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Abstract
Background Intra-abdominal infections are the second most common cause of sepsis in the intensive care unit. Intestinal 
epithelial injury due to abdominal sepsis results in a variety of pathological changes, such as intestinal bacteria and toxins 
entering the blood, leading to persistent systemic inflammation and multiple organ dysfunction. The increased apoptosis 
of intestinal epithelial cells induced by sepsis further exacerbates the progression of sepsis. Although several studies have 
revealed that circRNAs are involved in intestinal epithelial injury in sepsis, few studies have identified the roles of circRNAs 
in intestinal epithelial apoptosis.
Methods We used laser capture microdissection to obtain purified epithelial cells located in intestinal crypts from four 
patients with abdominal sepsis induced by intestinal perforation and four samples from age and sex-matched non-septic 
patients. Microarray analysis of circRNAs was conducted to assess differentially expressed circRNAs between patients with 
and without sepsis. Lastly, in vitro and in vivo assays were performed to study the mechanism of circFLNA in intestinal 
epithelial apoptosis during sepsis.
Results circFLNA was upregulated in the intestinal epithelium after abdominal sepsis induced by intestinal perforation. 
Inhibition of miR-766-3p impaired si-circFLNA-mediated inhibition of apoptosis and inflammation factor levels in lipopoly-
saccharide (LPS)-treated HIEC-6 cells. circFLNA aggravated apoptosis and inflammation through the Fas-mediated apoptosis 
pathway in both LPS-treated HIEC-6 cells and a mouse cecal ligation and puncture model.
Conclusion Our findings showed that circFLNA promotes intestinal injury in abdominal sepsis through the Fas-mediated 
apoptosis pathway by sponging miR-766-3p. The circFLNA/miR-766-3p/Fas axis has potential as a novel therapeutic target 
for treating intestinal injury in sepsis.

Keywords circFLNA · Intestinal injury · Abdominal sepsis · Fas · Apoptosis

Introduction

Intra-abdominal infections are second only to pneumonia as 
the most common cause of sepsis in the intensive care unit 
(ICU) patients, with a high incidence of mortality [1, 2]. 
Once severe abdominal sepsis or septic shock is identified, 
the mortality rate can be as high as 42.3% [3, 4]. Despite 
the implementation of optimal management principles, such 
as early diagnosis, personalized fluid resuscitation, damage 
control, empiric antibiotic therapy, and organ support in the 
ICU, the mortality due to abdominal sepsis has not signifi-
cantly improved over the past decades [5, 6]. Based on a 
previous study, the increase in intestinal permeability caused 
by mucosal injury in sepsis results in a variety of pathologi-
cal changes such as intestinal bacteria and toxins entering 
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the blood, leading to persistent systemic inflammation and 
multiple organ dysfunction [7, 8]. It has been reported that 
apoptosis of intestinal epithelial cells (IECs) is an impor-
tant biological process which leads to intestinal injury [9]. 
Nevertheless, the detailed mechanisms that regulate IEC 
apoptosis in abdominal sepsis are still not fully elucidated.

Circular RNAs (circRNAs), a novel class of non-coding 
RNAs with covalently closed loop structures, are widely 
found in eukaryotic cells and exhibit tissue-specific expres-
sion [10]. The sequence of circRNAs is highly conserved 
among different species and is resistant to ribonuclease R 
(RNase R) because of their circular structure [11]. Instead of 

Fig. 1  circRNA expression profiles in intestinal epithelium from sep-
sis sample. A Intestinal epithelial cells of patients with or without 
sepsis were obtained from fixed tissue sections using laser capture 
microdissection. B Heat map of differentially expressed circRNAs 
between septic and non-septic human intestinal epithelial cells. C 
Validation of circFLNA and other differentially expressed circRNAs 

by qRT-PCR in the intestinal mucosa from 20 patients with sepsis 
and 23 non-sepsis patients. D circFLNA was upregulated in the intes-
tinal mucosa of mice exposed to CLP for 48 h. E HIEC-6 cells were 
treated with increasing concentrations of LPS for 24 h and cell viabil-
ity assays were performed using a CCK-8 kit. F circFLNA levels in 
HIEC-6 cells treated with different concentrations of LPS for 24 h

Table 1  Differential circRNAs 
expression in purified intestinal 
epithelial cells between four 
abdominal sepsis and four non-
sepsis patients

circRNA P value Fold change Regulation CircRNA type Gene symbol

hsa_circ_0001535  < 0.001 6.23 Up Exonic FAM13B
hsa_circ_0092012  < 0.001 5.85 Up Exonic FLNA
hsa_circ_0073244  < 0.001 4.36 Up Exonic EDIL3
hsa_circ_0003222  < 0.001 3.79 Up Exonic LARP4
hsa_circ_0008732  < 0.001 3.13 Up Exonic BNC2
hsa_circ_0006990 0.03 2.92 Up Exonic VAPA
hsa_circ_0037777 0.02 2.84 Up Exonic ALG1
hsa_circ_0044436 0.005 2.82 Up Exonic KAT7
hsa_circ_0001032 0.04 2.73 Up Exonic TET3
hsa_circ_0067470 0.008 2.63 Up Exonic STAG1
hsa_circ_0006198 0.006 2.59 Up Exonic LCOR
hsa_circ_0012799 0.002 2.53 Up Exonic DOCK7
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coproducts of RNA splicing, circRNAs mainly function as 
sponges of microRNAs (miRNAs) and regulate the expres-
sion of target genes [12]. miRNAs repress gene expression 
by binding to complementary sequences in the 3ʹ untrans-
lated region (3ʹ-UTR) of target mRNAs [13]. Recent studies 
have shown that circRNAs are aberrantly expressed in sepsis 
and have the potential to serve as diagnostic biomarkers and 
therapeutic targets [14, 15]. For instance, circHIPK3 serves 
as a sponge for miR-29b to enhance the repair of intestinal 
epithelial cells in patients with sepsis [16]. Furthermore, 
circTLK1 promotes inflammation and oxidative stress via 
the miR-106a-5p/HMGB1 axis in sepsis-associated acute 
kidney injury, and hsa_circ_0003091 mediates sepsis-
induced lung injury by reducing miR-149 [17, 18]. Although 
several studies have revealed that circRNAs are involved in 
intestinal epithelial injury in sepsis [16, 19, 20], few studies 
have investigated the roles of circRNAs in intestinal epithe-
lial apoptosis.

Laser capture microdissection (LCM) is a microscopic-
guided system that can isolate specific cell types or regions 
of interest from tissue sections with a laser beam [21]. A 
variety of studies have indicated that LCM is powerful for 
isolating distinct cells and is helpful for the subsequent 
analysis of DNA, RNA, or protein profiles by sequencing 
or microarray [22–24]. With respect to the intestine, LCM 
has been used to obtain high-integrity RNA samples from 
freshly resected human intestinal tissue and to evaluate the 
gene expression profiles between crypts and villi of ileal 
epithelial cells [25, 26]. Furthermore, compared to villi, 
intestinal crypts have been shown to contribute to antimi-
crobial activity by expressing certain proteins [27]. In addi-
tion, intestinal stem cells (ISCs), which renovate the intes-
tinal epithelium, are located at the bottom of crypts [28]. 
Therefore, we used LCM to obtain particular cells from the 
intestinal crypts of patients with abdominal sepsis induced 
by intestinal perforation and non-sepsis patients separately 
and then analyzed the circRNA expression profiles using 
circRNA microarray.

In this study, we found that circFLNA was upregulated 
in the intestinal crypts of patients with intestinal perfora-
tion. Moreover, we discovered that circFLNA originated 
from exons 9–15 of the FLNA gene, and its expression was 
significantly increased in HIEC-6 cells after being treated 
with lipopolysaccharide (LPS). Further mechanistic studies 
revealed that circFLNA promotes intestinal epithelial apop-
tosis and inflammation via the miR-766-3p/Fas axis in vitro 
and in vivo.

Materials and methods

Patients intestinal tissues

The resected intestinal tissues were obtained from 20 
patients with intestinal perforation diagnosed with sepsis 
according to Sepsis 3.0. Discarded tissues resected from 23 
patients with gastrointestinal stromal tumors were used as 
controls. All patients provided informed consent, and this 
study was approved by the Ethics Committee of Henan Pro-
vincial People’s Hospital.

Laser capture microdissection and CircRNA 
microarray analysis

Highly purified epithelial cells located in intestinal crypts 
from four patients with abdominal sepsis induced by intesti-
nal perforation and four samples from age- and sex-matched 
non-sepsis patients were obtained with LCM, according to a 
previously described protocol [29]. The enriched circRNAs 
were sent to BoHao Bio-tech (Shanghai, China) for circRNA 
microarray analysis after the total RNA was digested with 
ribonuclease R (RNase R).

Cell culture and chemicals

Normal HIEC-6 cells, human undifferentiated crypt entero-
cytes, were acquired from the Type Culture Collection of 
the Chinese Academy of Sciences (Shanghai, China). The 
cells were incubated in Dulbecco’s modified Eagle’s medium 
(DMEM, Gibco; Grand Island, NY, USA) supplemented 
with 10% fetal bovine serum (FBS, Gibco) and cultured 
in a humid atmosphere at 37 °C with 5%  CO2 in air. LPS 
from Escherichia coli O111:B4 was purchased from Sigma-
Aldrich (St Louis, MO, USA).

Total RNA extraction, actinomycin D assay, 
RNase treatment, and quantitative real‑time PCR 
(qRT‑PCR)

Total RNA, including circRNA, was extracted from intesti-
nal tissues and HIEC-6 cells using RNAiso Plus (TaKaRa, 
Shiga, Japan) according to the manufacturer’s instructions. 
The transcription of RNAs extracted from HIEC-6 cells was 
blocked with 2 μg/mL actinomycin D (Sigma-Aldrich) for 8, 
16, and 24 h. The RNAs extracted from HIEC-6 cells were 
treated with RNase R (Abcam, Cambridge, UK) for 30 min 
at 37 ℃ according to the protocol previously described 
[30]. Nuclear and cytoplasmic RNAs were isolated using 
the Cytoplasmic & Nuclear RNA Purification Kit (Norgen 
Biotek, Ontario, Canada), according to the manufacturer’s 
instructions. qRT-PCR was performed using a SYBR-Green 
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PCR Master Mix Kit (Takara) on a QuantStudio Dx system 
(Applied Biosystems, CA, USA). The abundance of circR-
NAs and mRNAs was normalized to that of GAPDH, and 
small nuclear U6 was used as an endogenous control for 
miRNAs. The relative expression of circRNAs, miRNAs, 
and mRNA was measured using the  2−ΔΔCt (Ct; cycle thresh-
old) method. The primers used for qRT-PCR are listed in 
Supplementary Table S1.

Fluorescence in situ hybridization 
and immunofluorescent staining

The signals of Cy5-labeled probes specific to circFLNA 
were detected using a fluorescence in situ hybridization 
(FISH) kit (GenePharma, Shanghai, China) according to 
the manufacturer’s instructions. Nuclei were counterstained 
with 4’, 6-diamidino-2-phenylindole (DAPI). Immunofluo-
rescence (IF) staining analysis to detect Fas localization 
in HIEC-6 cells was performed according to a previously 
described protocol [31]. Images were acquired using a TCS 
SP2 AOBS confocal microscope (Leica Microsystems, Man-
nheim, Germany).

Plasmid construction and transfection

Lentiviral vectors encoding circFLNA, small interfering 
RNAs (siRNA) targeting circFLNA, miRNA-766-3p mim-
ics, and miRNA-766-3p inhibitor sequences were designed 
and synthesized by BioLink (Shanghai, China). The Fas 
(CD95) gene was synthesized according to the mRNA 
sequence of the human Fas gene and cloned into a lentivi-
ral vector. HIEC-6 cells were transfected with 50 nM over-
expressing circFLNA (circFLNA OE), si-circFLNA, Fas, 
miR-766-3p mimics, miR-766-3p inhibitors, or the corre-
sponding controls using Lipofectamine RNAiMax (Invitro-
gen, Waltham, MA, USA) according to the manufacturer’s 
protocol.

Cell viability and apoptosis assay

Cell viability was measured using the Cell Counting kit-8 
(CCK8) (Dojindo, Kumamoto, Japan), according to the man-
ufacturer’s protocol. HIEC-6 cells were treated with LPS 
at concentrations of 0, 1, 5, 10, 20, and 50 μg/mL for 24 h, 
and the optimal concentration of LPS was obtained. HIEC-6 
cells transfected with lentivirus circFLNA OE, si-circFLNA, 
or the corresponding control were treated with 50 μg/mL 
LPS. Absorbance at 450 nm was measured using a Gen5 
microplate reader (BioTek, Vermont, USA). Cell apoptosis 
was detected according to the protocol described in our pre-
vious study [32]. A BD FACSCalibur Flow Cytometer (BD 
Biosciences, CA, USA) was used to evaluate the apoptosis 
rate according to the manufacturer’s instructions.

Enzyme‑linked immunosorbent assay (ELISA)

Cytokines in the supernatants of HIEC-6 cells and mouse 
intestinal homogenates were measured using ELISA kits 
(R&D Systems, Minneapolis, MN, USA), according to the 
manufacturer’s protocol. The mouse intestinal tissues were 
homogenized using a homogenizer, and the supernatant was 
collected after centrifugation at 800 × g for 20 min at 4 °C. 
The concentrations of interleukin (IL)-6, IL-1β, and tumor 
necrosis factor alpha (TNF-α) were determined using ELISA 
kits (R&D Systems). The optical density (OD) at 450 nm 
was measured using a Gen5 microplate reader (BioTek). A 
standard curve was plotted before sample concentrations 
were calculated. The experiments were repeated in triplicate.

Protein microarray analysis

The protein lysate samples of LPS-treated HIEC-6 cells 
were analyzed using the Human Cytokine Antibody Array 
4000 (RayBio, GA, USA), according to the manufacturer’s 
instructions. Briefly, the array slide was incubated with 65 
µL of LPS-treated HIEC-6 cell lysate overnight at 4 °C and 
equilibrated to room temperature on the following day. Then, 
the array slide was incubated for 2 h after extensive washing 
with an array-specific biotinylated antibody cocktail. The 
slide was incubated with Cy3-equivalent dye-conjugated 
streptavidin for 1 h. Finally, an InnoScan 300 microarray 
scanner (Innopsys, IL, USA) was used to obtain the images. 
To minimize false-positive hits, each sample was screened 
twice, and only the hits that appeared on both screenings 
were analyzed.

Western blot analysis

Western blot analysis was performed according to the 
protocol in our previous study [32]. The following anti-
bodies were purchased as indicated: anti-Fas, anti-FADD, 

Fig. 2  circFLNA is overexpressed in LPS-treated HIEC-6 cells and 
mainly localized in the cytoplasm. A A schematic illustration shows 
that exon 9–15 derived from FLNA formed circFLNA. B qRT-PCR 
assays were performed to detect the expression of circFLNA and 
linear FLNA mRNA in HIEC-6 cells treated with actinomycin D at 
a specific time point. C After total RNA treatment with or without 
RNase R, the expression of circFLNA and linear FLNA mRNA in 
HIEC-6 cells was detected using qRT-PCR. D A nuclear-cytoplasmic 
fractionation assay revealed that circFLNA was mainly detected in 
the cytoplasm. E RNA-FISH assay showed that circFLNA was pre-
dominantly localized in the cytoplasm of HIEC-6 cells after treat-
ment with LPS for 24 h. Nuclei stained blue with DAPI. Values are 
shown as mean ± standard deviation. NS not significant. *P < 0.05, 
**P < 0.01, and ***P < 0.001

◂
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Fig. 3  circFLNA inhibits 
cell proliferation, as well 
as promotes apoptosis and 
inflammation of LPS-treated 
HIEC-6 cells. A The reduced 
efficiency of three siRNAs 
targeting circFLNA was verified 
by qRT-PCR in HIEC-6 cells. 
B qRT-PCR assays were used 
to detect circFLNA expression 
in LPS-treated HIEC-6 cells 
transfected with si-circFLNA#1 
or the negative control (si-NC). 
C Cell Counting Kit-8 assays 
were used to evaluate the prolif-
eration of LPS-treated HIEC-6 
cells transfected with si-circ-
FLNA#1 (red line) or si-NC 
(blue line). D circFLNA expres-
sion was detected by qRT-PCR 
in HIEC-6 cells infected with 
lentivirus overexpressing circ-
FLNA or with the empty control 
vector. E qRT-PCR assays were 
used to detect circFLNA expres-
sion in LPS-treated HIEC-6 
cells transfected with circFLNA 
OE or vector. F Cell Counting 
Kit-8 assays were used to evalu-
ate the proliferation of LPS-
treated HIEC-6 cells transfected 
with circFLNA OE (red line) 
or vector (blue line). G Cell 
apoptosis was evaluated using 
flow cytometry in LPS-treated 
HIEC-6 cells transfected with 
si-circFLNA#1 or si-NC. H 
Concentrations of IL-6, IL-1β, 
and TNF-α in the supernatants 
of LPS-treated HIEC-6 cells 
transfected with si-circFLNA#1 
or si-NC were measured by 
ELISA. I Apoptosis was 
evaluated by flow cytometry 
in LPS-treated HIEC-6 cells 
transfected with circFLNA OE 
or vector. J Concentrations 
of IL-6, IL-1β, and TNF-α in 
supernatants of LPS-treated 
HIEC-6 cells transfected with 
circFLNA OE or vector were 
measured using ELISA. Values 
are shown as mean ± standard 
deviation *P < 0.05, **P < 0.01, 
and ***P < 0.001
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anti-Caspase-8, anti-Caspase-3, anti-occludin, anti-ZO-1 
(Cell Signaling Technology, MA, USA), and anti-β-actin 
(Sigma-Aldrich).

Bioinformatic analysis

The target miRNAs interacting with circFLNA were pre-
dicted using the publicly available databases circInterac-
tome (https:// circi ntera ctome. nia. nih. gov/ index. html) and 
circBank (http:// www. circb ank. cn/). The miRNAs target-
ing Fas were predicted using TargetScan (https:// www. targe 
tscan. org/ vert_ 80/). The miRNAs presented in all three data-
bases were validated in HIEC-6 cells.

Dual‑luciferase reporter assay

HIEC-6 cells were transfected with either wild-type (WT) 
or mutant (MUT) circFLNA vector, miR-766-3p mimics, or 
mimics normal control (NC), and WT or MUT Fas 3′-UTR 
reporter using Lipofectamine 2000 (Invitrogen). The dual-
luciferase reporter assays (Promega, Madison, WI, USA) 
were performed according to the manufacturer’s instruc-
tions. After transfection for 48 h, a GloMax fluorescence 
reader (Promega) was used to assess luciferase activity.

RNA immunoprecipitation

The Magna RIP RNA-Binding Protein Immunoprecipitation 
Kit (Millipore, Bedford, MA, USA) was used to perform 
the RNA Immunoprecipitation (RIP) assays according to 
the manufacturer’s instructions. Briefly, HIEC-6 cells were 
transfected with miR-766-3p mimics or mimics NC and then 
cells were lysed using RIPA buffer (Beyotime Biotechnol-
ogy, China) after 48 h. Magnetic beads were incubated with 
anti-AGO2 and anti-rabbit IgG as controls (Cell Signaling 
Technology) for 30 min. The cell lysates were immunopre-
cipitated with coated magnetic beads on a table concentra-
tor at 4 °C overnight. The following day, RNAiso Plus was 

used to isolate the co-precipitated RNA bound to the beads. 
The expression of circFLNA and miR-766-3p in the isolated 
RNAs was detected using qRT-PCR.

Animals and cecal ligation and puncture (CLP) 
model

C57BL/6  N mice (8–10  weeks old and 20–25  g) were 
obtained from the Experimental Animal Center of Zheng-
zhou University. The mice were maintained in a tempera-
ture-controlled room (22 °C ± 2 °C) with free access to water 
and food. Animal experiments were performed according 
to the principles of the Declaration of Helsinki and were 
approved by the Institutional Animal Ethical Committee of 
Zhengzhou University.

The CLP model of abdominal sepsis was established as 
previously described [33]. In brief, the abdomen was opened 
by making a tiny incision (1 cm) in the middle of the abdo-
men after anesthetization with pentobarbital sodium (50 mg/
kg), and the cecum was exposed. The cecum was ligated in 
the middle and perforated twice using a 20-gauge needle. 
Subsequently, a small amount of feces was squeezed out of 
the perforation. The abdominal incision was stitched layer-
by-layer before returning the cecum to the peritoneal cavity. 
For mice in the sham group, the abdomen was opened to 
expose cecum, but no ligation or perforation was performed. 
When the procedure was complete, saline (50 mL/kg) was 
subcutaneously injected for resuscitation.

Animal grouping and specimen collection

In this study, the mice were divided into six groups (n = 25), 
and the treatment for each group was as follows. The sham 
group (1 mL saline was injected via tail vein 24 h before 
sham surgery), CLP group (1 mL saline was injected via tail 
vein 24 h before CLP surgery), CLP + si-NC + inhibitor-NC 
group (10 μg si-NC and 10 μg inhibitor-NC were injected 
via tail vein 24 h before CLP surgery), CLP + si-NC + miR-
766-3p inhibitor group (10 μg si-NC and 10 μg miR-766-3p 
inhibitor were injected via tail vein 24 h before CLP sur-
gery), CLP + si-circFLNA + inhibitor-NC group (10  μg 
si-circFLNA and 10 μg inhibitor-NC were injected via 
the tail vein 24 h before CLP surgery), and CLP + si-circ-
FLNA + miR-766-3p inhibitor group (10 μg si-circFLNA 
and 10 μg miR-766-3p inhibitor were injected via the tail 
vein 24 h before CLP surgery). After surgery, 15 mice 
in each group were randomly allotted to analyze the sur-
vival rate over 7 days, and the remaining 10 mice in each 
group were used to collect blood and intestinal tissues at 
48 h. Blood was collected from the hearts of mice using 
a micro-injector, and serum was obtained after centrifuga-
tion. Intestinal tissues were harvested after anesthetization 

Table 2  Differentially expressed proteins in LPS-treated Caco2 cells 
compared with controls

Proteins Fold change

Fas cell surface death receptor (Fas) 4.31
Matrix metalloproteinase-9 (MMP-9) 4.02
Galectin-7 3.56
T-cell immunoglobulin and mucin domain-containing 

protein-2 (TIM-2)
0.29

Oncostatin M (OSM) 0.27
Vascular cellular adhesion molecule-1 (VCAM-1) 0.25
Insulin-like growth factor binding protein-4 (IGFBP-4) 0.17
Epithelial cadherin (E-cadherin) 0.13

https://circinteractome.nia.nih.gov/index.html
http://www.circbank.cn/
https://www.targetscan.org/vert_80/
https://www.targetscan.org/vert_80/
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Fig. 4  circFLNA promotes apoptosis and inflammation by regulat-
ing Fas in LPS-treated HIEC-6 cells. A qRT-PCR assays were per-
formed to detect the expression of the three predicted genes in LPS-
treated HIEC-6 cells transfected with si-circFLNA#1 or si-NC. B 
Western blot assays evaluated the protein levels of Fas in LPS-treated 
HIEC-6 cells transfected with si-circFLNA#1, si-NC, circFLNA 
OE, or vector. C Fas mRNA expression was detected in LPS-treated 
HIEC-6 cells that were co-transfected with lentivirus expressing si-
circFLNA#1 or Fas. D FISH and immunofluorescence assays were 
performed separately to detect the expression of circFLNA and Fas 

in LPS-treated HIEC-6 cells. Note: Green (circFLNA), blue (DAPI, 
which reflects total cells), and red (Fas). E and F Cell apoptosis was 
evaluated by flow cytometry in LPS-treated HIEC-6 cells that were 
co-transfected with adenovirus expressing si-circFLNA#1 or Fas. 
G Concentrations of IL-6, IL-1β, and TNF-α in supernatants of 
LPS-treated HIEC-6 cells that were co-transfected with adenovirus 
expressing si-circFLNA#1 or Fas were measured by ELISA. Values 
are shown as mean ± standard deviation. NS not significant. *P < 0.05, 
**P < 0.01, and ***P < 0.001
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by intraperitoneal injection of pentobarbital sodium. Part of 
intestinal tissues was instantly frozen in liquid nitrogen and 
stored at − 80 °C to detect inflammatory factors and extract 
proteins. The remaining tissues were fixed in 10% formalin 
to conduct the subsequent histological experiments.

Detection of intestinal mucosal permeability

The levels of d-lactic acid in the serum were detected using 
a d-lactic acid assay kit (Megazyme, Wicklow, Ireland) 
according to the manufacturer’s instructions. The levels of 

Fig. 5  circFLNA act as a miRNA sponge of miR-766-3p in sepsis. A 
Schematic illustration showing the identification of three miRNAs, 
hsa-miR-766-3p, hsa-miR-513a-5p, and hsa-miR-1184, as predicted 
by circBank, circInteractome, and TargetScan. B and C qRT-PCR 
assays were performed to detect the expression of three miRNAs in 
circFLNA-overexpressing and -silenced HIEC-6 cells. D The putative 
binding sites of miR-766-3p on circFLNA and Fas were identified 
by bioinformatic analysis. E Predicted binding sites between miR-
766-3p and wild-type (WT) or mutant (MUT) circFLNA sequences. 
F Dual-luciferase reporter assays were performed in HIEC-6 cells 
co-transfected with WT circFLNA or MUT circFLNA and miR-

766-3p mimics or NC. G and H The expression of miR-766-3p and 
circFLNA was detected by qRT-PCR after the RIP assay for AGO2 
in HIEC-6 cells transfected with miR-766-3p mimics or NC. I qRT-
PCR assays were used to detect the expression of miR-766-3p in 
LPS-treated HIEC-6 cells transfected with si-circFLNA#1 or NC. 
J Expression of miR-766-3p in the intestinal mucosa of 20 patients 
with sepsis and 23 non-sepsis patients was detected by qRT-PCR. K 
The circFLNA expression and miR-766-3p were negatively correlated 
in the intestinal mucosa from 40 patients with sepsis (Pearson corre-
lation: − 0.5326, P = 0.0004, R2 = 0.2837)
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diamine oxidase (DAO) in the serum were measured using 
an ELISA kit (R&D Systems) according to the manufac-
turer’s instructions. Absorbance at an excitation wavelength 
of 450 nm was measured using a Gen5 microplate reader 
(BioTek). FD-40 (750 mg/kg) was administered by gavage 
to the mice in each group 18 h after surgery. Venous blood 
samples were collected from the mesentery 6 h later, and 
serum was obtained after centrifugation. The absorbance 
at an excitation wavelength of 450 nm and an emission 
wavelength of 520 nm was measured using a Gen5 micro-
plate reader (BioTek). These experiments were repeated in 
triplicate.

Hematoxylin and eosin staining, 
immunohistochemistry, and TdT‑mediated 
dUTP‑biotin nick end‑labeling staining

After fixation in 10% formalin, the intestinal tissues were 
embedded in paraffin wax and cut into 3 μm slices. The 
slices were then dehydrated with gradient alcohol, cleaned 
with xylene, and sealed with resin. Hematoxylin and eosin 
(H&E) staining was performed on the slices. Finally, images 
were captured using a light microscope (Nikon, Tokyo, 
Japan) to detect histopathological changes. The severity of 
intestinal injury was assessed according to Chiu’s scoring 
system, as previously described [9].

Fig. 6  miR-766-3p inhibits apoptosis and inflammation by directly 
targeting Fas in LPS-treated HIEC-6 cells. A The expression of Fas 
was detected by western blotting in LPS-treated HIEC-6 cells trans-
fected with miR-766-3p mimics or NC. B Schematic diagram show-
ing that the 3′-UTR of Fas mRNA contains a complementary site 
for the seed region of miR-766-3p. The mutant sequence was used 
as a negative control for the luciferase reporter assay. C Dual-lucif-
erase reporter assays were performed to detect the influence of miR-
766-3p mimics on the luciferase activities of Fas 3′-UTR WT and 
MUT reporter genes. D qRT-PCR assays were performed to detect 

the expression of Fas in LPS-treated HIEC-6 cells that were co-
transfected with adenovirus expressing miR-766-3p mimics or Fas. E 
and F Cell apoptosis was evaluated by flow cytometry in LPS-treated 
HIEC-6 cells that were co-transfected with adenovirus expressing 
miR-766-3p mimics or Fas. G Concentrations of IL-6, IL-1β, and 
TNF-α in supernatants of LPS-treated HIEC-6 cells that were co-
transfected with adenovirus expressing miR-766-3p mimics or Fas 
were measured by ELISA. Values are shown as mean ± standard devi-
ation. NS not significant. *P < 0.05, **P < 0.01, and ***P < 0.001
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For immunohistochemistry (IHC), tissue slices were 
treated with anti-Fas antibody (1:500 dilution; Cell Signal-
ing Technology). The horseradish peroxidase (HRP)-con-
jugated secondary antibody (Gene Tech, Shanghai, China) 
was incubated for 30 min at room temperature and used to 
detect the primary antibody. The images were acquired using 
a light microscope (Nikon), and Fas staining was quantified 
using Image-Pro Plus 7 (Media Cybernetics, MD, USA).

Apoptotic cells in the intestinal epithelium sections were 
detected using TdT-mediated dUTP-biotin nick end-labeling 
(TUNEL) reagent (Elabscience, Wuhan, China) according 
to the manufacturer’s instructions. Images were acquired 
using a fluorescence microscope (Leica Microsystems), and 
TUNEL-positive cells were quantified using Image-Pro Plus 
7 (Media Cybernetics).

Statistical analysis

Statistical analyses were performed using the SPSS sta-
tistical software program version 22 (IBM, IL, USA). 
Two-tailed Student’s t-test was applied to compare the 
differences between two groups, and one-way analysis of 
variance (ANOVA) was used to compare differences among 
multiple groups. Survival analysis was performed using the 
Kaplan–Meier method, and differences between the survival 
curves were assessed using log-rank tests. Statistical signifi-
cance was set at P < 0.05.

Results

Circular RNA expression profiles in intestinal 
epithelium of individuals with sepsis

Homeostasis disorder of the intestinal epithelium plays 
an important role in sepsis pathogenesis. Highly purified 
intestinal epithelial cells located in intestinal crypts from 
four patients with intestinal perforation and four samples 
from age- and sex-matched patients without sepsis were 
captured using LCM (Fig. 1A). To assess the expression 
profile of circRNAs isolated from purified intestinal epi-
thelial cells, microarray analysis of circRNAs was con-
ducted. Total RNAs were treated with RNase R to digest 
linear RNAs. Unsupervised hierarchical clustering showed 
differentially expressed circRNAs (fold-change (FC) > 2 
or < 0.5, P < 0.05) between septic and non-septic intestinal 
epithelial cells, including 34 upregulated circRNAs and 2 
downregulated circRNAs (Fig. 1B). Table 1 shows the most 
upregulated 12 circRNAs (FC > 2.5, P < 0.05) in sepsis tis-
sues compared with their expression in non-sepsis tissues. 
We selected five highly expressed circRNAs (circFLNA, 
circLARP4, circBNC2, circFAM13B, and circEDIL3) with 
a high FC > 3.0 (P < 0.001) for further validation.

The intestinal mucosae obtained from 20 patients with 
sepsis and twenty-three non-sepsis patients were used 
to verify the expression of these circRNAs. As shown in 
Fig. 1C, the expression of circFLNA and circFAM13B 
was increased in patients with sepsis compared with that in 
non-septic patients, while the expression of circBNC2 and 
circEDIL3 was not significantly different between the two 
groups. Among the two significantly upregulated circRNAs 
in patients with sepsis, circFLNA expression was upregu-
lated. Furthermore, we also detected the expression of circ-
FLNA in the mouse CLP model and found that circFLNA 
expression was increased in the intestinal mucosa of the CLP 
groups compared with that in the sham group (Fig. 1D). 
Thus, circFLNA was selected for in vitro validation. First, 
HIEC-6 cells were treated with different concentrations 
of LPS to construct an in vitro sepsis model. The viability 
of HIEC-6 cells decreased after treatment with increasing 
LPS concentrations for 24 h (Fig. 1E). The cell viability was 
obviously reduced at an LPS concentration of 50 µg/mL and 
the falling range reached almost 40%. Moreover, qRT-PCR 
analysis revealed that circFLNA expression was increased 
more significantly at an LPS concentration of 50 µg/mL than 
at 10 and 20 µg/mL (Fig. 1F). The concentration of LPS used 
to treat HIEC-6 cells for further experiments was selected 
as 50 µg/mL.

CircFLNA is overexpressed in LPS‑treated HIEC‑6 
cells and mainly localized in the cytoplasm

circFLNA, with a spliced mature sequence of 543 bp in 
length, was generated by reverse splicing of exons 9–15 of 
the FLNA gene, located at chrX:153592389–153594592 
(Fig. 2A). Convergent primers were designed to amplify the 
linear FLNA mRNA, and divergent primers were designed 
to amplify circFLNA. To determine the stability of circ-
FLNA, HIEC-6 cells were treated with actinomycin D (an 
inhibitor of transcription). qRT-PCR assays showed that 
the circFLNA transcript with a half-life of more than 24 h 
was more stable than linear FLNA mRNA in HIEC-6 cells 
(Fig. 2B). In addition, total RNAs extracted from HIEC-6 
cells were digested with RNase R prior to qRT-PCR. We 
noted that circFLNA was more resistant to RNase R than 
linear FLNA mRNA (Fig.  2C). RNAs extracted from 
nuclear and cytoplasmic samples was detected by RT-PCR. 
The results showed that circFLNA was mainly localized in 
the cytoplasm of HIEC-6 cells, rather than in the nucleus 
(Fig. 2D). Moreover, FISH assays showed that circFLNA 
was predominantly expressed in the cytoplasm of LPS-
treated HIEC-6 cells compared to controls (Fig. 2E). Taken 
together, these results indicate that circFLNA was upregu-
lated in LPS-treated HIEC-6 cells and was mainly localized 
in the cytoplasm.
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circFLNA inhibits cell viability and promotes 
apoptosis and inflammation of LPS‑treated HIEC‑6 
cells

To evaluate the biological role of circFLNA in sepsis, inter-
ference and overexpression assays were utilized in this study. 
First, three siRNAs targeting the junction sites of circFLNA 
were designed, and si-circFLNA#1 displayed the highest 
interference efficiency (Fig. 3A). The interference efficiency 
of si-circFLNA#1 was verified in LPS-treated HIEC-6 cells 
(Fig. 3B). In addition, we found that decreased expression of 
circFLNA blocked LPS-induced inhibition of cell viability 
(Fig. 3C). Upregulation of circFLNA was observed after 
transfection with lentivirus circFLNA OE in HIEC-6 cells 
(Fig. 3D and E). Accordingly, increased expression of circ-
FLNA aggravated LPS-induced inhibition of cell viability 
(Fig. 3F). Furthermore, we found that decreased circFLNA 
expression ameliorated apoptosis (Fig. 3G) and inflamma-
tion factor levels (IL-6, IL-1β, and TNF-α) in LPS-treated 
HIEC-6 cells (Fig. 3H). In contrast, circFLNA OE aggra-
vated apoptosis (Fig. 3I) and inflammation factor levels (IL-
6, IL-1β, and TNF-α) in LPS-treated HIEC-6 cells (Fig. 3J). 
Taken together, these results indicate that circFLNA inhib-
ited cell viability and promoted apoptosis and inflammation 
in LPS-treated HIEC-6 cells.

circFLNA promotes apoptosis and inflammation 
by regulating Fas in LPS‑treated HIEC‑6 cells

To determine the mechanisms of circFLNA in promoting 
HIEC-6 cell apoptosis and inflammation, protein array 
analysis was performed in LPS-treated HIEC-6 cells with 
increased circFLNA expression. The results showed that 
levels of five proteins were decreased (FC < 0.3, P < 0.05), 
while those of three proteins were increased (FC > 3, 
P < 0.05) in LPS-treated HIEC-6 cells with increased 
circFLNA expression (Table  2). qRT-PCR assays were 
performed to verify the mRNA expression of the three 
upregulated proteins. We found that decreased expression 
of circFLNA ameliorated the upregulation of Fas (Fas cell 
surface death receptor) induced by LPS but did not influence 
the expression of MMP-9 (matrix metalloproteinase-9) and 

TIM-1 (T-cell immunoglobulin mucin-1) (Fig. 4A). Further-
more, western blot assays confirmed that the protein level 
of Fas was reduced after transfection with si-circFLNA#1 in 
LPS-treated HIEC-6 cells, whereas it was elevated in cells 
transfected with circFLNA OE (Fig. 4B). Fas, also known 
as CD95, is constitutively expressed on the basolateral sur-
face of IECs, mediates apoptosis after activation by Fas 
ligand (FasL), and promotes the production of cytokines 
and chemokines following LPS treatment [34, 35]. There-
fore, we aimed to determine whether circFLNA promotes 
apoptosis and inflammation by increasing Fas expression in 
LPS-treated HIEC-6 cells. As shown in Fig. 4C, interference 
of circFLNA by si-circFLNA#1 significantly decreased the 
mRNA expression of Fas, which was restored after trans-
fection with lentivirus overexpressing Fas in LPS-treated 
HIEC-6 cells. Moreover, FISH assays demonstrated that 
circFLNA and Fas were located in the cytoplasm and 
cytomembrane, respectively, and that both were upregulated 
in LPS-treated HIEC-6 cells (Fig. 4D). Finally, we found 
that the restoration of Fas expression significantly abrogated 
the effect of si-circFLNA on apoptosis (Fig. 4E and F) and 
inflammation factor levels (IL-6, IL-1β, and TNF-α) in LPS-
treated HIEC-6 cells (Fig. 4G). Taken together, these results 
indicate that circFLNA promoted apoptosis and inflamma-
tion by regulating Fas in LPS-treated HIEC-6 cells.

circFLNA acts as a miRNA sponge of miR‑766‑3p 
in sepsis

CircRNAs have been reported to act as miRNA sponges in 
the cytoplasm [36]. As mentioned above, circFLNA was 
mainly localized in the cytoplasm and was stably expressed 
in LPS-treated HIEC-6 cells. Therefore, we investigated 
whether circFLNA promoted apoptosis and inflammation 
in LPS-treated HIEC-6 cells by binding to certain miRNAs. 
We then performed bioinformatic analysis using three data-
bases: CircInteractome (https:// circi ntera ctome. nia. nih. gov/ 
index. html), circBank (http:// www. circb ank. cn/), and Tar-
getScan (https:// www. targe tscan. org/ vert_ 80/) were used to 
predict miRNAs. We identified three overlapping miRNAs 
(hsa-miR-766-3p, hsa-miR-513a-5p, and hsa-miR-1184) that 
potentially bind to circFLNA and the 3′-untranslated region 
(UTR) of Fas mRNA (Fig. 5A). The miRNAs predicted by 
CircInteractome, CircBank, and TargetScan are listed in 
Supplementary Table S2. As a result, we speculated that 
circFLNA might sponge miRNAs and promote Fas expres-
sion in HIEC-6 cells. qRT-PCR was performed to verify 
the influence of circFLNA on the expression of hsa-miR-
766-3p, hsa-miR-513a-5p, and hsa-miR-1184 in HIEC-6 
cells. The results showed that miR-766-3p expression was 
significantly decreased in HIEC-6 cells transfected with circ-
FLNA OE (Fig. 5B), while it significantly increased with 
interference of circFLNA (Fig. 5C). In addition, changes in 

Fig. 7  circFLNA promotes Fas-associated apoptosis by target-
ing miR-766-3p. A and B Downregulation of Fas mRNA (A) and 
apoptosis-associated proteins (B) in LPS-treated HIEC-6 cells trans-
fected with si-circFLNA#1 was partially reversed by inhibition 
of miR-766-3p. C Apoptosis was evaluated by flow cytometry in 
LPS-treated HIEC-6 cells that were co-transfected with adenovirus 
expressing si-circFLNA#1 or miR-766-3p inhibitor. Histograms rep-
resent the proportion of apoptotic cells. D Concentrations of IL-6, 
IL-1β, and TNF-α in supernatants of LPS-treated HIEC-6 cells that 
were co-transfected with adenovirus expressing si-circFLNA#1 or 
miR-766-3p inhibitor were measured by ELISA. Values are shown as 
mean ± standard deviation. *P < 0.05, **P < 0.01, and ***P < 0.001

◂
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circFLNA expression had no effect on hsa-miR-513a-5p or 
hsa-miR-1184. The putative binding sites of miR-766-3p on 
circFLNA and Fas are shown in Fig. 5D.

Furthermore, we performed dual-luciferase assays to 
determine whether circFLNA directly binds to miR-766-3p. 
Luciferase reporter plasmids containing the complementary 
seed sequence of circFLNA at the 3′-UTR of circFLNA were 
constructed (Fig. 5E). The results showed that co-transfec-
tion with WT circFLNA vector and miR-766-3p mimics 
significantly reduced luciferase activity, but not when MUT 
circFLNA vector was transfected in HIEC-6 cells (Fig. 5F). 
Previous work has demonstrated that miRNAs regulate 
mRNA translation in an Argonaute 2 (AGO2)-dependent 
manner [37]. Therefore, a RIP assay for AGO2 in HIEC-6 
cells was performed to confirm the direct binding between 
miR-766-3p and circFLNA. Relative to IgG immunopre-
cipitation, circFLNA and miR-766-3p were both enriched 
in AGO2 immunoprecipitation, indicating that circFLNA 
is involved in miR-766-3p-mediated mRNA translation 
(Fig. 5G and H). Additionally, we found that the expres-
sion of miR-766-3p decreased following treatment with LPS 
and could be restored by circFLNA interference (Fig. 5I). 
We detected the expression of miR-766-3p in the intestinal 
mucosae obtained from 20 patients with sepsis and 23 non-
sepsis patients by qRT-PCR. The results showed that miR-
766-3p expression was significantly reduced in patients with 
sepsis compared with that in non-septic patients (Fig. 5J). 
We also found that miR-766-3p was negatively correlated 
with circFLNA in the intestinal mucosae of patients with 
sepsis (n = 40, Pearson correlation: -0.5326, P = 0.0004, 
R2 = 0.2837) (Fig. 5K). In conclusion, circFLNA acts as a 
miRNA sponge for miR-766-3p in sepsis.

miR‑766‑3p inhibits apoptosis and inflammation 
in LPS‑treated HIEC‑6 cells by directly targeting Fas

As mentioned above, Fas is a potential target gene of miR-
766-3p. Western blot assays showed that overexpression of 
miR-766-3p prevented LPS-induced upregulation of Fas 
(Fig. 6A). To confirm whether Fas was directly targeted 
by miR-766-3p, the 3′-UTR of Fas mRNA containing a 

complementary binding site to miR-766-3p was cloned into a 
luciferase reporter plasmid (Fig. 6B). The luciferase reporter 
assay showed that co-transfection with miR-766-3p mimics 
significantly decreased the luciferase activity of the WT Fas 
3′-UTR reporter but not the MUT Fas 3'-UTR reporter in 
HIEC-6 cells (Fig. 6C). These results indicate that Fas is 
a direct target of miR-766-3p. As shown in Fig. 6D, miR-
766-3p mimics significantly reduced the mRNA expression 
of Fas, which was restored after transfection with lentivirus 
overexpressing Fas in LPS-treated HIEC-6 cells. Moreover, 
we found that restoration of Fas expression significantly 
deteriorated the effect of miR-766-3p mimics on apoptosis 
(Fig. 6E and F) and inflammation factor levels (IL-6, IL-1β, 
and TNF-ɑ) in LPS-treated HIEC-6 cells (Fig. 6G). Taken 
together, these findings indicate that miR-766-3p inhibits 
apoptosis and inflammation in LPS-treated HIEC-6 cells by 
directly targeting Fas.

CircFLNA promotes Fas‑associated apoptosis 
by targeting miR‑766‑3p

Given that both circFLNA and miR-766-3p target Fas in 
the apoptosis and inflammation of LPS-treated HIEC-6 cells 
(Figs. 4 and 6), we hypothesized that circFLNA might exert 
its biological effect on Fas by sponging miR-766-3p. Both 
qRT-PCR and western blot assays showed that co-transfec-
tion with the miR-766-3p inhibitor partially abrogated the 
downregulation of Fas induced by circFLNA interference in 
LPS-treated HIEC-6 cells (Fig. 7A and B). The Fas-associ-
ated apoptosis pathway begins with FasL binding to Fas, and 
then the adaptor protein, Fas-associated death domain pro-
tein (FADD), recruits and activates caspase-8. Consequently, 
caspase-3 is activated, which contributes to the activation of 
the protease cascade, leading to apoptosis [38, 39]. In this 
study, we found that the protein levels of FADD, cleaved 
caspase-8, and cleaved caspase-3 were decreased after inter-
ference with circFLNA, and this effect was blocked by miR-
766-3p inhibitor (Fig. 7B). Subsequently, we demonstrated 
that inhibition of miR-766-3p impaired the si-circFLNA-
mediated inhibition of apoptosis and inflammation factor 
levels (IL-6, IL-1β, and TNF-α) in LPS-treated HIEC-6 cells 
(Fig. 7C and D). Collectively, these results reveal that circ-
FLNA enhanced Fas expression by targeting miR-766-3p 
in LPS-treated HIEC-6 cells, followed by increased Fas-
associated apoptosis.

CircFLNA interference ameliorates intestinal 
epithelial injury and inflammation by regulating 
miR‑766‑3p in vivo

To elucidate the roles of circFLNA and miR-766-3p 
in intestinal epithelial injury during sepsis in  vivo, a 
CLP model was constructed with C57BL/6 mice. H&E 

Fig. 8  Inhibition of circFLNA ameliorates intestinal epithelial injury 
and inflammation by regulating miR-766-3p in  vivo. A Representa-
tive images of H&E staining indicate that injection of miR-766-3p 
inhibitor impaired the improvement effect of si-circFLNA on intes-
tinal injury at 48 h after CLP (H&E staining 200 ×). B Histological 
injury of the intestines from each group was assessed using Chiu’s 
intestinal injury score. C, D, and E Levels of D-lactic acid, DAO, and 
FD40 in the serum of mice from each group. F, G, and H Levels of 
inflammatory factors, such as IL-6, TNF-α, and IL-1β, in the intes-
tinal mucosa of mice were measured by ELISA. Kaplan–Meier sur-
vival curves and log-rank tests were used to analyze the survival rates 
of mice from each group. Values are shown as mean ± standard devia-
tion. *P < 0.05, **P < 0.01, and ***P < 0.001
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staining was utilized to detect histopathological changes 
in the intestinal epithelium, and representative images 
of each group are shown in Fig. 8A. Chiu’s intestinal 
injury score was used to quantify the degree of histologi-
cal injury (Fig. 8B). The images showed that the injec-
tion of si-circFLNA ameliorated intestinal injury, and 
the CLP + si-circFLNA + inhibitor-NC group exhibited a 
intestinal epithelial structure similar to that of the sham 

group. Both groups did not show tissue edema, mucosal 
atrophy and necrosis, villous rupture, or mucus thin-
ning, which appeared in the other four groups. Compared 
to the CLP + si-circFLNA + inhibitor-NC group, the 
CLP + si-circFLNA + miR-766-3p inhibitor group exhib-
ited severe intestinal injury. The results showed that the 
injection of the miR-766-3p inhibitor impaired the effect 
of si-circFLNA on intestinal injury. Accordingly, the 

Fig. 9  CircFLNA promotes Fas-associated apoptosis by targeting 
miR-766-3p in vivo. A The expression of Fas in the mouse intestinal 
epithelium was detected by immunohistochemical staining. B and C 
TUNEL assay was performed to detect apoptosis in the mouse intesti-
nal epithelium. Note: Green (FITC that reflects apoptotic cells); blue 

(DAPI that reflects total cells). Scale bars: 250 µm. D and E The lev-
els of occludin, ZO-1, and Fas-associated apoptotic proteins in mouse 
intestinal epithelium were detected by western blot analysis. Values 
are shown as mean ± standard deviation. *P < 0.05, **P < 0.01, and 
***P < 0.001
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CLP + si-NC + miR-766-3p inhibitor group exhibited more 
obvious mucosal necrosis, shedding, and villous rupture 
than the other groups did.

Furthermore, to study the impact of circFLNA and 
miR-766-3p on intestinal mucosal permeability, the levels 
of D-lactic acid, DAO, and FD-40 were detected in serum 
samples obtained from mice 48 h after CLP. The levels of 
D-lactic acid, DAO, and FD-40 in mouse serum were sig-
nificantly downregulated after injection of si-circFLNA, 
whereas injection of miR-766-3p inhibitor impaired the 
improvement effect of si-circFLNA on intestinal mucosal 
permeability (Fig. 8C, D, and E). To determine the impact 
of circFLNA and miR-766-3p on inflammation of the intes-
tinal mucosa, the levels of TNF-α, IL-6, and IL-1β were 
measured 48 h after CLP. The levels of TNF-α, IL-6, and 
IL-1β in the intestinal mucosa of mice were significantly 
decreased after injection of si-circFLNA, whereas injection 
of miR-766-3p inhibitor blocked the effect of si-circFLNA 
on intestinal inflammation (Fig. 8F, G, and H). In addition, 
the Kaplan–Meier survival curves of mice in each group 
for 0–7 days post CLP surgery were plotted (Fig. 8I). The 
mice in the sham group survived for 7 days. The survival 
rate was not statistically different between the sham group 

and the CLP + si-circFLNA + inhibitor-NC group pre-treated 
with si-circFLNA (100% vs. 80%, P = 0.073). Compared to 
the CLP + si-circFLNA + inhibitor-NC group, the CLP + si-
circFLNA + miR-766-3p inhibitor group exhibited a lower 
survival rate (80% vs. 46.7%, P = 0.047). The lowest survival 
rate was observed in CLP + si-NC + miR-766-3p inhibi-
tor group. The results showed that pre-treatment with the 
miR-766-3p inhibitor reduced the effect of si-circFLNA on 
survival. These findings suggest that interference with circ-
FLNA ameliorates intestinal epithelial injury and inflamma-
tion by regulating miR-766-3p in vivo.

CircFLNA promotes Fas‑associated apoptosis 
by targeting miR‑766‑3p in vivo

To elucidate whether circFLNA and miR-766-3p exert 
their biological effects depending on Fas in the CLP 
model, we performed IHC staining to detect Fas expres-
sion in the intestinal epithelium. Representative images 
from each group are shown in Fig.  9A. CLP upregu-
lated the number of Fas-positive cells in the intestinal 

Fig. 10  Schematic diagram showing that circFLNA promotes intes-
tinal epithelial apoptosis and inflammation through the miR-766-3p/
Fas axis. circFLNA acts as a competing endogenous RNA to regulate 

miR-766-3p, resulting in the enhancement of Fas expression, thereby 
attenuating intestinal barrier function by promoting intestinal epithe-
lial apoptosis and inflammatory response
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epithelium. The number of Fas-positive cells was not 
different between the sham group and the CLP + si-
circFLNA + inhibitor-NC group pre-treated with si-
circFLNA. The number of Fas-positive cells was higher 
in the CLP + si-circFLNA + inhibitor-NC group than in 
the CLP + si-circFLNA + miR-766-3p inhibitor group. 
The highest expression of Fas was observed in the 
CLP + si-NC + miR-766-3p inhibitor group. These results 
show that interference with circFLNA could reduce the 
expression of Fas, which could be restored by the miR-
766-3p inhibitor. It has been reported that Fas-induced 
apoptosis is involved in epithelial cell loss in the gut 
[40]. This led us to perform a TUNEL assay to detect 
the apoptosis rate of the intestinal epithelium (Fig. 9B 
and C). The images show that the apoptosis rate of the 
intestinal epithelium was in line with the Fas level. The 
execution of CLP increased the apoptosis rate of the intes-
tinal epithelium, which could be restored by interference 
with circFLNA, but worsened when pre-treated with 
miR-766-3p inhibitor. In addition, western blotting was 
performed to detect the proteins involved in the Fas/FasL 
signaling pathway. The expression of Fas, FADD, cleaved 
caspase 8, cleaved caspase 3, occludin, and ZO-1 proteins 
are shown in Fig. 9D and E. We found that the protein 
levels of Fas, FADD, cleaved caspase-8, and cleaved 
caspase-3 in the intestinal mucosa were decreased after 
interference with circFLNA, and this effect was blocked 
by miR-766-3p inhibitor. As important components of the 
tight junction of the intestinal epithelium, the expression 
of occludin and ZO-1 is reduced when apoptosis occurs 
in the intestinal epithelium [41]. In this study, the protein 
levels of occludin and ZO-1 in the intestinal mucosa were 
increased after interference with circFLNA and decreased 
after injection of the miR-766-3p inhibitor. These results 
indicate that circFLNA promotes Fas-associated apopto-
sis by targeting miR-766-3p in vivo.

Discussion

Intestinal epithelial integrity prevents harmful substances, 
such as bacteria and toxins, from passing through the intes-
tinal mucosa and entering the blood circulation. Increased 
apoptosis of intestinal epithelial cells induced by sep-
sis exacerbates the progression of sepsis [33]. Therefore, 
exploring the molecular mechanisms of intestinal epithe-
lial apoptosis and identifying promising targets will con-
tribute to the prevention and treatment of abdominal sep-
sis. In this study, we obtained purified epithelial cells from 
intestinal crypts using LCM and found that circFLNA was 
upregulated in the intestinal epithelium after intestinal per-
foration-induced abdominal sepsis. CircFLNA promoted 
apoptosis and inflammation of intestinal epithelial cells in 

both cultured HIEC-6 cells and CLP mouse models. The 
molecular mechanism analysis of circFLNA revealed that 
it enhanced the Fas-mediated apoptosis signaling pathway 
by sponging miR-766-3p. These findings indicated that the 
circFLNA/miR-766-3p/Fas axis plays a significant role in 
the pathogenesis of intestinal epithelial injury (Fig. 10).

Diverse subtypes of IECs present in the intestinal epithe-
lium consist of intestinal stem, Paneth, goblet, enteroendo-
crine, tuft, and microfold cells, and absorptive enterocytes, 
and are distributed along the crypt–villus axis [42]. In con-
trast to other cells, ISCs and Paneth cells are located in the 
intestinal crypts rather than in the villi. ISCs contribute to 
the constant renewal of the intestinal epithelium and regu-
late intestinal homeostasis by maintaining stemness [43]. 
In addition, Paneth cells can resist the invasion of potential 
pathogens by self-generated antibiotics and participate in 
the innate antimicrobial response [44]. Despite the vital role 
of intestinal crypts, few studies have elucidated the ectopic 
expression of circRNAs in subtype cells of intestinal crypts 
in abdominal sepsis. In this study, we performed LCM in 
four patients with intestinal perforation-induced abdomi-
nal sepsis and non-sepsis patients to obtain the specific 
cell types of the crypt epithelium from the entire intestinal 
mucosa. CircFLNA was found to be upregulated in the intes-
tinal epithelium exposed to abdominal sepsis using circRNA 
microarray and was validated in patients with intestinal per-
foration and CLP mouse models.

Many studies have revealed that circRNAs can function 
as sponges, interact with RNA-binding proteins (RBPs), 
and regulate gene translation [10]. As the primary function, 
circRNA decreases the expression of miRNA by sponging 
it and thereby increases the translation of mRNA, which is 
targeted by miRNA [11]. circRNAs have been shown to be 
involved in inflammation, immunosuppression, coagulation 
dysfunction, and organ dysfunction during sepsis [45]. In 
this study, we found that circFLNA was upregulated in LPS-
treated HIEC-6 cells and promoted apoptosis and inflamma-
tion by increasing the expression of the apoptosis-related Fas 
gene. Bioinformatic analyses showed that circFLNA and Fas 
bind to miR-766-3p at the same sequence. Consequently, we 
speculated that circFLNA promoted apoptosis and inflam-
mation of HIEC-6 cells through the miR-766-3p/Fas axis. 
Several assays, including RNA-FISH, RIP, and dual-lucif-
erase reporter assays, demonstrated that the majority of cir-
cRNAs were distributed in the cytoplasm and bound with 
miR-766-3p as an miRNA sponge. qRT-PCR assay showed 
that miR-766-3p was downregulated in HIEC-6 cells treated 
with LPS and decreased in the intestinal epithelium of indi-
viduals with abdominal sepsis compared with that in non-
sepsis samples. miR-766-3p suppresses inflammation in 
human rheumatoid arthritis and attenuates oxidative injury 
of chondrocytes but has not been studied in sepsis [46, 47]. 
The functional assay showed that miR-766-3p could reverse 
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the pro-apoptotic and pro-inflammatory roles of Fas. In addi-
tion, we found that circFLNA interference decreased the 
apoptosis rate and inflammation induced by the miR-766-3p 
inhibitor in LPS-treated HIEC-6 cells. Taken together, we 
demonstrated that circFLNA functions as a sponge of miR-
766-3p to promote apoptosis and inflammation by upregulat-
ing Fas expression in vivo.

The integrity of the intestinal epithelium is critical for 
defense against environmental and microbial attacks from 
the gut. Apoptosis of the intestinal epithelium in both 
patients with abdominal sepsis and mouse CLP models con-
tributed to increased permeability of the intestine and trans-
location of bacteria from the enteric cavity to the blood [33]. 
Fas is a member of the TNF receptor family and participates 
in the extrinsic pathway of apoptosis upon activation by 
FasL [48]. In the mouse CLP model, circFLNA aggravated 
intestinal injury and inflammatory response through the Fas-
mediated apoptosis pathway by sponging miR-766-3p.

To the best of our knowledge, this is the first study to 
demonstrate that circFLNA is upregulated in intestinal epi-
thelium during abdominal sepsis using a circRNA microar-
ray. Furthermore, we demonstrated that circFLNA aggra-
vated apoptosis and the inflammatory response through the 
Fas-mediated apoptosis pathway by sponging miR-766-3p 
in both LPS-treated HIEC-6 cells and a mouse CLP model. 
However, the current study has some limitations. First, we 
validated the expression of circFLNA in only 20 patients 
with abdominal sepsis and 23 non-sepsis patients because 
it was challenging to obtain suitable samples. This is not 
sufficient to analyze the relationship between circFLNA 
and clinical features, as well as the mortality of individu-
als with abdominal sepsis. As a result, larger sample sizes 
are required to validate circFLNA expression. In addition, it 
would be preferable to examine the expression of circFLNA 
in serum samples from patients with sepsis to facilitate the 
early diagnosis of intestinal injury.

Conclusions

In conclusion, our findings indicate that circFLNA interfer-
ence can reduce injury and inflammation of the intestinal 
epithelium. The circFLNA/miR-766-3p/Fas axis has poten-
tial as a novel therapeutic target for treating intestinal injury 
in sepsis.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00011- 023- 01688-1.

Author contributions LY, YS, and BQ designed the project; LY and 
YS performed the experiments; CC, JY, JN, and ZL analyzed and inter-
preted data and statistical analysis; LY and YS draft the manuscript; HZ 
and HS revised the manuscript. HS and BQ confirm the authenticity of 
all the raw data. All authors read and approved the final manuscript.

Funding The study was financially supported by the foundation 
from Natural Science Foundation of Henan Province under Grant 
202300410458.

Availability of data and materials Data and materials will be shared.

Declarations 

Conflict of interest The authors declare no competing interests.

Ethics approval and consent to participate Informed consent was 
obtained from all subjects to use the specimens described in this study. 
The procedure related to human subjects was approved by the Eth-
ics Committee of the Henan Provincial People's Hospital. All animal 
experiments were approved by the Animal Ethics Committee of the 
Henan Provincial People's Hospital.

Consent for publication Yes from all authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Volakli E, Spies C, Michalopoulos A, Groeneveld AB, Sakr Y, 
Vincent JL. Infections of respiratory or abdominal origin in ICU 
patients: what are the differences? Crit Care. 2010;14(2):R32.

 2. De Waele J, Lipman J, Sakr Y, Marshall JC, Vanhems P, Barrera 
Groba C, et al. Abdominal infections in the intensive care unit: 
characteristics, treatment and determinants of outcome. BMC 
Infect Dis. 2014;14:420.

 3. Napolitano LM. Intra-abdominal Infections. Semin Respir Crit 
Care Med. 2022;43(1):10–27.

 4. Sartelli M, Catena F, Ansaloni L, Coccolini F, Corbella D, Moore 
EE, et al. Complicated intra-abdominal infections worldwide: 
the definitive data of the CIAOW Study. World J Emerg Surg. 
2014;9:37.

 5. Marshall JC. Principles of source control in the early management 
of sepsis. Curr Infect Dis Rep. 2010;12(5):345–53.

 6. Hassinger TE, Guidry CA, Rotstein OD, Duane TM, Evans 
HL, Cook CH, et  al. Longer-duration antimicrobial therapy 
does not prevent treatment failure in high-risk patients with 
complicated intra-abdominal infections. Surg Infect (Larchmt). 
2017;18(6):659–63.

 7. Fredenburgh LE, Velandia MM, Ma J, Olszak T, Cernadas M, 
Englert JA, et al. Cyclooxygenase-2 deficiency leads to intestinal 
barrier dysfunction and increased mortality during polymicrobial 
sepsis. J Immunol. 2011;187(10):5255–67.

 8. Wells JM, Brummer RJ, Derrien M, MacDonald TT, Troost 
F, Cani PD, et al. Homeostasis of the gut barrier and poten-
tial biomarkers. Am J Physiol Gastrointest Liver Physiol. 
2017;312(3):G171–93.

https://doi.org/10.1007/s00011-023-01688-1
http://creativecommons.org/licenses/by/4.0/


528 L. Ye et al.

1 3

 9. Dominguez JA, Samocha AJ, Liang Z, Burd EM, Farris AB, 
Coopersmith CM. Inhibition of IKKbeta in enterocytes exacer-
bates sepsis-induced intestinal injury and worsens mortality. Crit 
Care Med. 2013;41(10):e275–85.

 10. Liu CX, Chen LL. Circular RNAs: characterization, cellular roles, 
and applications. Cell. 2022;185(12):2016–34.

 11. Yang Q, Li F, He AT, Yang BB. Circular RNAs: expres-
sion, localization, and therapeutic potentials. Mol Ther. 
2021;29(5):1683–702.

 12. Zhou WY, Cai ZR, Liu J, Wang DS, Ju HQ, Xu RH. Circular 
RNA: metabolism, functions and interactions with proteins. Mol 
Cancer. 2020;19(1):172.

 13. Tafrihi M, Hasheminasab E. MiRNAs: biology, biogenesis, their 
web-based tools, and databases. Microrna. 2019;8(1):4–27.

 14. Qi L, Yan Y, Chen B, Cao J, Liang G, Xu P, et al. Research progress 
of circRNA as a biomarker of sepsis: a narrative review. Ann Transl 
Med. 2021;9(8):720.

 15. Yeo KT. Circular RNAs and sepsis: new frontiers in diagnostics and 
therapeutics? Ann Acad Med Singap. 2022;51(4):201–3.

 16. Xiao L, Ma XX, Luo J, Chung HK, Kwon MS, Yu TX, et al. Cir-
cular RNA CircHIPK3 promotes homeostasis of the intestinal epi-
thelium by reducing microRNA 29b function. Gastroenterology. 
2021;161(4):1303–17.

 17. Xu HP, Ma XY, Yang C. Circular RNA TLK1 promotes sepsis-
associated acute kidney injury by regulating inflammation and oxi-
dative stress through miR-106a-5p/HMGB1 axis. Front Mol Biosci. 
2021;8: 660269.

 18. Shen MJ, Yan ST, Zhang XY, Li W, Chen X, Zheng XX, et al. The 
circular RNA hsa_circ_0003091 regulates sepsis-induced lung 
injury by sponging the miR-149/Smad2 axis. Aging (Albany NY). 
2022;14(12):5059–74.

 19. Liu J, Liu Y, Zhang L, Chen Y, Du H, Wen Z, et al. Down-regu-
lation of circDMNT3B is conducive to intestinal mucosal perme-
ability dysfunction of rats with sepsis via sponging miR-20b-5p. 
J Cell Mol Med. 2020;24(12):6731–40.

 20. Liu S, Zhang D, Liu Y, Zhou D, Yang H, Zhang K, et al. Circular 
RNA circ_0001105 protects the intestinal barrier of septic rats by 
inhibiting inflammation and oxidative damage and YAP1 expres-
sion. Gene. 2020;755: 144897.

 21. Nichterwitz S, Benitez JA, Hoogstraaten R, Deng Q, Hedlund 
E. LCM-Seq: a method for spatial transcriptomic profiling using 
laser capture microdissection coupled with PolyA-based RNA 
sequencing. Methods Mol Biol. 2018;1649:95–110.

 22. Greene RM, Smolenkova I, Pisano M. Laser capture microdissec-
tion of murine embryonic neural crest cells. Methods Mol Biol. 
2019;1976:121–33.

 23. Williams R, Castellano-Pelicena I, Al-Rikabi AHA, Sikkink SK, 
Baker R, Riches-Suman K, et al. Laser capture microdissection on 
surgical tissues to identify aberrant gene expression in impaired 
wound healing in type 2 diabetes. J Vis Exp. 2021. https:// doi. org/ 
10. 3791/ 62091.

 24. Aguilar-Bravo B, Sancho-Bru P. Laser capture microdissec-
tion: techniques and applications in liver diseases. Hepatol Int. 
2019;13(2):138–47.

 25. May-Zhang AA, Deal KK, Southard-Smith EM. Optimization of 
laser-capture microdissection for the isolation of enteric ganglia 
from fresh-frozen human tissue. J Vis Exp. 2018. https:// doi. org/ 
10. 3791/ 57762.

 26. George MD, Wehkamp J, Kays RJ, Leutenegger CM, Sabir S, 
Grishina I, et al. In vivo gene expression profiling of human intes-
tinal epithelial cells: analysis by laser microdissection of formalin 
fixed tissues. BMC Genomics. 2008;9:209.

 27. Moor AE, Harnik Y, Ben-Moshe S, Massasa EE, Rozenberg 
M, Eilam R, et al. Spatial reconstruction of single enterocytes 
uncovers broad zonation along the intestinal villus axis. Cell. 
2018;175(4):1156-67 e1115.

 28. Gehart H, Clevers H. Tales from the crypt: new insights into intes-
tinal stem cells. Nat Rev Gastroenterol Hepatol. 2019;16(1):19–34.

 29. Liu H, McDowell TL, Hanson NE, Tang X, Fujimoto J, Rodri-
guez-Canales J. Laser capture microdissection for the investigative 
pathologist. Vet Pathol. 2014;51(1):257–69.

 30. Xiao MS, Wilusz JE. An improved method for circular RNA 
purification using RNase R that efficiently removes linear RNAs 
containing G-quadruplexes or structured 3’ ends. Nucleic Acids 
Res. 2019;47(16):8755–69.

 31. Li HJ, Wang CY, Mi Y, Du CG, Cao GF, Sun XC, et al. FasL-
induced apoptosis in bovine oocytes via the Bax signal. Theriog-
enology. 2013;80(3):248–55.

 32. Ye L, Jiang T, Shao H, Zhong L, Wang Z, Liu Y, et al. miR-1290 is 
a biomarker in DNA-mismatch-repair-deficient colon cancer and 
promotes resistance to 5-fluorouracil by directly targeting hMSH2. 
Mol Ther Nucleic Acids. 2017;7:453–64.

 33. Hu Q, Ren H, Li G, Wang D, Zhou Q, Wu J, et al. STING-medi-
ated intestinal barrier dysfunction contributes to lethal sepsis. 
EBioMedicine. 2019;41:497–508.

 34. Fernandes P, O’Donnell C, Lyons C, Keane J, Regan T, O’Brien 
S, et al. Intestinal expression of Fas and Fas ligand is upregulated 
by bacterial signaling through TLR4 and TLR5, with activation of 
Fas modulating intestinal TLR-mediated inflammation. J Immu-
nol. 2014;193(12):6103–13.

 35. Brennan K, Lyons C, Fernandes P, Doyle S, Houston A, Brint E. 
Engagement of Fas differentially regulates the production of LPS-
induced proinflammatory cytokines and type I interferons. FEBS 
J. 2019;286(3):523–35.

 36. Chen LL. The biogenesis and emerging roles of circular RNAs. 
Nat Rev Mol Cell Biol. 2016;17(4):205–11.

 37. Hansen TB, Jensen TI, Clausen BH, Bramsen JB, Finsen B, Dam-
gaard CK, et al. Natural RNA circles function as efficient microRNA 
sponges. Nature. 2013;495(7441):384–8.

 38. Nagata S. Fas ligand-induced apoptosis. Annu Rev Genet. 
1999;33:29–55.

 39. Pinkoski MJ, Brunner T, Green DR, Lin T. Fas and Fas ligand 
in gut and liver. Am J Physiol Gastrointest Liver Physiol. 
2000;278(3):G354–66.

 40. Gavrieli Y, Sherman Y, Ben-Sasson SA. Identification of pro-
grammed cell death in situ via specific labeling of nuclear DNA 
fragmentation. J Cell Biol. 1992;119(3):493–501.

 41. Shu X, Zhang J, Wang Q, Xu Z, Yu T. Glutamine decreases intestinal 
mucosal injury in a rat model of intestinal ischemia-reperfusion by 
downregulating HMGB1 and inflammatory cytokine expression. 
Exp Ther Med. 2016;12(3):1367–72.

 42. Bomidi C, Robertson M, Coarfa C, Estes MK, Blutt SE. Single-cell 
sequencing of rotavirus-infected intestinal epithelium reveals cell-
type specific epithelial repair and tuft cell infection. Proc Natl Acad 
Sci USA. 2021. https:// doi. org/ 10. 1073/ pnas. 21128 14118.

 43. Kurokawa K, Hayakawa Y, Koike K. Plasticity of intestinal epi-
thelium: stem cell niches and regulatory signals. Int J Mol Sci. 
2020;22(1):357.

 44. Bevins CL, Salzman NH. Paneth cells, antimicrobial peptides 
and maintenance of intestinal homeostasis. Nat Rev Microbiol. 
2011;9(5):356–68.

 45. Wei L, Yang Y, Wang W, Xu R. Circular RNAs in the pathogenesis 
of sepsis and their clinical implications: a narrative review. Ann 
Acad Med Singap. 2022;51(4):221–7.

 46. Hayakawa K, Kawasaki M, Hirai T, Yoshida Y, Tsushima H, 
Fujishiro M, et al. MicroRNA-766–3p contributes to anti-inflam-
matory responses through the indirect inhibition of NF-kappaB 
signaling. Int J Mol Sci. 2019;20(4):809.

 47. Zhu H, Zhu S, Shang X, Meng X, Jing S, Yu L, et al. Exhausting 
circ_0136474 and restoring miR-766-3p attenuate chondrocyte oxi-
dative injury in IL-1beta-induced osteoarthritis progression through 
regulating DNMT3A. Front Genet. 2021;12: 648709.

https://doi.org/10.3791/62091
https://doi.org/10.3791/62091
https://doi.org/10.3791/57762
https://doi.org/10.3791/57762
https://doi.org/10.1073/pnas.2112814118


529circFLNA promotes intestinal injury during abdominal sepsis through Fas‑mediated apoptosis…

1 3

 48. Wajant H. Principles and mechanisms of CD95 activation. Biol 
Chem. 2014;395(12):1401–16.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	circFLNA promotes intestinal injury during abdominal sepsis through Fas-mediated apoptosis pathway by sponging miR-766-3p
	Abstract
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Patients intestinal tissues
	Laser capture microdissection and CircRNA microarray analysis
	Cell culture and chemicals
	Total RNA extraction, actinomycin D assay, RNase treatment, and quantitative real-time PCR (qRT-PCR)
	Fluorescence in situ hybridization and immunofluorescent staining
	Plasmid construction and transfection
	Cell viability and apoptosis assay
	Enzyme-linked immunosorbent assay (ELISA)
	Protein microarray analysis
	Western blot analysis
	Bioinformatic analysis
	Dual-luciferase reporter assay
	RNA immunoprecipitation
	Animals and cecal ligation and puncture (CLP) model
	Animal grouping and specimen collection
	Detection of intestinal mucosal permeability
	Hematoxylin and eosin staining, immunohistochemistry, and TdT-mediated dUTP-biotin nick end-labeling staining
	Statistical analysis

	Results
	Circular RNA expression profiles in intestinal epithelium of individuals with sepsis
	CircFLNA is overexpressed in LPS-treated HIEC-6 cells and mainly localized in the cytoplasm
	circFLNA inhibits cell viability and promotes apoptosis and inflammation of LPS-treated HIEC-6 cells
	circFLNA promotes apoptosis and inflammation by regulating Fas in LPS-treated HIEC-6 cells
	circFLNA acts as a miRNA sponge of miR-766-3p in sepsis
	miR-766-3p inhibits apoptosis and inflammation in LPS-treated HIEC-6 cells by directly targeting Fas
	CircFLNA promotes Fas-associated apoptosis by targeting miR-766-3p
	CircFLNA interference ameliorates intestinal epithelial injury and inflammation by regulating miR-766-3p in vivo
	CircFLNA promotes Fas-associated apoptosis by targeting miR-766-3p in vivo

	Discussion
	Conclusions
	Anchor 39
	References




