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Abstract Endothelial dysfunction plays a critical 
role in the pathogenesis of sepsis. This study aims to 
explore the effect and mechanism of forkhead box A1 
(FOXA1) on vascular endothelial cell injury in sepsis. 
Human umbilical vein endothelial cells (HUVECs) 
were stimulated by lipopolysaccharide (LPS). Lactate 
dehydrogenase (LDH) release, cell viability, apopto-
sis, and inflammatory factors including IL-1β, TNF-
α, and IL-6 were measured using LDH kits, CCK-8 
assay, flow cytometry, and ELISA respectively. RT-
qPCR or Western blot determined the expression of 
FOXA1 or neuropilin-2 (NRP2) in cells. The bind-
ing between FOXA1 and NRP2 was confirmed using 
ChIP and dual-luciferase assays. Functional rescue 
experiments were performed to verify the effect of 
FOXA1 siRNA or NRP2 siRNA on cell injury. LPS 
treatment induced endothelial cell injury in a con-
centration-dependent manner. FOXA1 expression 
was elevated after LPS treatment. FOXA1 silencing 
reduced LDH release, enhanced cell viability, sup-
pressed apoptosis, and declined inflammation factors. 
Mechanistically, FOXA1 bound to the NRP2 pro-
moter to suppress the transcription of NRP2. Func-
tional rescue experiments revealed that knockdown 
of NRP2 offset the protective effect of knockdown of 

FOXA1 on cell injury. In conclusion, FOXA1 exacer-
bates LPS-insulted endothelial cell injury in sepsis by 
repressing the transcription of NRP2.
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Introduction

Sepsis is a devastating clinical condition defined as 
life-threatening organ dysfunction due to dysregu-
lated host responses to infection, and despite the 
considerable progress in medical care, it remains 
a salient clinical challenge and leads to substantial 
deaths in the critically ill patients worldwide (Hat-
tori et al. 2017). Endothelial cells (ECs) play vital 
roles in the systemic response to bacterial infec-
tions and represent one of the earliest cell types 
to respond to sepsis insult (Vincent et  al. 2021). 
Upon stimulation, ECs undergo transition towards 
pro-apoptotic, pro-inflammatory, pro-adhesive, 
and pro-coagulant states (Martin-Fernandez et  al. 
2021). Endothelial dysfunction is acknowledged 
as a critical event in the deterioration from sepsis 
to multiple organ failures by enhancing vascular 
permeability, activating the coagulation cascade 
reaction, promoting tissue edema, and damag-
ing the perfusion of important organs (Bermejo-
Martin et al. 2018; Ince et al. 2016). In sepsis set-
tings, endothelial dysfunction represents a unified 

C. Li · L. Gou (*) 
Department of Intensive Care Medicine, Gansu, Second 
People’s Hospital of Lanzhou City, No. 388, Jingyuan 
Road, Chengguan District, Lanzhou 730030, China
e-mail: ggoulikun@163.com

http://crossmark.crossref.org/dialog/?doi=10.1007/s10616-024-00647-w&domain=pdf


 Cytotechnology

Vol:. (1234567890)

explanation of the complex pathophysiology of 
sepsis and also a promising target for systemic 
therapy (Chen 2017). Therefore, it is particularly 
important to protect the integrity of the structure 
and function of VECs in sepsis, which is of great 
clinical significance in reducing mortality (Shapiro 
et al. 2010).

Forkhead box (FOX) proteins are transcription 
factors that participate in diverse physiological 
processes including development, organogenesis, 
metabolism, and immune regulation (Jackson et al. 
2010). Forkhead box A1 (FOXA1) as the found-
ing member of the FOX family has been associated 
with the development and differentiation of various 
tissues (Bernardo and Keri 2012). FOXA1 expres-
sion is elevated in patients with septic acute kidney 
injury (AKI) and lipopolysaccharide (LPS)-trig-
gered HK2 cells, and FOXA1 addition aggravates 
LPS-disposed HK2 cell injury (Lu et  al. 2022). 
FOXA1 is also reported as a pro-apoptotic factor 
in the pathological development of sepsis-induced 
AKI since FOXA1 overexpression stimulates LPS-
caused HK2 cell apoptosis (Lu et  al. 2020). Sup-
pression of FOXA1 exerts protective effects against 
neonatal sepsis-induced systemic inflammation and 
elevates the survival rates of mice (Li et al. 2021). 
However, the transcriptional regulation of FOXA1 
in sepsis-associated VEC injury remains unknown.

In this study, JASPAR database prediction sug-
gests that FOXA1 owns a binding relationship with 
the promoter region of neuropilin-2 (NRP2). NRP2 
is a cell surface transmembrane protein predomi-
nantly expressed in the nervous and vascular sys-
tems, which participates in embryonic development 
by facilitating the binding of vascular endothelial 
growth factor (VEGF)-VEGFR (Stevens and Oltean 
2019). NRP2 deficiency increases vascular perme-
ability during inflammation, implying the signifi-
cance of NRP2 in regulating tissue swelling and 
alleviating edema after inflammation (Mucka et al. 
2016). Importantly, NRP2 expression is inhibited 
in LPS-stimulated human umbilical vein endothe-
lial cells (HUVECs), and functional NRP2 silenc-
ing exacerbates aortic endothelial dysfunction (Pan 
et  al. 2022). Herein, this study aims to determine 
the regulatory mechanism of FOXA1/NRP2 in a 
LPS-exposed VEC injury model, thereby confer-
ring novel targets for the clinical management of 
sepsis.

Materials and methods

Culture of HUVECs

HUVECs (American Type Culture Collection, 
Rockville, MD, USA) were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented 
with 10% fetal bovine serum (GIBCO, Grand 
Island, NY, USA), 1% penicillin–streptomycin, and 
5 mM glucose in a humidified incubator containing 
5%  CO2 at 37 °C.

Treatment of HUVECs

To determine the effect of FOXA1/NRP2 axis 
on sepsis-induced in  vitro injury, HUVECs were 
treated with LPS (0, 1, 2, 5, 10 μg/mL) for 0, 2, 4, 
8, and 12 h. Small interfering RNAs (siRNAs) tar-
geting FOXA1 or NRP2 (si-FOXA1-1, si-FOXA1-2 
or si-NRP2-1, si-NRP2-2) and their negative con-
trols (si-NC) were purchased from GenePharma 
(Shanghai, China) and transfected into cells using 
the Lipofectamine 2000 reagent (Invitrogen, Carls-
bad, CA, USA). The cells were harvested 24 h later.

Cell counting kit-8 (CCK-8) assay

The CCK-8 assay was used to detect the prolif-
eration of cells under different treatment condi-
tions. The cells were incubated in a 96-well plate 
(3 ×  103  cells/well) for 24  h and added with 10  μL 
CCK-8 reagent to each well, followed by 1  h of 
incubation at 37 °C. The optical density at 450 nm 
was detected using a microplate reader (Dojindo, 
Kumamoto, Japan) and used as a representative of 
cell viability.

Lactate dehydrogenase (LDH) release

The LDH detection kit (Jiancheng Bioengineering 
Research Institute, Nanjing, Jiangsu, China) was 
adopted to detect the release of LDH in the cell 
supernatant. Shortly, 1 ×  105 cells/well were seeded 
into a 96-well plate, and the supernatant was col-
lected in a clean tube and mixed with the reaction 
buffer provided by the reagent kit. The absorb-
ance at 490  nm was measured using a microplate 
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(BioTek, Winooski, VT, USA), and the final result 
was expressed as 100%.

Flow cytometry

The cells were collected and centrifuged at 1000  g 
for 5  min. The supernatant was discarded and the 
cells were washed twice with phosphate-buffered 
saline (PBS). Then, the cells were re-suspended with 
100 μL 1 × AnnexinV binding buffer to adjust the cell 
density to 1 ×  106 cells/mL. AnnexinV-FITC binding 
solution and propidium iodide were added according 
to the protocol of AnnexinV-FITC/PI cell apoptosis 
detection kit (BD Biosciences, East Rutherford, NJ, 
USA). Cell apoptosis analysis was performed using 
LSRII flow cytometer (BD Biosciences) and Cell-
Quest software.

Enzyme-linked immunosorbent assay (ELISA)

The supernatant was collected in a clean tube and the 
levels of IL-1β (ab214025, Abcam Inc., Cambridge, 
MA, USA), IL-6 (ab178013, Abcam), and TNF-α 
(ab181421, Abcam) were detected using ELISA kits.

Chromatin immunoprecipitation (ChIP)

The EZ-Magna ChIP kit (EMD Millipore, Billerica, 
MA, USA) was applied for ChIP detection. The cells 
were cross-linked with 1% formaldehyde for 10 min. 
Then, the cells were harvested in lysis buffer and 
DNA was cut into fragments through pulsed ultra-
sound. After ultrasonic treatment, the sample was 
divided equally and incubated overnight with FOXA1 
antibody (ab170933, Abcam) and non-specific IgG 
antibody (ab172730, Abcam) at 4  °C. The next day, 
each sample was incubated with 40 μL protein A aga-
rose beads (Thermo Fisher Scientific Inc., Waltham, 
MA, USA) for 3  h at 4  °C. Afterward, the immune 
complex was washed twice with lysis buffer and 
qPCR was performed on the precipitated DNA using 
the primers shown in Table  1, with Input used as 
normalization.

Dual-luciferase reporter assay

The binding site between FOXA1 and NRP2 pro-
moter was predicted through the JASPAR database 
(https:// jaspar. gener eg. net/) (Castro-Mondragon et al. 

2022). The reporting vectors for the binding site and 
mutation site of the NRP2 promoter were constructed 
by Ribo (Guangzhou, China). The cells were cultured 
in a 12-well plate to 50–80% confluence, and FOXA1 
pcDNA3.1 or NC pcDNA3.1 was co-transfected 
into cells with wild-type (NRP2-WT)/mutant-type 
(NRP2-MUT) reporter vectors using Lipofectamine 
2000. The dual-luciferase reporter gene detection sys-
tem (Promega Corp., Madison, Wisconsin, USA) was 
used to detect luciferase 48 h after transfection. Lucif-
erase activity was measured with a photometer (Pro-
mega) in line with the manufacturer’s instructions.

Reverse transcription quantitative polymerase chain 
reaction (RT-qPCR)

After treatment or transfection, the total RNA was 
extracted from cells using TRIzol (Invitrogen). The 
first-strand cDNA was generated using the Rever-
tAid first-strand cDNA synthesis kit (Thermo Sci-
entific). The reverse transcription reaction products 
were produced using SYBR qPCR Mix kit (Toyobo 
Co., Ltd., Osaka, Japan) and quantitatively analyzed 
in the 7500 Fast real-time PCR system (Applied Bio-
systems, Carlsbad, CA, USA). mRNA expression was 
detected using PrimeScript RT Reagent kit (TaKaRa, 
Tokyo, Japan), and the results were normalized with 
β-actin. Finally, the fold changes were detected using 
the  2−ΔΔCt method (Livak and Schmittgen 2001). The 
primers are shown in Table 1.

Western blot

After treatment and/or transfection, proteins were 
extracted from cells using radio-immunoprecipitation 

Table 1  PCR primer sequences

FOXA1 forkhead box A1, NRP2 neuropilin-2

Name Sequence (5ʹ–3ʹ)

FOXA1 F: GAA GAC CGG CCA GCT AGA G
R: GGA GTC TTC AAC TCC GAG GC

NRP2 F: CAT CCG AAG GTT TGA CCC CA
R: GAG TCT GTC CAG TCA CAG CC

β-actin F: GGC ACC CAG CAC AAT GAA GA
R: ACT CCT GCT TGC TGA TCC AC

NRP2 promoter F: CAG CTT GGC TCA ACT ATT TGC 
R: ATT CTT CTG GGT GGT TTC CCTC 

https://jaspar.genereg.net/
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assay buffer containing phenylmethylsulfonyl fluo-
ride, and the protein concentration was measured 
using bicinchonic acid protein assay (Pierce, Rock-
ford, IL, USA). The protein was separated by 10–12% 
sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and transferred onto polyvinylidene fluoride 
membranes. Then the membranes were blocked in 
Tris buffer Saline with Tween with 5% skimmed milk 
at room temperature for 2  h and incubated with the 
corresponding antibodies overnight at 4  °C. After-
wards, the membranes were washed three times with 
PBS buffer and incubated with the secondary anti-
body for 2 h. The protein bands were visualized using 
enhanced chemiluminescence (GE Healthcare UK 
Ltd, Little Chalfont, UK). The images were captured 
using the Bio-Rad image analysis system (Bio-Rad, 
Hercules, CA, USA) and analyzed using the Quantity 
One v4.6.2 software. The relative protein content was 
determined by the ratio of the grayscale value of the 
corresponding protein band to the grayscale value of 
the β-actin protein band. The primary antibodies were 
FOXA1 (1:1000, ab170933, Abcam), NRP2 (1:1000, 
ab273584, Abcam), and β-actin (1:1000, ab8227, 
Abcam), and secondary antibody was IgG (1:2000, 
ab205718, Abcam).

Statistical analysis

Data analysis and map plotting were performed using 
the SPSS 21.0 (IBM Corp., Armonk, NY, USA) and 
GraphPad Prism 8.0 (GraphPad Software Inc., San 
Diego, CA, USA). The data conformed to normal 
distribution and homogeneity of variance. The t test 
was adopted for comparisons between two groups. 
One-way or two-way analysis of variance (ANOVA) 
was employed for the comparisons among multiple 
groups, following Tukey’s multiple comparison test. 
A value of P < 0.05 indicated a significant difference.

Results

LPS treatment led to VEC injury

ECs are the first line of defense in the pathological 
process of sepsis injury (Deutschman and Tracey 
2014). To determine sepsis-associated EC injury, 
we treated HUVECs with different concentrations 
of LPS for 12 h and observed that cell viability was 

reduced while cell apoptosis rate was increased with 
the increase of LPS concentration (P < 0.05, Fig. 1A, 
B). After treatment with different concentrations of 
LPS, the release of LDH and the contents of inflam-
matory factors IL-1β, IL-6, and TNF-α in cells were 
increased (P < 0.05, Fig. 1E, F). Next, we used 10 μg/
mL LPS to treat HUVECs and found that as the 
treatment duration prolonged, the cell viability was 
decreased and apoptosis rate was increased (P < 0.05, 
Fig. 1C, D). Meanwhile, we found that the longer the 
LPS treatment duration, the more LDH was released 
and the higher the levels of inflammatory factors 
(P < 0.05, Fig. 1G, H).

LPS boosted FOXA1 expression

FOXA1 is highly expressed in sepsis (Lu et al. 2020, 
2022). Our results unveiled that the FOXA1 expres-
sion was elevated with the increase of LPS concentra-
tion and duration (P < 0.05, Fig. 2A, B).

Low expression of FOXA1 alleviated LPS-insulted 
VEC injury

To verify the effect of FOXA1 on LPS-insulted VEC 
injury, we knocked down the expression of FOXA1 
in VECs. Based on our previous results, we chose to 
treat HUVECs with 10 μg/mL LPS for 12 h (P < 0.05, 
Fig.  3A, B). After low expression of FOXA1, the 
cell viability was significantly enhanced and apopto-
sis rate was notably decreased (P < 0.05, Fig. 3C, D). 
In addition, low expression of FOXA1 significantly 
inhibited LPS-triggered LDH release and inflamma-
tory factors (P < 0.05, Fig. 3E, F). Briefly, low expres-
sion of FOXA1 alleviated LPS-caused VEC injury.

FOXA1 bound to the NRP2 promoter to suppress the 
transcription of NRP2

FOXA1 inhibits gene expression at the transcrip-
tional level (Zhu et al. 2021). JASPAR database pre-
dicted that FOXA1 can bind to the NRP2 promoter 
(Fig.  4A). NRP2 expression is reduced in LPS-
injured VECs (Pan et al. 2022). ChIP results revealed 
that FOXA1 was enriched on the NRP2 promoter, 
but low expression of FOXA1 significantly reduced 
its enrichment level (P < 0.05, Fig.  4B). Similarly, 
dual-luciferase assay also confirmed the binding of 
FOXA1 to the NRP2 promoter (P < 0.05, Fig.  4C). 
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The transcription level of NRP2 was reduced with the 
increase of LPS concentration and duration. However, 
low expression of FOXA1 enhanced the transcription 
of NRP2 (P < 0.05, Fig. 4D). The above results indi-
cated that the binding of FOXA1 to the NRP2 pro-
moter depressed the transcription of NRP2.

FOXA1 aggravated LPS-insulted VEC injury by 
suppressing NRP2 transcription

Finally, we knocked down the expression of NRP2 
in cells by transfecting si-NRP2 and selected si-
NRP2-2 with better transfection efficiency for subse-
quent experiments (P < 0.05, Fig.  5A, B). After low 
expression of NRP2, the cell viability was notably 
depressed and apoptosis rate was significantly ele-
vated (P < 0.05, Fig. 5C, D). In addition, low expres-
sion of NRP2 significantly facilitated the release of 

LDH and the contents of IL-1β, IL-6, and TNF-α 
(P < 0.05, Fig.  5E, F). Briefly, FOXA1 aggravated 
LPS-insulted VEC injury through suppression of 
NRP2 transcription.

Discussion

Endothelial dysfunction has been recognized as a cen-
tral event in the progression of sepsis into organ fail-
ure as it leads to extensive inflammatory responses, 
vascular leakage, and aberrant coagulation (Arina and 
Singer 2021). VECs have thus been considered prom-
ising targets for therapeutic interventions in sepsis 
(Vincent et al. 2021). Our study reveals that FOXA1 
exacerbates LPS-insulted VEC injury in sepsis by 
depressing the transcription of NRP2.

Fig. 1  LPS induced VEC injury. HUVECs were treated 
with different concentrations of LPS at different times to 
induce sepsis-induced vascular endothelial cell injury model. 
A/C Detection of cell viability by CCK-8 assay. B/D Detec-
tion of cell apoptosis by flow cytometry. E/G Detection of 
LDH release by kits. F/H Detection of inflammatory fac-
tors IL-1β, IL-6, and TNF-α by ELISA. The cell experiments 

were repeated 3 time independently. The data are expressed as 
mean ± standard deviation. Comparison of data between mul-
tiple groups in panels A–D/E/G adopted one-way ANOVA, 
while comparison of data between multiple groups in panels 
F/H used two-way ANOVA, followed by Tukey’s multiple 
comparisons test. *P < 0.05, **P < 0.01. The control group was 
treated with 10 μg/mL LPS for 0 h or 0 μg/mL LPS for 12 h
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VECs are responsible for maintaining the integ-
rity, tone, and patency of blood vessels, which play 
vital roles in inflammatory responses and hemostasis 
(Joffre et  al. 2020). Sepsis affects almost all aspects 
of VEC functions including vascular regulation, bar-
rier function, and inflammation (Ince et al. 2016). In 
the present study, we treated HUVECs with different 
concentrations of LPS for 12 h to mimic an in vitro 
model of sepsis-induced VEC injury. In vitro studies 
have demonstrated that a wide variety of stimuli can 
induce programmed cell death (such as apoptosis) of 
endothelial cells, and apoptosis is an important mech-
anism of endothelial injury or dysfunction (Winn and 
Harlan 2005). Inflammatory endothelial injury can 
lead to endothelial cell aopotosis (Jeon et  al. 2017). 
Hence, we applied CCK-8 assay to detect endothe-
lial viability, flow cytometry to assess apoptosis, and 
ELISA to detect inflammatory factors to assess cel-
lular inflammation. LDH is also commonly detected 
to evaluate LPS-induced endothelial cell injury (Liu 
et  al. 2022; Luo et  al. 2024; Songjang et  al. 2023; 

You et  al. 2021). We found that LPS treatment led 
to a decrease in cell viability, as well as an increase 
in apoptosis, LDH release, and inflammatory factors 
in a concentration-dependent manner. The transcrip-
tion factor FOXA1 practically participates in diverse 
pathological processes in sepsis, such as inflam-
mation, cell viability, and cell cycle progression 
(Li et al. 2021; Lu et al. 2020, 2022). We noted that 
FOXA1 expression was elevated with the increase 
of LPS concentration and duration. Therefore, we 
silenced FOXA1 expression HUVECs and found that 
FOXA1 silencing dramatically intensified cell viabil-
ity, repressed apoptosis, curbed LDH release, and 
diminished inflammatory factors. Consistently, Lu 
et  al. have observed an up-regulation of FOXA1 in 
sepsis-induced AKI and elaborated that FOXA1 pro-
motes LPS-stimulated HK-2 cell apoptosis (Lu et al. 
2020). FOXA1 suppression can restrain oxidative 
stress responses and diminish IL-1β and TNF-α levels 
in LPS-insulted HK2 cells (Lu et  al. 2022). Inhibit-
ing FOXA1 also contributes to the positive effects of 

Fig. 2  LPS promoted FOXA1 expression. HUVECs were 
treated with different concentrations of LPS at different times 
to induce sepsis-induced vascular endothelial cell injury 
model. A, B Detection of FOXA1 expression in cells by RT-
qPCR and Western blot. The cell experiments were repeated 
3 time independently. The data are expressed as mean ± stand-

ard deviation. Comparison of data between multiple groups in 
panels A–B adopted one-way ANOVA, followed by Tukey’s 
multiple comparisons test. *P < 0.05, **P < 0.01. The control 
group was treated with 10 μg/mL LPS for 0 h or 0 μg/mL LPS 
for 12 h
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Fig. 3  Low expression of FOXA1 reduced LPS-induced 
VEC injury. Two FOXA1 siRNAs (si-FOXA1) were trans-
fected into HUVECs, with si-NC as the negative control, and 
then HUVECs were treated with 10 μg/mL LPS for 12 h. A, 
B Detection of FOXA1 expression in cells by RT-qPCR and 
Western blot. C Detection of cell viability by CCK-8 assay. 
D Detection of cell apoptosis by flow cytometry. E Detec-
tion of LDH release by kits. F Detection of inflammatory fac-
tors IL-1β, IL-6, and TNF-α by ELISA. The cell experiments 

were repeated 3 time independently. The data are expressed as 
mean ± standard deviation. Comparison of data between mul-
tiple groups in panels A–E adopted one-way ANOVA, while 
comparison of data between multiple groups in panel F used 
two-way ANOVA, followed by Tukey’s multiple comparisons 
test. *P < 0.05, **P < 0.01. Control (untreated cells) was used 
a control for panel A (left)–B (left), and si-NC was used for 
the others
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berberine on the survival rate and systemic inflam-
mation in a mouse model of neonatal sepsis (Li et al. 
2021). Based on these previous finding, it was indi-
cated that low expression of FOXA1 alleviated LPS-
insulted injury to VECs.

Subsequently, we focused on the downstream 
mechanism of FOXA1 in alleviating LPS-caused 
VEC injury. The prediction through the JASPAR 
database suggested that FOXA1 possessed a bind-
ing relationship with the NRP2 promoter region. 
NRP2 is a single chain transmembrane glycoprotein 

abundantly expressed in lymphatic and vascular ECs 
(Islam et al. 2022). NRP2 in ECs is extensively impli-
cated in the angiogenesis, lymphangiogenesis, and 
vasculogenesis processes by selectively binding to 
VEGF family members (Alghamdi et al. 2020). Exist-
ing studies focus on annotating the role of NRP2 in 
various cancers, while the function of NRP2 in sep-
sis remains largely unknown. ChIP and dual-lucif-
erase assays confirmed the binding between FOXA1 
and NRP2. NRP2 expression was declined with LPS 
treatment concentration and duration, but FOXA1 

Fig. 4  FOXA1 bound to the NRP2 promoter to suppress the 
transcription of NRP2. A Prediction of the binding of FOXA1 
to the NRP2 promoter through the JASPAR database. B, C 
Detection of the binding of FOXA1 to the NRP2 promoter by 
ChIP (Input was used as normalization) and dual-luciferase 
assays. D Detection of the transcription level of NRP2 in cells 
by RT-qPCR. The cell experiments were repeated 3 time inde-
pendently. The data are expressed as mean ± standard devia-

tion. Comparison of data between multiple groups in panel D 
adopted one-way ANOVA, while comparison of data between 
multiple groups in panels B–C used two-way ANOVA, fol-
lowed by Tukey’s multiple comparisons test. *P < 0.05, 
**P < 0.01. In panel D, 10 μg/mL LPS treatment for 0 h, 0 μg/
mL LPS treatment for 12 h, control (untreated cells), and si NC 
were used as a control
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silencing lifted the transcription of NRP2, implying 
that FOXA1 bound to the NRP2 promoter to restrain 
the transcription of NRP2. NRP2 is crucial for nor-
mal vascular functions, and NRP2 deficiency can 
cause extensive lymphedema and magnify vascular 

permeability in mice under inflammatory conditions 
(Mucka et al. 2016). NRP2 supports the anti-endothe-
lial dysfunction role of ruscogenin by improving the 
arterial histology of septic mice, as well as enhanc-
ing viability, curbing apoptosis, and down-regulating 

Fig. 5  FOXA1 aggravated LPS-induced VEC injury by inhib-
iting NRP2 transcription. Two NRP2 siRNAs (si-NRP2) were 
transfected into HUVECs, with si-NC as the negative control, 
and then HUVECs were treated with 10 μg/mL LPS for 12 h. 
A, B Detection of NRP2 expression in cells by RT-qPCR and 
Western blot. C Detection of cell viability by CCK-8 assay. 
D Detection of cell apoptosis by flow cytometry. E Detec-
tion of LDH release by kits. F Detection of inflammatory fac-
tors IL-1β, IL-6, and TNF-α by ELISA. The cell experiments 

were repeated 3 time independently. The data are expressed as 
mean ± standard deviation. Comparison of data between mul-
tiple groups in panels A–E adopted one-way ANOVA, while 
comparison of data between multiple groups in panel F used 
two-way ANOVA, followed by Tukey’s multiple comparisons 
test. *P < 0.05, **P < 0.01. Control (untreated cells) was used 
a control for panel A (left)–B (left), and si-NC was used for 
the others
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cytokines in LPS-injured HUVECs (Pan et al. 2022). 
Similarly, we found that NRP2 silencing restrained 
the viability of LPS-injured HUVECs, repressed cell 
apoptosis, boosted LDH release, and elevated IL-1β, 
IL-6, TNF-α contents.

To our knowledge, we are the first to reveal that 
FOXA1 exacerbates sepsis-associated endothelial 
dysfunction by depressing the transcription of NRP2. 
However, this study only explored the single down-
stream mechanism of FOXA1 in sepsis-associated 
endothelial dysfunction. Moreover, we did not vali-
date the mechanism more fully at the animal level ans 
also did not detect the protein level of NRP2. In the 
future research, we will validate the proposed mecha-
nism in animals and explore the underlying reasons 
for high expression of FOXA1, thus providing more 
theoretical knowledge for the treatment of sepsis.
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