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A B S T R A C T   

Pyroptosis induced by lipopolysaccharide (LPS) has an obvious impact on intestinal inflammation and immune 
regulation. Enterotoxigenic Escherichia coli (ETEC) K88 has been proved to induce inflammatory responses in 
several models, but whether E. coli K88 participates in the same process of pyroptotic cell death as LPS remains to 
be identified. We conducted a pilot experiment to confirm that E. coli K88, instead of Escherichia coli O157 and 
Salmonella typhimurium, promotes the secretion of interleukin-1 beta (IL-1β) and interleukin-18 (IL-18) in mac
rophages. Further experiments were carried out to dissect the molecular mechanism both in vitro and in vivo. The 
Enzyme-Linked Immunosorbent Assay (ELISA) results suggested that E. coli K88 treatment increased the 
expression of pro-inflammatory cytokines IL-18 and IL-1β in both C57BL/6 mice and the supernatant of J774A.1 
cells. Intestinal morphology observations revealed that E. coli K88 treatment mainly induced inflammation in the 
colon. Real-time PCR and Western blot analysis showed that the mRNA and protein expressions of pyroptosis- 
related factors, such as NLRP3, ASC, and Caspase1, were significantly upregulated by E. coli K88 treatment. 
The RNA-seq results confirmed that the effect was associated with the activation of NLRP3, ASC, Caspase1, 
GSDMD, IL-18, and IL-1β, and might also be related to inflammatory bowel disease and the tumor necrosis factor 
pathway. The pyroptosis-activated effect of E. coli K88 was significantly blocked by NLRP3 siRNA. Our data 
suggested that E. coli K88 caused inflammation by triggering pyroptosis, which provides a theoretical basis for 
the prevention and treatment of ETEC in intestinal infection.   

1. Introduction 

Enterotoxigenic Escherichia coli (ETEC) remains an important cause 
of diarrhea in neonatal and post-weaning animals [1]. After colonizing 
the intestine, ETEC secretes enterotoxins and triggers an immune reac
tion, which results in the excessive secretion of proinflammatory cyto
kines, water and electrolytes, ultimately causing inflammation, barrier 
injury and diarrhea [2–4]. ETEC infection also leads to cell death and 
tissue damage [5]. The level of knowledge of these factors determines 
the success of therapy for ETEC infection. 

Pyroptosis, as one kind of inflammatory cell deaths, can induce 
strong inflammatory responses to prevent pathogenic infections [6]. The 
biological process has been deemed as Caspase1-mediated inflammatory 
cell death in response to various inflammatory stimulations, including 
lipopolysaccharide (LPS), pathogen-associated molecular patterns, and 

pH imbalance for a long time [7]. Inflammasomes are triggered and 
serve as platforms for the recruitment and activation of Caspase1 [8]. 
Typically, NLRP3 inflammasome are assembled in response to priming 
signals from membranous receptors, such as Toll-like receptor (TLR) and 
NOD-like receptor, which mediate the production of inflammatory cy
tokines interleukin-1 beta (IL-1β) and interleukin-18 (IL-18) in inflam
matory disorders [9,10]. 

Recent studies have reported that pyroptosis can be triggered by 
specific pathogenic bacteria, most of which are Gram-negative bacteria. 
Wu et al. [11] investigated that Listeria activated the proinflammatory 
Caspase1 and induced the secretion of IL-1β and IL-18. Similar results 
that Caspase1-dependent IL-1β production was induced in macrophages 
separately by Clostridium difficile and Yersinia were demonstrated in 
other studier [12,13]. Zong et al. [14] reported that Salmonella infection 
reduced GLP-1 secretion by inducing pyroptosis of intestinal L cells. In 
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contrast, few reports exist on Gram-positive pathogens. Research 
showed that Shigella flexneri with the virulence factor invasion plasmid 
antigen B induced macrophage cell death [15]. In the early stage of 
infection by intracellular bacterial pathogen Brucella, both Caspase1 
and Caspase 11 were found to initiate joint inflammation and proin
flammatory cytokine IL-18 production, which eventually restricted the 
infection [16]. Yang et al. [17] revealed that enterohemorrhagic 
Escherichia coli, Salmonella typhimurium, Shigella flexneri and Bur
kholderia spp. can induce robust inflammasome activation in both 
human monocyte-derived and mouse bone marrow macrophages. 
Studies also showed that LPS and toxin secreted by enterohemorrhagic 
Escherichia coli could activate Caspase 4, gasdermin D (GSDMD) and 
NLRP3 inflammasome in human THP-1 macrophages [18]. Dufies et al. 
[19] indicated that CNF1 toxin from uropathogenic E. coli targeted 
Rho-GTPase and then triggered the activation of Caspase1 in primary 
bone-marrow-derived macrophages isolated from BALB/c mice. Never
theless, to the best of our knowledge, few studies have focused on 
whether ETEC activates pyroptosis. 

Escherichia coli K88 is a typical kind of ETEC expressing K4 adhesin 
[20], which has been widely used to construct inflammation models in 
piglets [21], broilers [22], mice [23], epithelial cells [24], and macro
phages [25]. Our previous studies identified that E. coli K88 treatment 
upregulated the expression of reactive oxygen species and inducible 
nitric oxide synthase in RAW264.7 cells [26], promoted the inflamma
tory response, and disrupted the intestinal barrier in mice [27,28]. A 
recent study found that the mRNA expressions of NLRP3, Caspase1, ASC 
and GSDMD were upregulated in porcine jejunum epithelial cells 
infected by E. coli K88 [29]. These results support that E. coli K88 
treatment may activate pyroptosis, whereas further working are needed 
to explore this effect regarding the appropriate dosage, treatment time 
and mechanism of E. coli K88 both in vivo and in vitro. 

Herein, we aimed to illustrate the pyroptosis-activated ability of 
E. coli K88 and the underlying mechanism by using RT-PCR, Western 
blot, RNA-seq, and other assays. Based on our pilot experiment, we 
discovered that, compared to enterohemorrhagic Escherichia coli O157 
and Salmonella typhimurium, only E. coli K88 treatment had the same 
effect as LPS in enhancing the levels of IL-1β and IL-18 in the supernatant 
of J774A.1 cells. Subsequently, our main findings are as follows: (i) we 
confirmed that treatment with 1 × 109 CFU/mL E. coli K88 for 12 h could 
improve the IL-1β content in the serum and induce inflammation in the 
colon; (ii) E. coli K88 significantly upregulated the mRNA expression of 
NLRP3, Caspase1, GSDMD, ASC, IL-1β, and IL-18, as well as the protein 
expression of NLRP3 and Caspase1 in the colon; (iii) our results revealed 
that treatment with 3 × 107 CFU/mL E. coli K88 for 2.5 h remarkably 
increased both the mRNA and protein expressions of NLRP3 in J774A.1 
cells; (iv) we verified the expression of pyroptosis-related genes and 
identified the potentially activated pathways by RNA-seq; and (v) we 
confirmed that E. coli K88 relied on NLRP3 to trigger pyroptosis by RNA 
interference. We believe that these results help researchers to further 
reveal the specific mechanism of how the body resists ETEC infection. 

2. Materials and methods 

2.1. Materials 

Phosphate buffer powder (PBS) was purchased from Sinopharm 
Chemical Reagent Co. Ltd. (Shanghai, China). Lipopolysaccharide (LPS, 
L2630) and adenosine triphosphate (ATP, P8232) were obtained from 
Sigma-Aldrich (St. Louis, MO, USA). Escherichia coli O157, Escherichia 
coli K88 and Salmonella typhimurium were maintained in our laboratory. 
IL-1β (D721017) and IL-18 (D721113) ELISA kits were purchased from 
Sangon Biotech (Shanghai, China). Primary antibodies NLRP3, ASC, IL- 
1β were acquired from Cell Signaling Technology (Danvers, USA). Pri
mary antibody Caspase1 was bought from Santa Cruz (Dallas, USA). 
Primary antibody β-actin (ab8226) were purchased from Abcam (Cam
bridge, USA). The secondary anti-mouse IgG antibody and anti-rabbit 

IgG antibody were obtained from EarthOx (San Francisco, USA). Dul
becco’s modified Eagle’s medium (DMEM) basic was purchased from 
Gibco BRL (Gaithersburg, USA). Fetal bovine serum (FBS) was acquired 
from Gemini (West Sacramento, USA). TRIzol reagent was purchased 
from Invitrogen (Carlsbad, USA). SYBR Green Master Mix was obtained 
from Roche (Basel, Switzerland). ECL and BCA assay kit was purchased 
from KeyGEN BioTECH (Nanjing, China). 

2.2. Animal treatment and sample collection 

Thirty C57BL/6 male mice (3 weeks of age) were obtained from the 
Laboratory Animal Center of Zhejiang University. All mice were housed 
in plastic cages on a layer of wood shavings with chow diet and water ad 
libitum under standard conditions. The animals were allowed to adapt to 
the environment for 1 week before the experiment. As shown in Fig. 1B, 
the mice were randomly divided into three groups of 10 each: Control 
group (CON, 100 μL of LB broth for intragastric gavage, 100 μL PBS for 
intraperitoneal injection), K88 group (100 μL of 109 CFU/mL K88 for 
intragastric gavage, 100 μL of PBS for intraperitoneal injection), and LPS 
group (100 μL of LB broth for intragastric gavage, 100 μL of 20 mg/kg 
body weight LPS for intraperitoneal injection). 

After treatment with E. coli K88 or LPS for 12 h, the mice were killed 
by cervical dislocation. Then, serum and peritoneal lavage fluids were 
collected. In addition, part of the intestine was fixed in 4% para
formaldehyde, and the remaining intestinal tissues were quickly frozen 
and stored at − 80 ◦C until analysis. The animal experiments were 
approved by the Animal Care and Use Committee of Zhejiang University 
and followed the institutional guidelines. 

2.3. Intestinal morphology 

Formalin-fixed and paraffin-embedded tissues were cut into 4 μm 
thick sections, followed by slicing and staining with hematoxylin and 
eosin (H & E). Images of the slices were obtained using the Leica 
DM3000 Microsystem (Wetzlar, Germany). 

2.4. Cell culture 

The mouse macrophage cell line J774A.1, a generous gift from Prof. 
Houhui, Song (College of Animal Science and Technology, Zhejiang A & 
F University), was cultured in complete Gibco DMEM basic medium 
(containing 10% FBS, 100 μg/mL penicillin and 100 μg/mL strepto
mycin) at 37 ◦C in a humidified incubator with 5% CO2. 

2.5. Cell experiment design 

A total of 106 cells were seeded into six-well plates and allowed to 
adhere for 18–24 h before treatment. 

As shown in Fig. 1A, for the pilot experiment, samples of the 
Escherichia coli O157 (O157) group, Escherichia coli K88 (K88) group and 
Salmonella typhimurium (STM) group were incubated with 1 mL DMEM 
basic culture containing 3 × 107 CFU/mL corresponding pathogenic 
strain, whereas the LPS group was treated with 1 mL DMEM basic cul
ture containing 0.5 μg/mL LPS. After incubation for 2 h, cultures in the 
O157 group, K88 group and STM group were added with 2 mmol/L ATP 
for 30 min. As for the LPS group, ATP was added 4 h after LPS treatment 
for 30 min. 

2.6. Enzyme-linked immunosorbent assay (ELISA) for cytokines 

The serum and the peritoneal lavage fluid from mice and the su
pernatant from J774A.1 cell culture were collected. The levels of IL-1β 
and IL-18 were determined according to the manufacturer’s 
instructions. 
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2.7. Real-time PCR 

Total RNA was extracted by TRIzol reagent and determined by 
NanoDrop 2000 (Thermo Scientific, USA). cDNA was generated by 
reverse transcription using 2 μg of RNA. Real-time PCR was performed 
using the StepOne Plus™ system (Applied Biosystems, USA). The 
primers of nlrp3, asc, caspase1, gsdmd, il-1β, il-18, and 18s were listed in 
Table 1. The relative gene expression was calculated using the 2− ΔΔCt 

method and presented after comparison with the endogenous control 
gene 18 S. 

2.8. Western blot analysis 

The total proteins of colon and cell were extracted and quantified 

using the BCA kit according to the manufacturer’s instructions. Proteins 
with different molecular weight were separated via 10% SDS-PAGE and 
blotted onto nitrocellulose membranes. After incubation in 5% skimmed 
milk powder at RT for 1 h, the membranes were incubated with the 
primary antibodies overnight at 4 ◦C, followed by incubation in HRP- 
conjugated anti-rabbit or anti-mouse IgG for 1 h. The results were 
quantified by Image J software. 

2.9. RNA-seq 

A total amount of 1 μg RNA from the J774A.1 cell line was collected 
and prepared into a cDNA library. The transcriptome assembly and 
annotation protocols were provided by Novogene Biotechnology (Bei
jing, China). The generated cDNA library was sequenced to paired-end 

Fig. 1. Designs of (A) pilot experiment, (B) in Vivo experiment, and (C) in Vitro experiment.  
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150 bp read length using HiSeq 2500 (Illumina, USA) according to the 
manufacturer’s instructions to a depth of 40–50 million reads. Differ
ential expression analysis of CON, K88, and LPS groups was performed 
using the R package DESeq2 (Bioconductor, USA). Genes with an 
adjusted P < 0.05 were assigned as differentially expressed. 

The raw reads were pre-processed with FASTQC (Babraham Bioin
formatics, UK) followed by sequence alignment using HISAT2 according 
to the method of Kim et al. [30]. The transcript levels were converted to 
the log-space by taking the logarithm to base 2. R studio was used to run 
custom R scripts to perform box plots, scatter plots, dendrograms, and 
heatmaps. Gene Ontology (GO) enrichment analysis of differentially 
expressed genes (DEGs) was applied using the clusterProfiler R package. 
The GO terms of differential expressed genes with corrected P < 0.05 
were significantly enriched and assessed in the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathways. 

2.10. Transfection of siRNA 

The NLRP3 siRNA (No. siG 1161091244-1-5) and scramble siRNA 
used in this study were chemically synthesized by Ribo Biotechnology 
(Ribobio, China). siRNA was transfected into IPEC-J2 cells using the 
Lipofectamine 3000 kit (Thermo Scientific, USA) according to the 
manufacturer’s protocol. 

2.11. Statistical analysis 

All data were expressed as means ± standard deviation (SD) and 
processed by GraphPad Prism 8.0 (GraphPad Software, Inc., San Diego, 
CA, USA). Quantitative analysis of the fluorescence intensity was per
formed using ImageJ. One-way analysis of variance (ANOVA) followed 
by least significant difference multiple comparison test was used, and P 
< 0.05 was considered as statistically significant. 

3. Results 

3.1. Pilot experiment: E. coli K88 treatment improved the levels of IL-1β 
and IL-18 in the supernatant of J774A.1 cells 

In order to validate the pyroptosis-activating effect of pathogenic 
bacteria, a pilot experiment was conducted to measure the pro- 
inflammatory cytokine levels in the supernatant of J774A.1 cells using 
ELISA. As shown in Fig. 2, compared to the CON group, cells exposed to 
E. coli K88 for 2.5 h and LPS for 4.5 h showed a significant increase in the 
IL-1β and IL-18 levels (P < 0.0001). Pretreatment with STM had the 
same effect (P < 0.01), while O157 did not affect the cytokine levels. 
Thus, E. coli K88 and LPS were used in subsequent experiments. 

3.2. E. coli K88 treatment improved the levels of IL-1β and IL-18 in the 
serum and peritoneal lavage fluid of C57BL/6 mice 

As shown in Fig. 3A and B, compared with the CON group, the IL-1β 
content was remarkably increased in the serum of C57BL/6 mice after 
treatment with K88 and LPS (P < 0.0001), whereas only LPS promoted 
the IL-1β content in the peritoneal lavage fluid (P < 0.01). LPS treatment 
increased the serum IL-18 content from 5.17 ± 0.62 μg/mL (CON group) 
to 7.13 ± 0.43 μg/mL (P < 0.01), while both E. coli K88 and LPS 
treatments significantly increased the IL-18 content in the peritoneal 
lavage fluid (P < 0.01). 

3.3. E. coli K88 treatment induced inflammation in the colon of C57BL/6 
mice 

As shown in Fig. 4, the intestinal morphology analysis of the CON 
group showed orderly arranged intestinal epithelial cells and intact 
mucus layers. LPS treatment resulted in atrophied villus in the duo
denum, jejunum and colon, with discontinuous brush borders and dis
arrayed epithelium, which was the result of intestinal epithelial cell 
death. E. coli K88 treatment only caused colon injury. Nevertheless, the 
mucus layers of the ileum were intact and smooth, indicating that LPS 
and E. coli might not induce intestinal epithelial cell shedding in the 
ileum (Fig. 4C). 

3.4. E. coli K88 treatment upregulated pyroptosis-related gene and protein 
expressions in the colon of C57BL/6 mice 

The results in Fig. 5A–F illustrated that the mRNA levels of 
pyroptosis-related genes were significantly increased in the colon after 
E. coli K88 and LPS treatment. Specifically, LPS treatment upregulated 
the expressions of NLRP3, Caspase1, ASC, GSDMD, IL-1β, and IL-18 b y 
148-fold (P < 0.01), 6.0-fold (P < 0.0001), 5.1-fold (P < 0.001), 3.1-fold 
(P < 0.0001), 4.1-fold (P < 0.0001), and 2.9-fold (P < 0.0001). 
Furthermore, E. coli K88 treatment upregulated the expressions of 
NLRP3, Caspase1, ASC, GSDMD, IL-1β, and IL-18 b y 17.7-fold (P <
0.01), 2.6-fold (P < 0.05), 4.1-fold (P < 0.01), 2.7-fold (P < 0.001), 3.1- 
fold (P < 0.001), and 2.1-fold (P < 0.01). Meanwhile, compared to the 

Table 1 
Primer sequences for real-time PCR.  

Gene Sequence (5′→ 3′) GenBank No. 

Nlrp3 Forward: GACACGAGTCCTGGTGACTT NM_145827.4 
Reverse: TTCTCGGGCGGGTAATCTTC 

Asc Forward: CTGCAGATGGACGCCATAGA NM_023258.4 
Reverse: GTGAGCTCCAAGCCATACGA 

Caspase1 Forward: GGACTGACTGGGACCCTCAA NM_009807.2 
Reverse: GAGGGCAAGACGTGTACGAG 

Gsdmd Forward: TGGTGAAGCACGTCTTGGAA NM_026960.4 
Reverse: GTGGGGATCAGAGACGTTGG 

Il-1β Forward: TGCCACCTTTTGACAGTGATG NM_008361.4 
Reverse: ATGTGCTGCTGCGAGATTTG 

Il-18 Forward: ACAAGTTTACAAGCATCCAGGCAC NM_008360.2 
Reverse: GGAAGGTTTGAGGCGGCTTT 

18 S Forward: CGAGGGGTTCGGGATTTGTG NR_046233.2 
Reverse: AAAGCCAACCCGAGCGTC  

Fig. 2. Pro-inflammatory cytokine levels in the supernatant of J774A.1 b y ELISA (n = 6). (A) IL-1β, and (B) IL-18.  
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CON group, E. coli K88 treatment enhanced the protein expression of 
NLRP3, Caspase1, and ASC, exhibiting a similar tendency as LPS 
(Fig. 5G). 

3.5. E. coli K88 treatment upregulated pyroptosis-related gene and protein 
expressions in J774A.1 

As shown in Fig. 6A–D, the activity of NLRP3 was significantly 
elevated in response to E. coli K88 and LPS, with the 2.5 h E. coli K88 
treatment being the most efficient. In addition, E. coli K88 and LPS 
markedly elevated the activity of IL-1β, whereas neither of them made 
an influence on the expression of Caspase1 and GSDMD. 

The Western blot results revealed that LPS and 2.5 h E. coli K88 

treatment significantly increased the expression of Caspase1 and IL-1β in 
the supernatant of J774A.1 cells, but not in the cell lysate (Fig. 6E). 
Meanwhile, LPS and 2.5 h E. coli K88 treatment significantly enhanced 
the expression of NLRP3 and ASC in the cell lysate. Treatment with 1.5 h 
E. coli K88 did not promote the expression of pyroptosis-related protein. 
Subsequently, treatment with 3 × 107 CFU/mL E. coli K88 for 2.5 h was 
selected for the RNA-seq experiment. 

3.6. RNA-seq 

In order to explore how the pyroptosis-related genes were altered 
upon E. coli K88 and LPS treatment, we applied RNA-seq to map the 
transcriptional changes and potential pathways. The heatmap results 
(Fig. 7A) showed that E. coli K88 and LPS treatment significantly 
increased the expression of pyroptosis-related genes, which were mostly 
consistent with our RT-PCR results (Fig. 6A–D). We found 7085 differ
entially expressed genes, of which 3565 were upregulated, including IL- 
18 and IL-1β (shown in yellow), whereas 3520 were downregulated 
upon E. coli K88 and LPS treatment (Fig. 7B). Importantly, the pathways 
in which upregulated genes were enriched correlated with 
inflammation-related pathways including TNF signaling, NF-kappa B 
signaling, cytokine-cytokine receptor interaction, and JAK-STAT 
signaling pathways based on the KEGG analysis (Fig. 7D). 

3.7. NLRP3 siRNA abolished the apoptosis-activated effects of E. coli K88 

A specific siRNA was used to knock down NLRP3 expression. As 
shown in Fig. 8A, NLRP3 siRNA-treated groups exhibited lower levels of 
NLRP3 mRNA expression than the negative control. When the cells were 
challenged with E. coli K88, the apoptosis-activated effect was signifi
cantly blocked by NLPR3 siRNA (Fig. 8B and C). 

4. Discussion 

The gastrointestinal tract is a complex ecosystem composed of 
epithelial cells, immune cells, intestinal stem cells, and microbiota [31]. 

Fig. 3. Pro-inflammatory cytokine levels in the serum and peritoneal lavage fluid of C57BL/6 mice by ELISA (n = 6). (A) IL-1β levels in the serum, (B) IL-1β levels in 
the peritoneal lavage fluid, (C) IL-18 levels in the serum, and (D) IL-18 levels in the peritoneal lavage fluid (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). 

Fig. 4. Effects of K88 and LPS on the intestinal morphology in the (A) duo
denum, (B) jejunum, (C) ileum, and (D) colon by H&E at 200 × magnification. 
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During extended exposure to various antigens including pathogens and 
toxins, the sensitive and fragile intestinal homeostasis can be disturbed 
[32]. Specifically, the host can activate immune response, intestinal 
inflammation, and cell death against inflammatory stimuli [33]. 
Pyroptosis is one of programmed cell death modes necessary for the 
innate immune system to fight against intracellular pathogens by pre
venting pathogen replication and exposing pathogens to extracellular 
killing mechanisms [34]. Numerous studies have demonstrated that 
NLRP3, triggered by LPS and certain enteric pathogens, assembles 
Caspase1 through adapter protein ASC, which in turn promotes the 
activation of inflammasomes and secretion of mature proinflammatory 
cytokines IL-18 and IL-1β [35–38]. A recent study revealed that piglets 
challenged with ETEC activated the release of Caspase1 and the cleavage 
of porcine GSDMD in the duodenum and jejunum [39], supporting that 
ETEC was able to trigger pyroptosis in Vivo. Loss et al. [40] found that, 
compared to 20 ng/mL of LPS treatment alone, 20 ng/mL of LPS plus 
107 CFU/mL ETEC treatment enhanced the mRNA expression of IL-1β 
and NLRP3, while it had no effect on that of ASC, IL-18 and Caspase1 in 
porcine monocyte-derived dendritic cells. Since no separate ETEC group 
was set in the study from Loss et al. it could not be determined whether 
ETEC was the decisive factor or it only enhanced the 
pyroptosis-activating ability of LPS. Therefore, it is worthwhile to 

further examine the correlation between ETEC, intestinal inflammation, 
and the activation of NLRP3 inflammasome by different models. 

As shown in Fig. 2, our pilot experiment revealed that E. coli K88 
possessed better ability to promote cytokine secretion than Escherichia 
coli O157 and Salmonella typhimurium in J774A.1 macrophages, which is 
one of the most widely used models to mimic pathological pyroptotic 
cells in Vitro [41]. E. coli O157, a notorious enterohemorrhagic Escher
ichia coli, is among the most common serotypes that can cause acute 
gastroenteritis, hemorrhagic colitis, and hemolytic-uremic syndrome 
[42]. To date, few studies have pointed out that E. coli O157 can trigger 
pyroptosis. Only Xue et al. reported that E. coli O157 could be used to 
create an NLRP3-activated model in Caco-2 cells, in which they revealed 
the pyroptosis suppressing functions of quercetin [43] and raspberry 
extract [44]. In this study, we did not find a similar effect of E. coli O157 
on J774A.1 cells. Moreover, although Salmonella typhimurium, whose 
pyroptosis-activated ability had been reported in several studies 
[45–47], increased the levels of IL-1β and IL-18, which were still lower 
than those of E. coli K88 infection under same treatment conditions. 

Therefore, an in Vivo model of C57BL/6 mice was set up to investi
gate the pyroptosis-activating ability of E. coli K88. The cytokine con
tents in peritoneal lavage fluid and serum can reflect the inflammation- 
inducing effect. As shown in Fig. 3, LPS strongly stimulated the 

Fig. 5. Pyroptosis-related gene and protein expressions in the colon of C57BL/6 mice. (A) relative mRNA expression of NLRP3 (n = 6), (B) relative mRNA expression 
of Caspase1 (n = 8), (C) relative mRNA expression of ASC (n = 8), (D) relative mRNA expression of GSDMD (n = 8), (E) relative mRNA expression of IL-1β (n = 8), (F) 
relative mRNA expression of IL-18 (n = 8), and (G) Western blot analysis of NLRP3, Caspase1 and ASC (n = 3) (*P < 0.05, **P < 0.01, ***P < 0.001, ****P 
< 0.0001). 

Fig. 6. Pyroptosis-related gene and protein expressions in J774A.1 cells. (A) relative mRNA expression of NLRP3 (n = 9), (B) relative mRNA expression of GSDMD (n 
= 9), (C) relative mRNA expression of Caspase1 (n = 9), (D) relative mRNA expression of IL-1β, (E) relative mRNA expression of IL-18 (n = 9), and (F) Western blot 
analysis of NLRP3, Caspase1, IL-1β and ASC in the supernatant and cell lysate (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). 
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productions of IL-1β and IL-18 both in the serum and peritoneal lavage 
fluid. However, E. coli K88 induced a considerably weaker but signifi
cant increase in serum IL-1β production and IL-18 production in peri
toneal lavage fluid. These results suggested that LPS induced systemic 
infection in the experimental animals, while E. coli K88 caused organ- 
specific infection [48]. The intestinal morphology results showed that 
E. coli K88 infection led to severe intestinal barrier injury in the colon 
(Fig. 4D), which was consistent with previous reports [49,50], while LPS 
treatment caused atrophied villus in the duodenum, jejunum, and colon. 
These findings indicated that a single dose of intragastric gavage with 
100 μL of 109 CFU/mL K88 for 12 h specifically cause colitis injury. The 
expression of NLRP3 inflammasomes in the mouse colon was examined 
using RT-PCR and Western blot (Fig. 5), and the results confirmed that 
both E. coli K88 and LPS treatment significantly upregulated the 
expression of pyroptosis-related genes and proteins in the colon. 

Since the complete understanding of pyroptosis-activated function 
requires in Vitro experiments, we examined the mRNA and protein 
expression levels of NLRP3 inflammasomes in J774A.1 macrophages 
exposed to E. coli K88. To optimize the treatment condition, two 

different infection durations were chosen, and a treatment time of 2.5 h 
of E. coli K88 was selected for RNA-seq. As shown in Fig. 6C, neither 
E. coli K88 or LPS treatment influenced the expression of Caspase1 and 
GSDMD. However, the heatmap results indicated that E. coli K88 and 
LPS enhanced the expression of Caspase1 and GSDMD (Fig. 7A). These 
differences may be due to the cell state or the mRNA extraction method. 
Experiments such as immunofluorescence analysis and laser scanning 
confocal microscopy need to be performed for further clarification. 

Taken together, RT-PCR and RNA-seq analysis suggested that E. coli 
K88 treatment upregulated the genes involved in the inflammation- 
related signaling pathways (Fig. 7D), which resulted in the secretions 
of IL-1β and IL-18 and the activation of NLRP3 inflammasome-mediated 
pyroptosis in macrophages (Fig. 7B). E. coli K88 treatment mostly trig
gered cytokine-cytokine receptor interaction and the TLR signaling 
pathway, which were crucial for macrophage activation [51]. E. coli K88 
treatment might also trigger NF-kappa B and JAK-STAT signaling 
pathways, which was consistent with a previous study [52]. In addition, 
after NLRP3 gene was interfered by siRNA, the effect of E. coli K88 
treatment on activating pytoptosis was inhibited, since the expressions 

Fig. 7. RNA-seq analysis of differentially expressed genes in the CON, K88 and LPS group. (A) Heatmap of pyroptosis-related genes expression levels; (B) volcano 
map of differentially expressed genes between the K88 and CON groups; (C) volcano map of differentially expressed genes between the LPS and CON groups; (D) 
KEGG map of relative pathways between the K88 and CON groups; and (E) KEGG map of relative pathway between the LPS and CON groups. 

Fig. 8. NLRP3 knockdown abolished the apoptosis-activated effects of E. coli K88. (A) qPCR result of NLRP3 mRNA expression level, (B) relative mRNA expression of 
IL-1β (n = 8), and (C) relative mRNA expression of IL-18. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, compared with scramble siRNA-treated cells; #P <
0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001, compared with NLRP3 siRNA-treated cells). 
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of IL-1β and IL-18 were significantly downregulated (Fig. 8B and C). 
However, the precise mechanism underlying the metabolic effects of 
E. coli K88 on macrophages requires further research. 

Further experimentation is needed to explore the mechanism of 
E. coli K88 activated NLRP3 inflammasomes. One possibility is that the 
strain itself is recognized by membrane protein receptors. Zong et al. 
[14] discovered that Salmonella induced the pyroptosis of enter
oendocrine L cells by activating the TLR4/NF-kappa B/NLRP3 pathway. 
Harvest and Miao [53] revealed that Burkholderia thailandensis can 
invade the cytosol and trigger the pyroptosis of infected cells. Another 
possibility is that the bacterial effector proteins can trigger pyroptosis. 
Rathinam et al. [54] demonstrated that the combination of LPS plus 
cholera toxin B can trigger the NLRP3 inflammasome–mediated release 
of IL-1β by bone marrow macrophages derived from C57BL/6 mice but 
not by those derived from the 129 strain of mice. Liu et al. [36] indicated 
that Giardia duodenalis and its secreted protein peptidyl-prolyl cis-trans 
isomerase B were able to induce macrophage pyroptosis and promote 
the release of the proinflammatory cytokines IL-1 and IL-18 though the 
TLR4 pathway. Deo et al. [55] revealed that macrophages exposed to 
toxins and outer membrane vesicles from Neisseria gonorrhoeae, uropa
thogenic Escherichia coli and Pseudomonas aeruginosa induce mitochon
drial apoptosis and NLRP3 inflammasome activation. Interestingly, 
several pathogenic bacteria are able to express specific genes to atten
uate pyroptosis, so that they can evade the immune system. In addition, 
Zuo et al. [56] revealed that Salmonella plasmid virulence C gene in 
Salmonella typhimurium inhibits pyroptosis and intestinal inflammation 
to promote bacterial dissemination. Santos et al. [57] reported that 
interferon-induced guanylate-binding proteins are required for 
non-canonical inflammasome activation by cytosolic Salmonella or upon 
cytosolic delivery of LPS. E. coli K88 was able to adhere the epithelial 
cells due to its fimbrial adhesin K88 [58], and activate the NF-kappa 
B/P38 signaling pathway [52], TLRs signaling pathway [59], and JNK 
pathway [25], etc. In follow-up research, we aim to investigate the key 
role of E. coli K88 in dependent cell death. 
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