhibiting IκBα/NF‑κB pathway.

Cognitive impairments and downregulation of Foxc1/IκBα 
in sepsis‑associated encephalopathy. Establishment of the 
mouse septic encephalopathy model by CLP, animal behavior 
and molecular experiments were performed as shown in 
Fig. 4A. Before CLP surgery, mouse cognitive ability, including 
learning, memory, and spatial orientation, were evaluated 
using the MWM test. Results showed that the learning and 
memory abilities of spatial orientation were not significantly 
different among the four groups (Fig. S1), suggesting that 
Foxc1 overexpression did not alter the cognitive ability of the 
mice. After CLP surgery, MWM test results showed that the 
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swimming speed exhibited no statistical difference throughout 
the 6 consecutive days (Fig. 4B), suggesting that neither Foxc1 
overexpression nor CLP surgery affected the motor ability of 
the mice. However, mice in the CLP surgery group exhibited 
significantly longer escape latency compared with that in 
the sham‑operated group (Fig. 4C). Dwell time in the target 
quadrant and the frequency of passing through the target plat‑
form area were also significantly reduced in the CLP surgery 
group compared with those in the sham‑operated group 
(Fig. 4D and E). The escape latency of mice in the Foxc1 over‑
expression group was significantly shorter compared with that 
in CLP group, whereas the dwell time in the target quadrant 

and the frequency of passing through the target platform area 
were significantly increased in the Foxc1 overexpression group 
compared with those in the CLP group (Fig. 4C and E). This 
suggests that CLP surgery impaired the cognitive ability of 
the mice, which was partially prevented by Foxc1 overexpres‑
sion. Subsequently, the mRNA expression levels of Foxc1 
and IκBα in the hippocampus tissues of the mice on days 3, 
7 and 14 after CLP surgery were measured by RT‑qPCR, 
which showed that the expression levels of Foxc1 (Fig. 4F) 
and IκBα (Fig. 4G) were significantly reduced compared with 
those in the sham‑operated group on days 3, 7 and 14 after 
CLP surgery. These in vivo results suggest that CLP resulted 

Figure 1. LPS triggers the inflammatory response in BV‑2 cells and induce HT‑22 cell apoptosis. (A) Reverse transcription‑quantitative PCR and (B) western 
blot analysis were used to detect differences in the expression of Foxc1 expression between the control and LPS groups. (C) Quantification of western blotting 
data shown in (B and D) p65 and IκBα expression in the control and LPS groups were measured using western blot analysis, (E) which were quantified. 
(F) IL‑1β and TNF‑α secretion into the cell culture supernatant by BV‑2 cells in control and LPS groups were detected by ELISA. (G) Flow cytometry analysis 
of HT‑22 neuronal apoptosis after incubation in the media conditioned by microglia; the percentage of early and late apoptotic cells was measured by flow 
cytometry and (H) early + late apoptotic rate was quantified. Data represents the mean ± SD from three independent experiments. ***P<0.001 vs. Control. 
LPS, lipopolysaccharide; Foxc1, Forkhead box C1; IκBα, NF‑κB inhibitor α.
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in cognitive impairment in addition to the downregulation of 
Foxc1 and IκBα expression in the hippocampus of the mice. 
Consequently, Foxc1 and IκBα may regulate the cognitive 
function of mice during inflammation.

NF‑κB signaling is involved in mediating the hippocampal 
inflammatory response and microglial migration in mice 

with SAE. After CLP surgery, to verify the establishment of 
SAE, MWM trial and H&E staining were performed. Mice 
in the group showed significantly longer latency and shorter 
dwell times in the goal quadrant compared with those in the 
sham‑operated group (Fig. 4C‑E). H&E staining demonstrated 
that in the CLP group, the hippocampal structure was disor‑
dered, where the nuclei of neurons were condensed and the 

Figure 2. Overexpression of Foxc1 inhibits microglia‑mediated inflammatory response and neuronal apoptosis induced by LPS. After adenoviral transfection, 
transfection efficiency was analyzed by (A) western blot analysis and (B) was semi‑quantified. After LPS treatment, the expression of Foxc1 was analyzed by 
(C) reverse transcription‑quantitative PCR and (D) western blot analysis, (E) the latter of which was quantified. (F) Immunofluorescence assay was performed 
to detect Foxc1 overexpression in BV‑2 cells following LPS‑treatment. Untreated BV‑2 cells were used as the control group. Scale bar, 20 µm. (G) Percentage 
of Foxc1‑positive BV‑2 cells. (H) In the presence of LPS, the expression levels of p65 and IκBα in BV‑2 cells in the three groups were detected by western 
blot analysis and (I) quantified. (J) In the presence of LPS, the secretion of IL‑1β and TNF‑α into the culture supernatant by BV‑2 cells in the three groups 
were detected by ELISA. (K) Flow cytometry analysis of HT‑22 cell apoptosis after incubation in the media conditioned by microglia. (L) The percentage of 
early and late apoptotic HT‑22 cells was examined by flow cytometry analysis. Data represents the mean ± SD of three independent experiments. **P<0.01 and 
***P<0.001 vs. Ad‑Ctrl group. LPS, lipopolysaccharide; Ad‑, adenovirus; Ctrl, control; Foxc1, Forkhead box C1; IκBα, NF‑κB inhibitor α.
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cytoplasm were swollen (Fig. 5A). The expression of Foxc1 
and IκBα in hippocampal tissue of mice were measured by 
western blot analysis. The expression of Foxc1 and IκBα were 
significantly reduced in the CLP group compared with that in 
the Sham group (Fig. 5B and C). Additionally, the expression 

of p65, a subunit in NF‑κB family and Iba‑1, a microglia 
marker, were detected by western blot analysis. The expression 
of both p65 and Iba‑1 in the hippocampal tissues of mice were 
found to be significantly increased in the CLP group compared 
with that in the Sham group (Fig. 5D and E). Subsequent 

Figure 3. Overexpression of Foxc1 inhibits LPS‑induced microglial migration, inflammatory response and neuronal apoptosis through the NF‑κB pathway. 
(A) Representative images showing migrated BV‑2 microglial cells with or without Foxc1 overexpression under normal or LPS conditions using Transwell 
assays, (B) which were quantified. Scale bar, 50 µm. ***P<0.001 vs. blank group; ###P<0.001 vs. Ad‑Ctrl group. Viability of BV‑2 cells under (C) normal or 
(D) LPS conditions with or without Foxc1 overexpression were determined by the CCK‑8 assay. After siRNA transfection, transfection efficiency was analyzed 
by (E) western blot analysis and (F) was semi‑quantified. In the presence of LPS, BV‑2 cells with Foxc1 overexpression were transfected with siRNA‑IκBα 
or with siRNA‑NT. Foxc1‑overexpressing BV‑2 cells without siRNA transfection were used as the control group. siRNA‑mediated transfection efficiency on 
IκBα and p65 expression was determined by (G) reverse transcription‑quantitative PCR and (H) western blot analysis, (I) the latter of which was quantified. 
(H) Quantification of BV‑2 cell migration after Foxc1 overexpression in the presence of LPS using Transwell assays. (J) Representative Transwell assay images, 
(K) which were quantified. Scale bar, 50 µm. (L) After siRNA transfection, the secretion of IL‑1β and TNF‑α into the cell culture supernatant by BV‑2 cells 
with Foxc1 overexpression in the presence of LPS was measured by ELISA. (M) Flow cytometry analysis of HT‑22 cell apoptosis after incubation in the media 
conditioned by microglia. (N) The percentage of early and late apoptotic HT‑22 cells was measured by flow cytometry analysis. Data represents the mean ± SD 
of three independent experiments. **P<0.01 and ***P<0.001 vs. + siRNA‑NT group. LPS, lipopolysacharide; Ad‑, adenovirus; Ctrl, control; siRNA, small 
interfering RNA; Foxc1, Forkhead box C1; IκBα, NF‑κB inhibitor α.
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western blot analysis of IL‑1β and TNF‑α expression in the 
hippocampal tissues also showed that the expression both of 
these cytokines were significantly increased in the CLP group 
compared with that in the Sham group (Fig. 5F and G). These 
data suggest that NF‑κB pathway may serve important roles 
in the hippocampal inflammatory response and microglial 
migration during SAE.

Overexpression of Foxc1 attenuates cognitive dysfunction by 
inhibiting microglial migration, inflammation and neuronal 
apoptosis in the hippocampus of mice with SAE through 
the IκBα/NF‑κB pathway. The expression of Foxc1 in the 
hippocampus of mice with or without Foxc1 overexpression 
before CLP surgery was assessed by western blot analysis, 
which revealed the success of Foxc1 overexpression in the 
hippocampus of mice (Fig. 6A and B). After CLP surgery, 
H&E staining demonstrated that the hippocampal structure 
appeared to be more ordered with cell volume smaller, where 
the extent of cytosolic edema was decreased in tissues from 

the Foxc1 overexpression group compared with those in the 
CLP group (Fig. 6C). To investigate the role of the NF‑κB 
pathway in the hippocampal inflammatory response, microg‑
lial migration and neuronal apoptosis in mice with SAE, 
Foxc1‑overexpressing mice were used. After CLP surgery, the 
expression of Foxc1 and IκBα in the hippocampus of mice 
were examined using western blot analysis. Results showed 
that the expression levels of Foxc1 and IκBα were significantly 
higher in the CLP + Foxc1 OE group compared with that in 
the CLP group (Fig. 6D and E). The effect of Foxc1 overex‑
pression on the expression of p65, Iba‑1, IL‑1β and TNF‑α 
in the hippocampus tissues of mice were next detected by 
western blot analysis, which showed that Foxc1 overexpression 
significantly inhibited the expression of p65, Iba‑1, IL‑1β and 
TNF‑α in the compared with that in the CLP group (Fig. 6F‑I). 
Subsequently, microglial migration and neuronal apoptosis in 
the hippocampus of mice were measured using immunofluo‑
rescence and TUNEL staining. The number of Iba‑1‑positive 
and TUNEL‑positive cells were both marked increased in 

Figure 4. Cognitive impairment and downregulation of Foxc1 and IκBα expression in sepsis‑associated encephalopathy. (A) Timeline of the Morris Water 
Maze (MWM) protocol, RT‑qPCR and western blotting in naive, sham‑operated, CLP‑operated and CLP + Foxc1 OE mice. (B‑E) Cognitive function of mice 
in each treatment group was analyzed by MWM test. (B) Average swimming speed throughout the 6 consecutive days among the four experimental groups. 
(C) Latency, defined as the time the mouse took to find the hidden platform or first passed through the area where the platform was located. (D) The frequency 
of passing through the area where the platform was located was recorded. (E) Dwell time in the quadrant where the platform was located. n=14. The mRNA 
expression of (F) Foxc1 and (G) IκBα in the hippocampus tissues of mice with or without CLP surgery were detected by RT‑qPCR. Data represents the 
mean ± SD of three independent experiments. *P<0.05, **P<0.01 and ***P<0.001 vs. Sham. #P<0.05, ##P<0.01 and ###P<0.001 vs. CLP group. CLP, cecal ligation 
and perforation; OE, overexpression; MWM, Morris Water Maze; Foxc1, Forkhead box C1; IκBα, NF‑κB inhibitor α.
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the CLP group compared with those in the Sham group, but 
the number of Iba‑1‑positive and TUNEL‑positive cells in 
the CLP + Foxc1 OE group were both markedly decreased 
compared with those in the CLP group (Fig. 6J‑L). These 
results suggest that Foxc1 overexpression can inhibit microg‑
lial migration, inflammation and neuronal apoptosis in the 
hippocampus of mice with SAE through the NF‑κB pathway.

Discussion

The present study provided information on the potential 
mechanism underlying cognitive dysfunction in SAE. LPS 
induced inflammatory responses in the microglia, increased 
microglial migration and neuronal apoptosis in addition 
to downregulating Foxc1 and IκBα expression in  vitro. 
Furthermore, sepsis induced by CLP surgery led to cogni‑
tive dysfunctions accompanied with increased longer escape 

latency, decreased dwell time in the target quadrant and 
decreased frequency of passing through the target platform 
area in the MWM test. Decreased expression of Foxc1 and 
IκBα, increased expression of p65, Iba‑1, IL‑1β and TNF‑α 
and increased neuronal apoptosis were also observed in the 
hippocampal tissues of mice following CLP. It was found 
that Foxc1 overexpression promoted IκBα expression, 
inhibited microglial migration, inflammation and neuronal 
apoptosis both in vitro and in vivo, which prevented cogni‑
tive dysfunction in mice induced by CLP. In addition, IκBα 
knockdown using siRNA in microglial cells reversed the 
inhibitory effects of Foxc1 overexpression on the inflamma‑
tory response, microglial migration and neuronal apoptosis. 
Collectively, these data suggest that Foxc1 overexpression 
can inhibit microglial migration, hippocampal inflammatory 
response and neuronal apoptosis to alleviate sepsis‑induced 
cognitive dysfunction.

Figure 5. NF‑κB pathway is involved in the hippocampal inflammatory response and microglial migration in mice with sepsis‑associated encephalopathy. 
(A) H&E staining of the mouse hippocampal tissue. Scale bar, 20 µm. (B) The expression of Foxc1 and IκBα was measured by western blotting (C) and 
quantified. (D) The expression of p65 and Iba‑1 was measured by western blotting (E) and quantified. (F) The expression of IL‑1β and TNF‑α was measured 
by western blotting (G) and quantified. Data represents the mean ± SD of three independent experiments. **P<0.01 and ***P<0.001 vs. Sham. Foxc1, Forkhead 
box C1; IκBα, NF‑κB inhibitor α; CLP, cecal ligation and perforation; Iba‑1, allograft inflammatory factor 1.
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In the present study, LPS reduced the expression of Foxc1 in 
microglial BV‑2 cells, whilst CLP surgery also downregulated 
the expression of Foxc1 in the hippocampus of mice compared 
with their corresponding control groups. Foxc1 contains a 
common 100‑amino acid winged‑helix DNA‑binding domain 
that serves key roles in cell proliferation, differentiation 
migration and survival (19,33). A previous study showed that 
Foxc1 promoted the migration of hepatocellular carcinoma 
(HCC) cells, as knockdown of Foxc1 inhibited the migration 
of HCC cells  (34). Additionally, overexpression of Foxc1 
in breast cancer cells was found to increase proliferation, 

migration and invasion, whilst Foxc1 knockdown exerted 
opposite effects  (22). The present study revealed that the 
overexpression of Foxc1 inhibited the LPS‑induced microglial 
migration both in vitro and in vivo. This finding is not consis‑
tent with the previously reported effects of Foxc1 on cancer 
cellular migration.

Microglia is a highly specialized resident population 
of macrophage‑like immune cells in the CNS that serves 
ambiguous functions, since they can mediate both neuro‑
protective and neurotoxic effects (35). Microglial cells serve 
essential roles in brain development and are responsible 

Figure 6. Overexpression of Foxc1 inhibits microglial migration, suppresses the inflammatory response and neuronal apoptosis in the hippocampus of mice 
with sepsis‑associated encephalopathy through the NF‑κB pathway. The expression of Foxc1 in the hippocampus of mice with or without Foxc1 overexpression 
was analyzed by (A) western blot analysis and (B) was semi‑quantified, **P<0.01 vs. wild‑type group. (C) H&E staining of the mouse hippocampal tissue. Scale 
bar, 100 µm. (D) The expression of Foxc1 and IκBα in hippocampal tissue of mice was measured by western blotting (E) and quantified. (F) The expression 
of p65 and Iba‑1 in the hippocampal tissues of the mice was measured by western blotting (G) and quantified. (H) The expression of IL‑1β and TNF‑α in 
the hippocampal tissues of mice was measured by western blot analysis (I) and quantified. (K) Immunofluorescence staining quantification of Iba‑1 in the 
mouse hippocampal tissue. (J) Representative immunofluorescence images of Iba‑1 staining, where red dots represent microglia. Scale bar, 20 µm; n=3/group. 
(L) TUNEL staining, where green dots represent apoptotic neurons. Scale bar, 20 µm. **P<0.01 and ***P<0.001 vs. CLP or as indicated; ###P<0.001 as indicated. 
Foxc1, Forkhead box C1; OE, overexpression; IκBα, NF‑κB inhibitor α; CLP, cecal ligation and perforation; Iba‑1, allograft inflammatory factor 1.
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for maintaining homeostasis in the CNS (36). In addition, 
microglia‑mediated neuroinflammation serves important 
roles in neuronal repair and the regulation of inflammation in 
the CNS (37,38). However, microglia have also been shown 
to promote neuroinflammation‑associated cognitive impair‑
ment (39). Activated microglia can polarize towards the M1 
and M2 phenotypes (40). The M1 phenotype mainly migrates 
towards the site of neuroinflammation, where it secretes 
a number of proinflammatory cytokines, including IL‑1β, 
TNF‑α and adhesion molecules (such as CD86) (40). These 
cytokines then disrupt the BBB, which potentiates further 
microglia activation, leading to a vicious cycle and eventual 
neuronal damage (41‑43). By contrast, the M2 phenotype is 
generally associated with tissue regeneration by secreting 
anti‑inflammatory cytokines to inhibit microglia polariza‑
tion into the M1 phenotype (44,45). In the present study, LPS 
induced the secretion of IL‑1β and TNF‑α by the microglial 
cells, suggesting that LPS induced microglial polarization into 
the M1 phenotype. In addition, increased IL‑1β and TNF‑α 
expression was observed in the hippocampal tissues of mice 
following CLP surgery. This is consistent with the findings 
from a previous hypoxic‑ischemic brain injury study, which 
found that hypoxia‑ischemia facilitated M1 phenotype polar‑
ization whilst attenuating M2 phenotype activation (46). It is 
noteworthy that the overexpression of Foxc1 decreased the 
expression of IL‑1β and TNF‑α in the present study, suggesting 
that Foxc1 overexpression promoted microglial polarization 
into the M2 phenotype whilst suppressing the M1 phenotype. 
Under physiological conditions, microglial cells are sparsely 
distributed in the CNS. After the CNS becomes infected or 
damaged, microglia will rapidly proliferate and migrate to the 
damaged site (47). In the present study, LPS was found to induce 
microglial migration in vitro, whereas the expression of Iba‑1, 
a microglia marker protein, was also significantly increased 
in the hippocampal tissues of mice following CLP surgery. In 
addition, increased neuroinflammation was accompanied with 
increased microglial migration, suggesting that microglial 
migration promoted the inflammatory response. Given its key 
role in mediating neuroinflammation, the regulation of migra‑
tion and phenotype polarization in microglia is likely to be an 
important factor in SAE. However, the regulatory mechanism 
remains unclear at present.

The NF‑κB signaling pathway serves an important role 
in the regulation of inflammation; NF‑κB normally exists 
in the cytosol as an inactive form, where it forms a complex 
with inhibitory IκBα proteins (48,49). NF‑κB pathway has 
been previously reported to be part of the mechanism under‑
lying SAE‑related CNS damage (50). Members of the NF‑κB 
family include p50, p52, p65, RelB and c‑Rel subunits. In 
total, two separate activation pathways for NF‑κB have been 
reported, namely the canonical pathway and the alternative 
pathway  (51). In the canonical pathway, phosphorylated 
IκBα is degraded by the proteasome, causing it to separate 
from the IκBα/p65 complex (51). The p65 subunit is then 
released, where it translocates into the nucleus to promote 
NF‑κB‑dependent gene transcription (51). This results in the 
accumulation of NF‑κB homodimers and heterodimers in 
the nucleus (51). Therefore, decreased expression of IκBα 
can be applied to indirectly measure the status of NF‑κB 
activation (48). The alternative pathway can be activated by a 

small subset of tumor necrosis factors, such as CD40 ligand 
and lymphotoxin B. By contrast, the canonical pathway can 
also be activated by proinflammatory cytokines, such as 
TNF‑α and IL‑1, usually leading to the activation of NF‑κB 
pathway; briefly, mitogen kinase and phosphorylated‑IκBα 
protein kinase are activated, leading to the degradation of 
NF‑κB p100 via phosphorylation, and the formation of the 
P52/RelB heterodimer and NF‑κB P50/RelB heterodimer, 
which enter the nucleus and regulate the transcription of 
target genes (48). A previous study has reported that inflam‑
matory encephalopathy enhanced NF‑κB activity primarily 
through the canonical pathway  (52). The present study 
showed that LPS treatment downregulated the expression of 
IκBα but upregulated the expression of p65 in microglia, 
suggesting that the activation of NF‑κB was likely through 
the canonical pathway. This notion was supported further 
by observations of increased IL‑1β and TNF‑α secre‑
tion/expression. However, the underlying mechanism of 
this LPS‑induced activation of NF‑κB pathway in microglia 
require further study.

To examine the association between Foxc1 and IκBα 
in SAE‑related hippocampal inf lammatory response, 
the expression of Foxc1 was overexpressed in microglia. 
Overexpression of Foxc1 was found to upregulate the expres‑
sion of IκBα in microglia, in addition to inhibiting microglial 
migration and the inflammatory response, suggesting that 
overexpression of Foxc1 stabilized the IκBα/p65 complex 
and inhibited p65 activation to suppress the transcription of 
proinflammatory cytokines in microglia. Subsequently, the 
expression of IκBα was then knocked down in microglia, 
which reversed the inhibitory effects of Foxc1 overexpres‑
sion on microglial migration and inf lammation. This 
suggests that Foxc1 overexpression inhibits the NF‑κB 
pathway by promoting the expression of IκBα, which then 
inhibits microglial migration and inflammation during SAE. 
Microglia‑mediated neuroinflammatory response has been 
reported to at least partially mediate the pathology of various 
neurodegenerative diseases, including Alzheimer's disease, 
Parkinson's disease (PD) and multiple sclerosis (53‑55). A 
number of studies have documented that microglia‑mediated 
inflammation can aggravate neuronal axon and synaptic 
damage, increase demyelination, destroy the integrity of the 
white matter and induce neuronal apoptosis, all of which 
eventually leading to progressive neurodegeneration or 
even death (40,56,57). The present study also showed that 
mice following CLP surgery manifested cognitive impair‑
ments accompanied with increased neuroinflammation 
and neuronal apoptosis in the hippocampus, in accordance 
with the hypothesis that neuroinflammation is deleterious 
to CNS. In addition, overexpression of Foxc1 was found 
to inhibit neuroinflammation, neuronal apoptosis whilst 
alleviating cognitive dysfunction in the present study, this 
suggests that the anti‑inflammatory function of Foxc1 may 
contribute to protective effects against sepsis‑induced 
neuronal impairments and cognitive dysfunction.

In conclusion, in vitro and in vivo approaches were both 
applied to reveal a novel function of Foxc1 on microglia‑medi‑
ated inflammatory response, migration and neuronal apoptosis 
during sepsis‑induced cognitive dysfunction. The present 
study also provided evidence that Foxc1 can negatively 
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regulate the microglia‑mediated inflammatory response, 
microglial migration and neuronal apoptosis through the 
NF‑κB pathway. The adds support for the future therapeutic 
targeting of Foxc1 for the treatment of sepsis‑related cognitive 
dysfunction in SAE.

In summary, CLP surgery induced‑sepsis caused inflam‑
matory responses in the hippocampus mediated by microglia, 
resulting in deficits of cognitive function. Foxc1 overexpres‑
sion prevented sepsis‑induced neuroinflammation, microglial 
migration, neuronal apoptosis and cognitive dysfunction, which 
was likely mediated through its effects on IκBα and NF‑κB 
signaling. Therefore, targeting Foxc1/IκBα signaling may 
serve as a viable therapeutic strategy for treating or preventing 
cognitive dysfunction in SAE.
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