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barrier dysfunction during sepsis
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Abstract 

Background: Intestinal barrier dysfunction, which is associated with reactive enteric glia cells (EGCs), is not only a 
result of early sepsis but also a cause of multiple organ dysfunction syndrome. Inhibition of platelet activation has 
been proposed as a potential treatment for septic patients because of its efficacy in ameliorating the organ dam-
age and barrier dysfunction. During platelet activation, CD40L is translocated from α granules to the platelet surface, 
serving as a biomarker of platelet activation a reliable predictor of sepsis prognosis. Given that more than 95% of 
the circulating CD40L originate from activated platelets, the present study aimed to investigate if inhibiting platelet 
activation mitigates intestinal barrier dysfunction is associated with suppressing reactive EGCs and its underlying 
mechanism.

Methods: Cecal ligation and puncture (CLP) was performed to establish the sepsis model. 24 h after CLP, the propor-
tion of activated platelets, the level of sCD40L, the expression of tight-junction proteins, the intestinal barrier function 
and histological damage of septic mice were analyzed. In vitro, primary cultured EGCs were stimulated by CD40L and 
LPS for 24 h and EGCs-conditioned medium were collected for Caco-2 cells treatment. The expression of tight-junc-
tion proteins and transepithelial electrical resistance of Caco-2 cell were evaluated.

Results: In vivo, inhibiting platelet activation with cilostazol mitigated the intestinal barrier dysfunction, increased 
the expression of ZO-1 and occludin and improved the survival rate of septic mice. The efficacy was associated with 
reduced  CD40L+ platelets proportion, decreased sCD40L concentration, and suppressed the activation of EGCs. Com-
parable results were observed upon treatment with compound 6,877,002, a blocker of CD40L–CD40–TRAF6 signal-
ing pathway. Also, S-nitrosoglutathione supplement reduced intestinal damage both in vivo and in vitro. In addition, 
CD40L increased release of TNF-α and IL-1β while suppressed the release of S-nitrosoglutathione from EGCs. These 
EGCs-conditioned medium reduced the expression of ZO-1 and occludin on Caco-2 cells and their transepithelial 
electrical resistance, which could be reversed by CD40-siRNA and TRAF6-siRNA transfection on EGCs.

Conclusions: The inhibition of platelet activation is related to the suppression of CD40L-CD40-TRAF6 signaling 
pathway and the reduction of EGCs activation, which promotes intestinal barrier function and survival in sepsis mice. 
These results might provide a potential therapeutic strategy and a promising target for sepsis.
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Background
Sepsis is a major health concern for intensive care unit 
(ICU) patients worldwide and is associated with high 
mortality rates in all countries (Vincent et al. 2014). Dur-
ing the ICU stay, 29.5% of patients developed sepsis, of 
which 25.8% died of multiple organ dysfunction syn-
drome (MODS) (Vincent et  al. 2014). It is believed that 
the failure of the intestinal barrier with elevated bacterial 
translocation is a crucial driving force for MODS during 
sepsis (Zhou and Verne 2018), and early improvement of 
intestinal barrier function may be the key to prevent sep-
sis from endotoxemia to MODS (Armacki et al. 2018).

Composed of physical, chemical, biological and 
immune barriers (Baumgart and Dignass, 2002), the 
intestinal barrier is the first line of defense against anti-
gens, bacterial toxins, and pathogens in the hostile 
intestinal environment (Blikslager et  al. 2007). Adjacent 
intestinal epithelial cells form the continuous physical 
barrier through tight junctions to regulate the intestinal 
permeability (Peterson and Artis 2014). Disruption of 
intestinal epithelial tight junctions may cause hyperper-
meability which can be observed in both septic animals 
(Dominguez et al. 2013) and patients (Klaus et al. 2013). 
In the early stage of sepsis, the intercellular spaces among 
intestinal epithelial cells were expanded and the expres-
sion of tight junction proteins such as claudin-2, clau-
din-4, occludin and ZO-1 were decreased (Obermuller 
et  al. 2020; Otani et  al. 2020). Then, the apoptosis and 
damage of intestinal epithelial cells induced intestinal 
barrier dysfunction, which progressed rapidly to severe 
sepsis (Hu et al. 2019). Thus, mitigating intestinal barrier 
dysfunction may be a potential strategy for the treatment 
of sepsis.

The Enteric Nervous System is the second largest nerve 
system, composed of enteric neurons and enteric glial 
cells (EGCs) that share many characteristics with astro-
cytes (Jessen and Mirsky 2005). Although both enteric 
neurons and EGCs are associated with intestinal epithe-
lial cells, accumulating evidence suggests that EGCs are 
supportive cells for neurons and play a key role in the 
regulation of epithelial homeostasis, matrix remodeling, 
immunity, and inflammation without neuronal activity 
(Schneider et  al. 2019). Moreover, EGCs widely reside 
throughout the submucosal plexuses of intestine tract 
(Gulbransen and Sharkey 2012), an ideal position to 
interact with intestinal epithelial cells and maintain their 
tight junction by secreting S-nitrosoglutathione (GSNO) 
directly (Neunlist et al. 2014; Savidge et al. 2007). When 
encountering bacterial or inflammatory challenges, EGCs 

were activated, which in turn secreted TNF-α (Chelak-
kot et al. 2018), IL-1β (Rosenbaum et al. 2016) and other 
chemokines/cytokines (Van Landeghem et al. 2009) that 
disassociated the tight junction proteins and induced 
intestinal barrier hyperpermeability (Grubisic and Gul-
bransen 2017).

In septic patients, platelets were activated and seques-
trated in the intestine, which could be used to precede 
clinical signs of sepsis and predict the outcomes (Sig-
urdsson et  al. 1992; Wang et  al. 2018). Although sep-
tic patients can benefit from the inhibition of platelet 
activation (Dewitte et  al. 2017), the underlying mecha-
nism remains obscure. Clinical evidence has shown that 
the level of CD40 ligand (CD40L) in serum is higher in 
patients with sepsis (Liang et al. 2021; Lorente et al. 2017) 
and is associated with decreased survival rate (Lorente 
et  al. 2011). During platelet activation, CD40L is trans-
located from α granules to the platelet surface, which is 
positively correlated with plasma CD40L. Indeed, plasma 
CD40L has been reported as a biomarker of platelet acti-
vation such as PAC-1 and CD62p, and serves as a reliable 
predictor of sepsis prognosis (Wegrzyn et al. 2021). It is 
estimated that more than 95% of the circulating CD40L 
originates from activated platelets (Andre et  al. 2002), 
and can modulate adaptive immune responses (Ma et al. 
2022). Since platelet-derived CD40L can activate glial 
cells to damage the blood–brain barrier in hypertension 
(Bhat et al. 2017), we speculated that the activated plate-
lets induce the intestinal barrier dysfunction, which is 
associated with the upregulation of CD40L–CD40 path-
way in reactive enteric glia during sepsis.

Materials and methods
Animals
All animal experiments in this study were approved by 
the Ethics Committee for Animal Experimentation of 
the Xi’an Jiaotong University (Xi’an, China, 2018-107). 
Male C57BL/6 mice (6–8 weeks old) were obtained from 
Experimental Animal Center of Xi’an Jiaotong Univer-
sity (Xi’an, China) and raised in standard cages under 
controlled conditions with a 12-h light/dark cycle at 
21 ± 2 °C temperature and 60–70%.

Sepsis model and drug administration
Cecal ligation and puncture (CLP) was performed to 
establish the sepsis model with some modifications as 
described previously (Rittirsch et  al. 2009). Briefly, we 
anesthetized the mice with isoflurane inhalation and 
injected lidocaine subcutaneously local to incision as 
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an analgesic before surgery. The cecum was exterior-
ized through a 1–2  cm longitudinal midline abdominal 
incision. Then 75% of the cecum was ligated and punc-
tured twice with a 21-G needle to externalize feces. All 
mice were subcutaneously injected with 1 mL 0.9% nor-
mal saline for fluid resuscitation and administrated a 
single dose of antibiotics (ceftriaxone at 30  mg/kg and 
clindamycin at 25 mg/kg) immediately after CLP. Subse-
quently, mice were temporarily placed on a heating pad 
to maintain the body temperature until fully recovered 
from anesthesia. The sham-operated mice underwent 
the same procedure without ligation and puncture. In 
the additional groups of mice, cilostazol (10 mg/kg) was 
diluted from 0.5% carboxymethyl cellulose sodium salt 
(CMC) and administrated orally 2 h prior to and at 12 h 
after CLP to inhibit platelet activation (Chang 2015), 
compound 6,877,002 (10  μmol/kg) was injected intra-
peritoneally 2 h prior to and at 12 h after CLP to block 
CD40L–CD40 signaling pathway (Zarzycka et  al. 2015) 
and GSNO was administrated intraperitoneally at 10 mg/
kg/day for 7  days before CLP to verify its function on 
intestinal hyperpermeability (Savidge et  al. 2007). 24  h 
after CLP, mice were sacrificed, and blood or tissue sam-
ples were collected for further experiments.

Intestinal barrier permeability test
The intestinal barrier permeability was evaluated by flu-
orescein isothiocyanate (FITC)-dextran test 24  h after 
CLP. Briefly, overnight fasted mice were orally gavaged 
with 25 mg/mL of 4 kDa FITC-Dextran (0.5 mg/g body 
weight; Sigma-Aldrich). After 1.5  h, plasma was col-
lected, and plasma fluorescence was measured at excita-
tion and emission wavelengths of 485  nm and 535  nm, 
respectively.

Water content
Intestinal tissues were excised and weighed immediately 
(wet weight) and dried at 60  °C for 48  h before weigh-
ing (dry weight). The water content represented the 
degree of intestinal edema and was calculated as fol-
lows: water content (%) = (wet weight − dry weight)/wet 
weight × 100%.

Bacterial content
The mesenteric lymph nodes, lung and liver tissues were 
homogenized, and the supernatant was obtained by cen-
trifugation. After serial dilutions, 500 μL of each dilution 
was evenly spread onto blood agar plates, incubated at 
37 °C for 24 h, and the colony forming units (CFUs) were 
counted.

Histological damage score analysis
The histological damage score was estimated after forma-
lin fixation, paraffin embedding and hematoxylin/eosin 
staining of sections. The images were observed by a light 
microscope, and a representative field was chosen for 
assessment. The intestinal damage score was graded as 
follows: 0, normal mucosal villi; (1) minor subepithelial 
space and capillary congestion; (2) extensive subepithe-
lial space with little epithelial layer lifting from the lamina 
propria; (3) massive epithelial layer lifting from the lam-
ina propria; (4) villi detachment and hemorrhage (Bi et al. 
2020). The histological damage scores were recorded and 
analyzed by two investigators blinded to the experimental 
treatments. Grading of intestinal injury was measured as 
an average score. Statistical analysis of histological data 
was performed by an investigator blinded to the experi-
mental treatments.

Echocardiography
Echocardiography was performed 24  h after the CLP 
using Vevo 3100 with a 400 MHz probe (FUJIFILM Son-
oSite, lnc. JAPAN). The mice (prior removal of hair from 
the precardiac region) were anesthetized with isoflurane 
inhalation and the limbs were fixed. The long axis section 
of the left ventricle was evaluated, and the left ventricle 
movement was detected with M-mode echocardiogra-
phy. The following four parameters were measured: left 
ventricular end diastolic diameter (LVEDD), left ven-
tricular end systolic dimension (LVESD), left ventricular 
ejection fraction (LVEF) and left ventricular fractional 
shortening (LVFS). All data were processed under the 
same parameters and analyzed by investigator blinded to 
the experimental treatments. The value of each measure-
ment index was the average value of three consecutive 
cardiac cycles.

Complete blood counts
Whole blood samples were collected from the mice 
via eyeball enucleation in K2EDTA tubes for complete 
blood counts analysis. Complete blood counts, including 
platelets, white blood cells (WBC), neutrophil (NEUT), 
monocyte (MONO) and lymphocyte (LYMPH), were 
measured using an auto hematology analyzer (Mindray, 
BC-6800Plus, China).

Flow cytometry
To analyze platelet surface CD40L, blood was collected in 
sodium citrate and stained with 1 μL of FITC anti-mouse 
CD41 Antibody (BioLegend) and 2.5 μL of PE anti-mouse 
CD154 (CD40L) Antibody (BioLegend) at room tempera-
ture in the dark, according to the manufacturer’s instruc-
tions. Then, the blood samples were incubated with a red 
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blood cell lysis solution (Solarbio, China) and analyzed by 
flow cytometry (BD Biosciences, U.S.A.). Data analysis 
was performed using FlowJo (Ashland, OR). Scatter and 
staining with the FITC-anti-CD41 and PE-anti-CD40L 
antibodies were used to gate platelet populations. Cells 
were first gated by regions within a side scatter area (SSC-
A) versus forward scatter area (FSC-A) plot, then by gat-
ing those populations in a SSC-A versus FITC-A plot. 
Activated platelets were defined as FITC-anti-CD41-A 
positive and PE-anti-CD40L-A positive (Additional file 1: 
Fig. S1).

Soluble CD40L determination
Soluble CD40L (sCD40L) levels in serum was measured 
using ELISA kits (Cloud-Clone Corp, Wuhan, China) 
according to the manufacturer’s recommendations.

Immunofluorescence staining
Intestinal tissues were collected and fixed overnight in 
4% paraformaldehyde. The fixed intestinal tissues were 
OCT-embedded, snap-frozen, and prepared into 16  μm 
sections for immunofluorescence staining. Cell samples 
including the primary EGCs, primary astrocytes and 
Caco-2 cells were seeded in 24-well plates plated with 
cell climbing slices respectively. After stimulation, cell 
samples were fixed in 4% paraformaldehyde and washed 
thrice with PBS for immunofluorescence staining. After 
permeabilization and blocking, the tissue sections or cell 
samples were incubated with the respective primary anti-
bodies overnight at 4  °C. Briefly, the primary antibodies 
consisted of chicken anti-GFAP (1:200, GeneTex, Irvine, 
CA, USA), rabbit anti-Iba-1 (1:200 Abcam, Cambridge, 
UK), rabbit anti-Sox10 (1:500, Abcam, Cambridge, UK), 
anti-CD40 (1:200, Abcam, Cambridge, UK), and ZO-1 
(1:200, Abcam, Cambridge, UK) antibodies. Next, the tis-
sue sections or cell samples were washed thrice with PBS 
and incubated with A488 anti-chicken (1:1000, GeneTex) 
or A594 anti-rabbit (1:1000, GeneTex) antibodies at 37 °C 
for 2  h. DAPI (1:1000, Invitrogen) was used for nuclei 
counterstaining. An Olympus FluoView FV1000 micro-
scope (Olympus, Tokyo, Japan) was used to collect the 
fluorescent images of intestinal tissues and cell samples. 
Fluorescent intensity was analyzed by ImageJ.

Western blot analysis
Protein was extracted from intestinal tissues and cells 
using RIPA buffer containing protease inhibitor cocktail 
and measured using a BCA protein assay kit. An equiva-
lent of protein samples was separated by 12% SDS-PAGE 
and transferred to PVDF membranes for western blot 
analysis. After blocking with 5% skimmed milk for 1  h, 
the membranes were probed overnight at 4  °C with the 
following different primary antibodies: rabbit anti-GFAP 

(1:5000, GeneTex, Irvine, CA, USA), rabbit anti-CD40 
(1:1000, Abcam, Cambridge, UK), rabbit anti-ZO-1 
(1:1000, Affinity, USA), rabbit anti-occludin (1:5000, 
ABclonal, Wuhan, China), mouse anti-TRAF1 (1:100, 
Santa Cruz, CA), mouse anti-TRAF2 (1:100, Santa Cruz, 
CA), mouse anti-TRAF3 (1:100, Santa Cruz, CA), mouse 
anti-TRAF4 (1:100, Santa Cruz, CA), mouse anti-TRAF5 
(1:100, Santa Cruz, CA), mouse anti-TRAF6 (1:100, Santa 
Cruz, CA), and rabbit anti-GAPDH (1:5000, ABclonal). 
Then, the membranes were incubated with secondary 
antibodies at room temperature for 1 h. The immunore-
active bands were detected using a chemiluminescence 
imaging system ChemiScope 6000 (Clinx, Shanghai, 
China), and the intensity was analyzed with ImageJ.

Primary EGCs and astrocytes culture
As mentioned previously, primary EGCs were prepared 
from the intestinal tract of embryonic days 17–19 fetal 
mice (Li et al. 2021) and cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) (Gibco Ltd., NY, USA) contain-
ing 10% fetal bovine serum (FBS), 1% glutamine (Sigma), 
and 1% penicillin and streptomycin solution (Pen Strep) 
(Gibco) at a density of 4 ×  104  cells/cm2. After 1  week, 
EGCs were isolated using 1 U/mL dispase (Roche, Basel, 
Switzerland) to eliminate the fibroblasts or epithelial cells 
and identified by GFAP and Sox 10 immunoreactivity.

As described previously, primary astrocytes were pre-
pared from postnatal days 1–3 mice brains (Zhu et  al. 
2020) and cultured in DMEM (Gibco) containing 10% 
fetal bovine serum (FBS), 1% glutamine (Sigma), and 1% 
penicillin and streptomycin solution (Pen Strep) (Gibco) 
at a density of 4 ×  104  cells/cm2. After 1  week, the cells 
were shaken (200 rpm, 37 °C) overnight to eliminate non-
specific glia, such as microglia, and the astrocytes were 
identified by GFAP and Iba-1 immunoreactivity.

Stimulation and siRNA transfection
To induce the cell sepsis model, EGCs were stimu-
lated by single lipopolysaccharide (LPS) (10  μg/mL, 
E. coli O111:B4, Sigma-Aldrich, St. Louis, MO, USA), 
CD40L (1  μg/mL, PeproTech, Rocky Hill, NJ, USA) 
or LPS + CD40L. After 24  h, the cell culture superna-
tants were collected as EGCs-conditioned medium for 
cytokine measurement and Caco-2 cell treatment.

For the siRNA transfection, CD40-siRNA, TRAF6-
siRNA, negative control siRNA (NC-siRNA), and 
siRNA-Mate transfection reagent were purchased from 
GenePharma Co. Ltd, (Shanghai, China). EGCs were 
transfected with CD40-siRNA, TRAF6-siRNA or NC-
siRNA using siRNA-Mate according to the manufactur-
er’s protocols for 72 h before LPS and CD40L stimulation.
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Caco‑2 culture and in vitro permeability assay
Caco-2 cells (CL-0050, Procell Life Science & Technol-
ogy Co., Ltd., Wuhan, China) were cultured in DMEM 
(Gibco) containing 10% fetal bovine serum (FBS), 1% glu-
tamine (Sigma), and 1% penicillin and streptomycin solu-
tion (Pen Strep) (Gibco). For in vitro permeability assay, 
Caco-2 cells were seeded at a density of 4 ×  106 cells/cm2 
in 6.5-mm transwell dishes with 0.4 μm pore polycarbon-
ate membrane inserts (3413; Corning). After 1  week of 
culture, transepithelial electrical resistance (TEER) was 
measured using an Electrical Resistance System (ERS) 
(Millipore) to confirm cell polarization and establish 
barrier characteristics (> 450 Ω/cm2). Then, Caco-2 cells 
were stimulated with EGCs-conditioned medium and 
GSNO (50 µM, Sigma) for 24 h before Western blot and 
immunofluorescence staining. Transepithelial electri-
cal resistance was measured as Ω   cm2 every hour after 
stimulation by subtracting the background resistance and 
multiplying with the monolayer surface area to calculate 
the relative value.

Cytokine and GSNO measurements
TNF-α, IL-1β and GSNO were measured using ELISA 
kits as recommended by the manufacturer. Briefly, the 
supernatants were harvested from intestinal tissue 
homogenate, serum and EGCs-conditioned medium, 
and the impurity was removed by centrifugation at 
12,000g for 10  min. TNF-α (EMC102a.96) and IL-1β 
(EMC001b.96) ELISA kits were obtained from NeoBio-
science (Shenzhen, China) to measure TNF-α and IL-1β 
production in  vivo and in  vitro. GSNO (ml08365974) 
ELISA kit was obtained from Mlbio (Shanghai, China) to 
measure GSNO production in vitro.

Bioinformatics analysis
Bioinformatics analysis was performed using public data-
bases. These data were downloaded from the GSE156905 
dataset of the Gene Expression Omnibus (GEO) data-
base. The single-cell sequencing data (GSE156905) were 
sourced from distal colon of adult mouse.

The “Read10×” function in the package was used 
to analyze single-cell sequencing data. Seurat objects 
were created using the “CreateSeuratObject” function. 
The “FilterCells” function was used to filter the data 
and remove the effects of dead cells and cell adhesion. 
The specific parameters used in the subsequent analy-
sis are as follows: NFEATURE RNA > 200, nFEATURE 
RNA < 2500 and PERCENT.mt < 5, leaving 1384 cells and 
17,047 genes. Data were normalized using the “Normal-
izeData” function with the following parameters: normal-
ize. Method = “LogNormalize” and scale.factor = 1000. 
The “Find variable genes” function was used to calcu-
late highly variable genes and set to default values. The 

“ScaleData” function was further used to normalize the 
data and remove the source of variation. The Uniform 
Manifold Approximation and Projection (UMAP), was 
obtained via analysis using the “BiocManager” packets in 
the R language.

Screening and annotation of cell marker genes in dif-
ferent subpopulations. The screening and annotations of 
different cell subpopulations were compared among all 
cell subpopulations and obtained genes per subgroup. 
The identification of each cell was based on the differ-
ential expression of characteristic genes among the vari-
ous cell clusters. GFAP has long been a specific marker 
of astrocyte (Yang and Wang 2015), which shares many 
characteristics with EGCs (Gulbransen and Sharkey 
2012; Jessen and Mirsky 1980; Yang and Wang 2015). 
Given that accumulating evidences depict that GFAP can 
be used for identifying EGCs (Rao et al. 2017), we applied 
it as a marker for EGCs. Subsequently, the cell tag gene 
was analyzed in the R language using the “CellMarker” 
website (http:// biocc. hrbmu. edu. cn/ CellM arker/), 
which determines the cell type corresponding to each 
subpopulation.

KEGG enrichment analysis
All microarray data were downloaded from the GEO 
database (http:// www. ncbi. nih. gov/ geo). The raw data 
were downloaded as MINiML files. The differentially 
expressed mRNA was studied using the limma package 
in the R software. The adjusted P-value was analyzed 
to correct the false positive results in GEO datasets. 
“Adjusted P < 0.05 and Log (Fold Change) > 1 or Log (Fold 
Change) < − 1” were defined as the threshold for the dif-
ferential expression of mRNAs. To further confirm the 
underlying function of potential targets, the data were 
analyzed by functional enrichment. Kyoto Encyclopedia 
of Genes and Genomes (KEGG) Enrichment Analysis is a 
practical resource for studying gene functions and associ-
ated high-level genome functional information. To better 
understand the carcinogenesis of mRNA, ClusterProfiler 
package (version: 3.18.0) in R was employed to enrich the 
KEGG pathway.

Statistical analysis
Statistical analysis was performed using a GraphPad 
Prism software (version 7.00, U.S.A.). The survival rates 
were analyzed using the log-rank (Mantel–Cox) test 
and reported as percentages (%). The other data were 
reported as mean ± standard error of the mean (SEM). 
Gaussian distribution was evaluated by Shapiro–Wilk 
normality test. The statistical significance of the dif-
ferences between groups, except for the survival rate, 
was evaluated by Student’s t-test or one-way analysis 
of variance (ANOVA) (Dunnet correction for multiple 

http://biocc.hrbmu.edu.cn/CellMarker/
http://www.ncbi.nih.gov/geo
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comparisons). Nonparametric Kruskal–Wallis tests were 
performed if data did not belong to the Gaussian dis-
tribution. Differences were considered significant at a P 
value less than 0.05 (*), less than 0.01 (**), less than 0.001 
(***), or less than 0.0001 (****).

Results
Inhibition of platelet activation improved intestinal barrier 
function in septic mice
To confirm the role of platelets in sepsis, KEGG enrich-
ment analysis was performed based on the GSE12624 
dataset (35 septic patients vs. 35 healthy person). Data 
demonstrated an upregulation of Platelet Activation 
Pathways in the septic patients (Additional file  2: Fig. 
S2). Based on this evidence, antiplatelet drugs are prom-
ising agents to improve the prognosis of sepsis patients 
(Wang et  al. 2018). To study the effect of antiplatelet 
drug treatment on the intestinal barrier function of sep-
tic mice, we applied cilostazol because of its stable effect 
on platelet inhibition and lower frequency of gastrointes-
tinal bleeding (Barra et al. 2019). The mice were divided 
into four groups, sham + CMC group, sham + Cilostazol 
group, CLP + CMC group, and CLP + Cilostazol group. 
Data demonstrated that the survival rate of mice in 
CLP + Cilostazol group was significantly increased com-
pared with that in the CLP + CMC group (Fig. 1a). Also, 
the levels of intestinal permeability and edema decreased 
significantly in the CLP + Cilostazol group compared to 
those in the CLP + CMC group (Fig.  1b, c). The results 
of bacterial load in mesenteric lymph node, lung and 
liver tissue showed that cilostazol administration signifi-
cantly reduced the bacterial translocation in septic mice 
(Fig. 1d–f). Histological analysis of the intestinal showed 
that the CLP + CMC group had higher histological 
scores, while the CLP + Cilostazol group showed lower 
histological scores (Fig.  1g, h). We also observed that 
the levels of TNF-α and IL-1β in intestinal tissues in the 
CLP + Cilostazol group were reduced compared with the 
CLP + CMC group (Fig. 1k, l). But there was no signifi-
cant difference in the levels of TNF-α and IL-1β in serum 
between the CLP + CMC group and CLP + Cilostazol 
group (Additional file 3: Fig. S3). The above results sug-
gested that intestinal barrier function and the local 
inflammation in septic mice were improved after cilosta-
zol administration. Intestinal barrier function, especially 
intestinal barrier permeability, was closely related to the 
content of tight junction proteins in intestinal tissues. 
Data demonstrated that the expression of tight junc-
tion proteins ZO-1 and occludin in intestinal tissues of 
septic mice was significantly lower than that of sham, 
while the expression levels of ZO-1 and occludin in the 
CLP + Cilostazol group were higher than those in the 
CLP + CMC group (Fig. 1i, j). In the immunofluorescence 

of intestinal tissue, we also found that the expression of 
ZO-1 in septic mice was decreased, and the tight junction 
between epithelial cells became discontinuous, while the 
expression of ZO-1 in the CLP + Cilostazol group was 
higher than that in the CLP + CMC group (Fig. 1m, n). To 
eliminate other potential effects of cilostazol on periph-
eral blood and cardiac function, CBCs and ultrasound 
evaluation were performed. Although the count of WBC 
decreased in septic mice, the administration of cilostazol 
did not affect the counts of platelet, NEUT, MONO and 
LYMPH (Additional file 4: Fig. S4). In addition, cilostazol 
also did not affect cardiac function such as LVEF, LVFS, 
LVEDD, and LVESD in septic mice (Additional file 5: Fig. 
S5). Thus, the beneficial effect of cilostazol on intestinal 
barrier function is not achieved by improving circulation. 
Taken together, inhibition of platelet activation improved 
the intestinal barrier function in septic mice.

Inhibition of platelet activation reduced the release 
of CD40L and suppressed reactive enteric glia
Absent from the surface of resting platelets, CD40L is 
presented on the platelet surface and released into the 
circulation rapidly (Lim et  al. 2004). Since more than 
95% of the circulating CD40L originates from platelet 
activation (Andre et al. 2002), CD40L has been reported 
as a biomarker of platelet activation such as PAC-1 and 
CD62p, and serves as a reliable predictor of sepsis prog-
nosis (Wegrzyn et al. 2021). To investigate the activation 
of platelets, we detected the concentration of CD40L by 
ELISA and the proportion of  CD40L+ platelets by flow 
cytometry. Data demonstrated that both the concentra-
tion of sCD40L and the proportion of  CD40L+ platelets 
were increased in the serum of septic mice (Fig.  2a–c). 
Also, the expression of CD40 (the receptor of CD40L) 
was upregulated on the intestinal tissue of septic mice 
(Fig.  2f, g, i). indicating the activation of CD40L–CD40 
pathway. EGCs play an important role in the maintenance 
of the intestinal barrier function (Cheadle et al. 2013; Yu 
and Li 2014). To identify such group of cell types, a com-
prehensive analysis of adult mouse distal colon single-
cell sequencing data based on GSE156905 dataset gained 
17,047 genes and 1384 cells, which had been categorized 
into 12 individual clusters by UMAP (Additional file  6: 
Fig. S6a). Considering the approximate expression of 
GFAP, the marker of EGCs (Rao et al. 2017), between 0 
and 5 cluster (Additional file 6: Fig. S6b), the two cluster 
have been merged into the same cell type as EGCs (Addi-
tional file  6: Fig. S6c). Also, our data demonstrated the 
upregulation of GFAP in intestinal tissue of septic mice 
(Fig. 2e, g, h). Intriguingly, the expression of GFAP colo-
calized with CD40 on intestinal tissue, indicating that 
CD40 is expressed on EGCs (Fig.  2d). To further con-
firm the localization of CD40 on EGCs, primary EGCs 
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Fig. 1 Effect of inhibiting platelet activation on intestinal barrier function in septic mice. Cilostazol (10 mg/kg) was administrated orally 2 h prior to 
and at 12 h after CLP to inhibit platelet activation. 24 h after CLP, mice were sacrificed, and tissue samples were collected. a The survival rate of the 
mice within 7 days after CLP was observed by survival curves (n = 10). b–f Intestinal barrier permeability was indicated by serum FITC-Dextran levels 
(b) (n = 6), water content (c) of gut (n = 6), and colony-forming units (CFUs) (d–f) from mesenteric lymph node (MLN), liver and lung (n = 6). g, h 
Haematoxylin and eosin (H&E) staining and pathological score, Scale bar = 100 μm (n = 6). i, j Western blot analysis of ZO-1 and occludin expression 
(n = 6). k, l TNF-α and IL-1β levels in intestinal tissues (n = 6). m, n Immunofluorescence staining analysis of ZO-1 (red), Scale bar = 50 μm (n = 6). The 
data are presented as the mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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and astrocytes were cultured and purified (the purity of 
EGCs and astrocytes cultures was always > 95% as deter-
mined by immunofluorescence, Fig.  3a). Western blot 
and immunofluorescence were performed on primary 
EGCs and their positive control, astrocytes. Data showed 
that CD40 was localized on EGCs (Fig. 3b–e). In septic 
mice, after cilostazol application, the expression of GFAP 
and CD40 decreased accompanied with the decline of 
 CD40L+ platelets proportion and CD40L concentration 
in serum (Fig. 2). Taken together, the protective effect of 
inhibiting platelet activation may be associated with the 
suppression of EGC activation at least partially through 
the CD40L–CD40 signaling pathway.

CD40L increased inflammatory factor release from EGCs 
was related to CD40L–CD40–TRAF6 signaling pathway, 
leading to impaired intestinal barrier integrity
The mechanism of how reactive EGCs disrupt the intes-
tinal barrier function was investigated in  vitro. We used 
LPS and CD40L to stimulate the EGCs and collected the 
EGCs-conditioned medium for Caco-2 culture (Fig.  4a, 
b). Data showed that the stimulation of single LPS, CD40L 
or LPS + CD40L increased the expression of GFAP and 
CD40 on EGCs. Moreover, the expression of GFAP and 
CD40 in EGCs stimulated by LPS + CD40L was higher 
than that stimulated by LPS or CD40L alone (Fig.  4c, d). 
Given that TRAF family plays a key role in CD40 initiat-
ing signaling cascades (Bishop et  al. 2007), we examined 
the changes of TRAF proteins on EGCs stimulated with 
LPS or LPS + CD40L. Data showed a more pronounced 
increase in TRAF6 than TRAF 1, 2, 3, 4, 5 (Fig. 4c, Addi-
tional file 7: Fig. S7), indicating that TRAF6 is the primary 
downstream signal of CD40. Next, we cultured the Caco-2 
cell with EGCs-conditioned medium to mimic septic epi-
thelium in vivo. We found that conditioned medium from 
LPS, CD40L alone and LPS + CD40L treated EGCs induced 
a significant decrease in the expression of ZO-1 and occlu-
din (Fig. 4e, f), reduced the transepithelial electrical resist-
ance (Fig. 4l), and disrupted the integrity of tight junctions 
(Fig.  4k) in Caco-2 cells. CD40 knockdown in EGCs by 
CD40-siRNA downregulated the expression of CD40 
and GFAP (Fig.  4g). The EGCs-conditioned medium in 
CD40-siRNA + LPS + CD40L group increased the TEER, 
the expression of ZO-1 and occludin and the integrity of 
tight junctions of Caco-2 cells compared with that in the 

NC-siRNA + LPS + CD40L group (Fig. 4h, k, l). To explore 
the precise mechanisms by which reactive EGCs disrupted 
the intestinal barrier function, we measured TNF-α and 
IL-1β which are closely related to the function of intestinal 
barrier integrity in the EGCs-conditioned medium. Data 
showed that the levels of TNF-α and IL-1β elevated under 
the stimulation of LPS, CD40L alone or LPS + CD40L, while 
CD40 knockdown in EGCs by CD40-siRNA decreased 
the levels of TNF-α and IL-1β compared to the NC-
siRNA + LPS + CD40L group (Fig. 4m, n). Subsequently, we 
used TRAF6-siRNA to downregulate TRAF6 and observed 
the same results in CD40-siRNA treatment (Fig. 4i, j). Taken 
together, CD40L–CD40 signaling pathway participates in 
the activation of EGCs during sepsis and affects the release 
of inflammatory factors TNF-α and IL-1β of EGCs, thereby 
affecting the intestinal barrier permeability.

Blocking CD40L–CD40–TRAF6 signaling pathway improved 
intestinal barrier function in septic mice
To verify the role of CD40L–CD40–TRAF6 signaling 
pathway, we used the compound 6,877,002, a CD40–
TRAF6 inhibitor, to block CD40–TRAF6 signaling 
pathway in vivo. Data showed that compound 6,877,002 
improved the survival rate of CLP mice (Fig.  5a), and 
reduced intestinal permeability, the degree of intes-
tinal edema and bacterial translocation (Fig.  5b–f). 
Histological analysis of the intestinal showed that the 
6,877,002-treated septic mice had lower histological 
scores compared with the CLP group (Fig.  5g, h). And 
the levels of TNF-α and IL-1β in intestinal tissues were 
reduced in 6,877,002-treated septic mice compared 
with the CLP group (Fig.  5k, l). Moreover, after com-
pound 6,877,002 treatment, the expression level of ZO-1 
and occludin was significantly higher than that of CLP 
(Fig. 5i, j), and immunofluorescence staining also showed 
that the continuity was restored and expression of ZO-1 
protein were improved (Fig.  5m, n). These results indi-
cated that blocking CD40L–CD40–TRAF6 signaling 
pathway is involved in the efficacy of cilostazol in amelio-
rating intestinal barrier dysfunction.

GSNO supplementation mitigated the intestinal barrier 
dysfunction in septic mice
EGCs were reported to maintain intestinal epithelial 
tight junction by secreting GSNO directly (Neunlist 

Fig. 2 Inhibition of platelet activation suppressed reactive EGCs. a, b Flow cytometric dot blots of 2-color fluorescence staining of mice platelets 
with anti-CD40L followed by anti-CD41-FITC. The numbers at corners indicated the percentage of CD41 and CD40L double positive population 
(n = 4). c Serum sCD40L levels (n = 6). d–f Immunofluorescence staining analysis of GFAP (green) and CD40 (red), Scale bar = 100 μm (n = 6). 
g–i Western blot analysis of GFAP and CD40 expression (n = 6). The data are presented as the mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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et  al. 2014; Savidge et  al. 2007). We observed that the 
EGCs released less GSNO under the stimulation of 
LPS, CD40L alone or LPS + CD40L (Fig.  6a), which 
shows the same tendency as the integrity of the epithe-
lial barrier (Fig.  4k, l). Likewise, the administration of 
GSNO increased the expression of ZO-1 and occludin 
on the epithelial barrier (Fig. 6b, c). To study the effect 
of GSNO on the intestinal barrier dysfunction of septic 
mice, it was administrated before CLP. With the supple-
mentation of GSNO, the survival rate of septic mice was 
increased, while the intestinal permeability, the degree 
of intestinal edema and bacterial translocation were alle-
viated (Fig.  6d–i). These results suggested that GSNO 
administration mitigated the intestinal barrier dysfunc-
tion of septic mice.

Discussion
Platelets are activated and trapped in the intestine in 
the early stage of sepsis, which is associated with intes-
tinal barrier dysfunction and increased mortality rate in 
sepsis (Sigurdsson et  al. 1992). The present study dem-
onstrated that EGCs expressed CD40 and could be acti-
vated by platelet-derived CD40L in septic mice. Due to 
increased TNF-α, IL-1β and decreased GNSO secreted 
from reactive EGCs, intestinal epithelial tight junction 
disrupted and induced intestinal barrier dysfunction. On 
the contrary, inhibition of platelet activation reduced the 
plasma sCD40L level and suppressed EGCs activation. 
Consequently, the restoration of EGC function resulted 
in sufficient GSNO and reduced TNF-α and IL-1β, which 
were related to effectuating the repair of tight junction 

Fig. 3 Localization of CD40 in EGCs. a The purity of primary EGCs and astrocytes cultures was > 95% as determined by immunofluorescence. b 
GFAP and CD40 immunofluorescence was detected in primary EGCs and astrocytes. c–e Western blot analysis showed that CD40 was expressed in 
primary EGCs as in astrocytes
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Fig. 4 Effect of CD40L–CD40–TRAF6 signaling on EGCs in vitro. a, b Primary EGCs were stimulated with LPS, CD40L alone or LPS + CD40L for 24 h 
siRNA transfection and the EGCs-conditioned medium were collected for Caco-2 culture. Western blot analysis of GFAP, CD40 and TRAF6 expression 
in EGCs (c, d, g, i), ZO-1 and occludin expression in Caco-2 cells (e, f, h, j) (n = 6). k Immunofluorescence staining analysis of ZO-1 (red), Scale 
bar = 50 μm. l Transepithelial electrical resistance (n = 3). TNF-α (m) and IL-1β (n) levels in EGCs-conditioned medium (n = 6). The data are presented 
as the mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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disruption, reducing the intestinal barrier permeabil-
ity, and increasing the survival rate of septic mice. Such 
results were similarly observed in septic mice treated 
with compound 6,877,002, a CD40–TRAF6 inhibitor, 
indicating that CD40L–CD40–TRAF6 signaling pathway 
plays an important role in platelets activating EGCs and 
disturbing the intestinal barrier function (Fig. 7). There-
fore, our research provided further evidence that inhibi-
tion of platelet activation in the early stage of sepsis may 
be a prospective strategy for sepsis treatment.

Despite its coagulation function, increasing evidence 
showed that platelets were involved in the regulation of 
inflammation and barrier function during sepsis. Clinical 
evidence suggested that inhibition of platelet activation 
may improve the prognosis of patients with sepsis (Sig-
urdsson et al. 1992; Wang et al. 2018). Blockade of plate-
let GPIb receptor by anfibatide attenuated blood–brain 
barrier disruption through reduced microthrombosis 
(Chen et al. 2018). Similarly, activated platelets were the 
key effector in increasing alveolar capillary permeability 
and inducing diffuse alveolar damage in acute respira-
tory distress syndrome (Middleton et al. 2016). Although 
widely used in the clinic among the numerous platelet 
activation inhibitors, clopidogrel and aspirin usually have 
significant gastrointestinal side effects and bleeding risk 
(Eikelboom et al. 2012). Therefore, we utilized cilostazol, 
because of its low risk of gastrointestinal bleeding, sta-
ble effect on platelet inhibition (Barra et  al. 2019), and 
increased survival in endotoxemic mice (Chang 2015). 
After cilostazol application, we observed that the expres-
sion of ZO-1 and occludin was increased significantly, 
the integrity of tight junctions was restored, and intesti-
nal barrier permeability was decreased. In line with the 
previous study (Chang 2015), our data also demonstrated 
that inhibition of platelet activation improves the prog-
nosis and survival rate of septic mice. Additionally, we 
observed that the efficacy of cilostazol was based on the 
amelioration of intestinal barrier dysfunction.

In addition to inhibiting platelet activation, cilostazol 
also enhances vasodilatation and cardiac contractility 
(Sun et  al. 2007), prevents intimal hyperplasia and pro-
liferation of vascular smooth muscle cells, lowers blood 
pressure, decreases inflammation (Park et  al. 2010) and 

increases cerebral blood flow, improves myelin repair, 
and strengthens astrocyte-to-neuron energy supply (de 
Havenon et al. 2021). Therefore, the question of concern 
is whether the beneficial effect of cilostazol comes from 
the inhibition of platelet activation rather than other 
effects? Experimental and literature evidences were used 
to eliminate the indirect effect described above. First, 
with the help of ultrasonography, we did not find signifi-
cant cardiac function change in septic mice with or with-
out cilostazol treatment. Second, cilostazol may enhance 
vasodilatation and lower blood pressure. Indeed, septic 
shock is characterized by hyperdynamic circulation, i.e., 
low systemic vascular resistance and high cardiac output 
(Uriu et al. 2002). The enhanced vasodilatation and lower 
blood pressure may exacerbate shock and decrease sur-
vival rate. Given that the compensatory mechanisms of 
shock is to redistribute blood flow to preserve heart and 
brain circulation by expensing skin, kidney and splanch-
nic circulation (Perner and Backer 2014), the intestinal 
barrier is more likely to be impaired than to benefit from 
these effect of cilostazol. Third, cilostazol decreased the 
level of inflammation factors in intestine but did not 
affect their level in the serum, suggesting that this benefi-
cial effect might come from the intestine rather than the 
alleviation of systemic inflammatory response. Thus, the 
beneficial effect is more likely to come mainly from inhi-
bition of platelet activation.

Recent studies have shown that CD40 and CD40L are 
significantly elevated in sepsis patients and model ani-
mals, which are closely related to the severity of sepsis 
(Gold et  al. 2003; Liang et  al. 2021; Lorente et  al. 2017, 
2011). The CD40/CD40L interaction has been regarded 
as an important participant in immune and inflammation 
responses (Tang et  al. 2021). Typically, the intestine is 
complex in component, and most immune cells express-
ing CD40, such as T cells, B cells, basophils, eosinophils, 
monocytes/macrophages and dendritic cells (Liu et  al. 
1999), can respond to CD40L. Septic patients showed 
increased monocyte expression of CD40 compared 
with healthy control subjects. Also, anti-CD40 treat-
ment increased the Bcl-x level in splenic B and T cells as 
well as in thymic T cells, thereby attenuating sepsis (Liu 
et  al. 2018). Besides immune cells, emerging evidence 

(See figure on next page.)
Fig. 5 Blocking CD40L–CD40–TRAF6 signaling pathway improved intestinal barrier function in septic mice. Compound 6,877,002 (10 μmol/kg) 
was injected intraperitoneally 2 h prior to and at 12 h after CLP to block the CD40-TRAF6 signaling pathway. 24 h after CLP, mice were sacrificed, 
and tissue samples were collected. a The survival percentage of the mice was investigated within 7 days after CLP by survival curves (n = 10). 
Intestinal barrier permeability was indicated by serum FITC-Dextran levels (b) (n = 6), water content (c) of gut (n = 6), and colony-forming units 
(CFUs) (d–f) from mesenteric lymph node (MLN), liver and lung (n = 6). g, h Haematoxylin and eosin (H&E) staining and pathological score, Scale 
bar = 100 μm (n = 6). i, j Western blot analysis of ZO-1 and occludin expression (n = 6). k, l TNF-α and IL-1β levels in intestinal tissues (n = 6). m, 
n Immunofluorescence staining analysis of ZO-1 (red), Scale bar = 50 μm (n = 6). The data are presented as the mean ± SEM, *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001



Page 13 of 18Cheng et al. Molecular Medicine          (2022) 28:127  

has demonstrated that CD40 is also expressed on glial 
cells, such as astrocytes and microglia, and CD40L medi-
ates the activation of astrocytes and microglia through 

platelet CD40L, contributing to the neuroinflammation 
and leaky blood–brain barrier (Bhat et al. 2017; Michels 
et  al. 2015). Therefore, we hypothesize that CD40 may 

Fig. 5 (See legend on previous page.)
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be expressed on EGCs and related to the intestinal bar-
rier dysfunction during sepsis, because EGCs share 
many characteristics with astrocytes and are associ-
ated with intestinal epithelial cells (Jessen and Mirsky 
2005). According to our findings, CD40 is localized on 
the membrane of EGCs and overexpressed during sepsis 
both in CLP model and LPS-induced cell model, follow-
ing the increased expression of GFAP. We also observed 
that  CD40L+ platelets were increased in septic mice, 
while cilostazol inhibited the platelet activation and 

reduced the proportion of  CD40L+ platelets in serum. 
These results indicated that cilostazol mitigated intesti-
nal barrier dysfunction by inhibiting the platelet activa-
tion and was associated with the CD40L–CD40 signaling 
pathway of enteric glial cells.

To confirm whether CD40L–CD40 is a key signal-
ing pathway regulate EGC activation during sepsis and 
find the primary downstream signal of CD40L–CD40, 
specific inhibitors are required to block CD40L–CD40 
signaling pathway. Monoclonal antibody against CD40L 

Fig. 6 Effect of GSNO pretreatment on intestinal epithelial barrier. In vitro, EGCs-conditioned medium was collected to measure the GSNO level 
(a) (n = 6). The levels of ZO-1 and occludin expression in Caco-2 cells were evaluated by western blot after the stimulation of EGCs-conditioned 
medium with or without GSNO 50 µM) supplementation (b, c) (n = 6). In vivo, GSNO was administrated intraperitoneally at 10 mg/kg/day for 7 days 
before CLP. 24 h after CLP, mice were sacrificed, and tissue samples were collected. d The survival percentage of the mice was investigated within 
7 days after CLP by survival curves (n = 10). Intestinal barrier permeability was indicated by serum FITC-Dextran levels (e) (n = 6), water content 
(f) of gut (n = 6), and colony-forming units (CFUs) (g–i) from mesenteric lymph node (MLN), liver and lung (n = 6). The data are presented as the 
mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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may be the ideal inhibitor to block the CD40L–CD40 
signaling pathway completely, but evidence shows that 
it leads to severe thromboembolic complications (Kawai 
et al. 2000). The canonical CD40L–CD40 signaling path-
way is mediated by the recruitment and activation of 
TRAFs including TRAF1, 2, 3, 4, 5 and TRAF6. TRAF6 
is a central regulator of sepsis (Lalani et  al. 2018), and 
blocking CD40–TRAF6 pathway while leaving CD40–
TRAF 2, 3, 5 pathways functional would cause less severe 
immune-suppressive side effects. Some studies showed 
that common genetic variants in TRAF6 were signifi-
cantly associated with susceptibility to sepsis-induced 
acute lung injury (Song et al. 2012) and peripheral blood 
level of TRAF6 in SAE patients was elevated and related 
to the severity of SAE (Zhang et  al. 2016). Our in  vitro 
experiment demonstrated that TRAF6 changed more 
significantly than other TRAF proteins under the treat-
ment of LPS and CD40L, and silencing TRAF6 could 
inhibit EGCs activation and ameliorate Caco-2 cell dam-
age induced by conditioned medium of LPS + CD40L-
stimulated EGCs. Accordingly, we administrated the 

compound 6,877,002, an effective CD40–TRAF6 signal-
ing inhibitor, to investigate whether blocking the CD40L–
CD40–TRAF6 signaling would save the intestinal barrier 
dysfunction from reactive EGCs. Our data showed that 
the effect of blocking CD40L–CD40–TRAF6 signaling 
pathway was comparable with that of cilostazol by restor-
ing the disrupted continuous tight junctions between 
intestinal epithelial cells, reducing the intestinal barrier 
permeability, decreasing the levels of inflammatory fac-
tors, and increasing the survival rate of septic mice. Thus, 
CD40L–CD40–TRAF6 signaling pathway is involved in 
signal between platelets and EGCs in regulating intestinal 
barrier function.

EGCs are closely associated with intestinal epithe-
lial cells and play a major role in maintaining the intes-
tinal barrier function (Savidge et al. 2007; Vergnolle and 
Cirillo 2018). The ablation of EGCs in transgenic mice 
causes intestinal barrier dysfunction, associated with 
the decreased release of EGCs-derived GSNO (Savidge 
et al. 2007). Herein, we observed that Caco-2 monolayer 
integrity and the expression levels of ZO-1 and occludin 

Fig. 7 Graphic summary illustration. Inhibition of platelet activation suppress reactive enteric glia and mitigated intestinal barrier dysfunction 
during sepsis, which is associated with CD40L–CD40 signaling pathway
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are related to the levels of GSNO and inflammation fac-
tors, which is consistent with previous studies (Cheadle 
et  al. 2013; Savidge et  al. 2007). In addition, our results 
showed that GSNO supplementation restored intestinal 
function and increased the survival rates of septic mice, 
which in turn reduced the levels of TNF-α and IL-1β in 
plasma and intestinal tissues (Li et  al. 2016). Above all, 
our research provided further evidence that inhibition of 
platelet activation suppressed reactive enteric glia related 
to CD40L–CD40–TRAF6 signaling pathway and affected 
the release of GSNO and inflammatory factors TNF-α 
and IL-1β of enteric glial cells, thereby mitigating intesti-
nal barrier dysfunction during sepsis.

However, we are aware that our study may have two 
limitations. First, we didn’t perform the experiments on 
CD40 KO mice and TRAF6 KO mice, which can provide 
stronger direct evidence of causation between cilostazol 
and CD40L-CD40-TRAF6 signaling pathway. Another 
limitation is that the survival benefits of cilostazol may 
result from other effects, we cannot deny the other indi-
rect beneficial effect of cilostazol in  vivo. Despite these 
limitations, our findings identify the relationship between 
the effect of cilostazol on platelet inhibition and amelio-
ration of intestinal barrier dysfunction, which indicated 
that inhibition of platelet activation maybe a potential 
therapeutic strategy and a promising target for sepsis.

Conclusions
In summary, we identify the correlation between inhibi-
tion of platelet activation and amelioration of intestinal 
barrier dysfunction during sepsis, which is associated 
with the suppression of CD40L-CD40-TRAF6 signaling 
pathway and the reduction of EGC activation. These find-
ings indicated that inhibition of platelet activation maybe 
a potential therapeutic strategy and a promising target 
for sepsis.
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Additional file 1: Fig. S1. The gating strategies for the flow cytometry 
experiments. Data analysis was performed using FlowJo (Ashland, OR). 
Scatter and staining with the FITC-anti-CD41 and PE-anti-CD40L antibod-
ies were used to gate platelet population. Cells were first gated by regions 
within a side scatter area (SSC-A) versus forward scatter area (FSC-A) plot, 
and then through gating those populations in the SSC-A versus FITC-A 

plots. Activated platelets were defined as FITC-anti-CD41-A positive and 
PE-anti-CD40L-A positive (Figure S1).

Additional file 2: Fig. S2. KEGG enrichment of differential expressed 
genes in septic patients compared with healthy person. a The volcano 
plot was constructed using the fold change values and P-adjust. Red dots 
indicate upregulated genes; blue dots indicate downregulated genes. b 
The heatmap of the differential gene expression, where different colors 
represent trends of gene expression in different tissues. c, d The enriched 
KEGG signaling pathways were selected to demonstrate the primary bio-
logical actions of major potential mRNA. Colors represent the significance 
of differential enrichment; the size of the circles represents the number of 
genes. In the enrichment result, P < 0.05 or FDR < 0.05 is considered to be 
a meaningful pathway (enrichment score with − log10 (P) of more than 
1.3).

Additional file 3: Fig. S3. Effects of cilostazol treatment on serum 
inflammatory factors. The level of serum TNF-α (a) and IL-1β (b) in each 
group (n = 6). The data are presented as the mean ± SEM, ***P < 0.001, 
****P < 0.0001, and ns indicates no significant difference.

Additional file 4: Fig. S4. Effects of cilostazol treatment on complete 
blood counts after CLP. a, b The level of platelets (a), WBC (b), NEUT (c), 
MONO (d) and LYMPH (e) (n = 5). WBC, white blood cells; NEUT, neutro-
phil; MONO, monocyte; LYMPH, lymphocyte. The data are presented as 
the mean ± SEM, *P < 0.05, ***P < 0.001, and ns indicates no significant 
difference.

Additional file 5: Fig. S5. Effect of cilostazol treatment on cardiac 
function after CLP. a Representative M-mode images of the four differ-
ent groups. b‑e Quantitative analysis of LVEF (b), LVFS (c), LVEDD (d), 
and LVESD (e) in each group (n = 6). These data indicate no significant 
difference.

Additional file 6: Fig. S6. Single-cell sequencing analysis of adult mice 
intestine. a Dotplot for highest specificity gene markers of cell clusters. 
Dot size represents the percentage of cells expressing the denoted gene, 
and the color represents average normalized expression level within the 
denoted cluster. b The expression of GFAP in different cell clusters by 
analysis of the Uniform Manifold Approximation and Projection (UMAP). 
c Different cell subpopulation of the GSE156905 dataset derived from the 
adult mice intestine.

Additional file 7: Fig. S7. Effect of LPS and CD40L on TRAFs proteins in 
EGCs. a Representative western blot images of TRAFs proteins expres-
sion in EGCs. b‑g Western blot analysis of TRAF1 (b), TRAF2 (c), TRAF3 (d), 
TRAF4 (e), TRAF5 (f) and TRAF6 (g) expression in different groups of EGCs 
(n = 6). The data are presented as the mean ± SEM, *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001.
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