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Abstract 

Background: Necroptosis and pyroptosis are newly identified forms of programmed cell death, which play a vital 
role in development of many gastrointestinal disorders. Although plant polyphenols have been reported to protect 
intestinal health, it is still unclear whether there is a beneficial role of plant polyphenols in modulating necroptosis 
and pyroptosis in intestinal porcine epithelial cell line (IPEC-1) infected with enterotoxigenic Escherichia coli (ETEC) 
K88. This research was conducted to explore whether plant polyphenols including protocatechuic acid (PCA) and 
quercetin (Que), attenuated inflammation and injury of IPEC-1 caused by ETEC K88 through regulating necroptosis 
and pyroptosis signaling pathways.

Methods: IPEC-1 cells were treated with PCA (40 μmol/L) or Que (10 μmol/L) in the presence or absence of ETEC K88.

Results: PCA and Que decreased ETEC K88 adhesion and endotoxin level (P < 0.05) in cell supernatant. PCA and Que 
increased cell number (P < 0.001) and decreased lactate dehydrogenases (LDH) activity (P < 0.05) in cell supernatant 
after ETEC infection. PCA and Que improved transepithelial electrical resistance (TEER) (P < 0.001) and reduced fluores-
cein isothiocyanate-labeled dextran (FD4) flux (P < 0.001), and enhanced membrane protein abundance of occludin, 
claudin-1 and ZO-1 (P < 0.05), and rescued distribution of these tight junction proteins (P < 0.05) after ETEC infection. 
PCA and Que also declined cell necrosis ratio (P < 0.05). PCA and Que reduced mRNA abundance and concentra-
tion of tumor necrosis factor-α (TNF-α), interleukin (IL)-6 and IL-8 (P < 0.001), and down-regulated gene expression of 
toll-like receptors 4 (TLR4) and its downstream signals (P < 0.001) after ETEC infection. PCA and Que down-regulated 
protein abundance of total receptor interacting protein kinase 1 (t-RIP1), phosphorylated-RIP1 (p-RIP1), p-RIP1/t-RIP1, 
t-RIP3, p-RIP3, mixed lineage kinase domain-like protein (MLKL), p-MLKL, dynamin- related protein 1 (DRP1), phos-
phoglycerate mutase 5 (PGAM5) and high mobility group box 1 (HMGB1) (P < 0.05) after ETEC infection. Moreover, 
PCA and Que reduced protein abundance of nod-like receptor protein 3 (NLRP3), nod-like receptors family CARD 
domain-containing protein 4 (NLRC4), apoptosis-associated speck-like protein containing a CARD (ASC), gasdermin D 
(GSDMD) and caspase-1 (P < 0.05) after ETEC infection.
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Conclusions: In general, our data suggest that PCA and Que are capable of attenuating ETEC-caused intestinal 
inflammation and damage via inhibiting necroptosis and pyroptosis signaling pathways.

Keywords: Cell damage, ETEC K88, Intestinal inflammation, Necroptosis, Protocatechuic acid, Pyroptosis, Quercetin

Introduction
Enterotoxigenic Escherichia coli (ETEC) is one of the 
leading causes of diarrhea among newborn animals, 
which contributes to high incidence of morbidity and 
mortality worldwide [1]. These microbes can adhere 
to intestinal epithelium cells and secrete enterotoxins 
impairing enterocyte functions such as increasing fluid 
secretion and reducing water absorption, which finally 
lead to the breakdown of intestinal integrity and epithe-
lial function [2]. It is widely known that ETEC can trigger 
local or systemic immune response, and cause the exces-
sive release of inflammation-related cytokines, which 
damages the cells or tissues [3].

Plant polyphenols are widely found in various fruits and 
vegetables, which has been regarded as dietary antioxi-
dants in food products [4]. Emerging evidence has showed 
that plant polyphenols have various biological functions 
such as anti-inflammatory, anti-virus, anti-oxidative, 
and anti-bacterial activities [5]. Recently, protocatechuic 
acid (PCA,  C7H6O4) and quercetin (Que,  C15H10O7), the 
two monomeric phenols, have received great interest for 
researchers [6, 7]. PCA and Que are natural polyphenolic 
compounds as secondary metabolites from a variety of 
vegetables, fruits and herbs. Their structural variations 
contribute to their specific beneficial effects on human 
health [6, 7]. Que, a kind of polyhydroxy flavone, named 
3,3′, 4′, 5,7-pentahydroxy flavone, is one of the most 
extensively distributed flavonoids in vegetables and fruits 
[8, 9]. Dietary supplementation of Que has been reported 
to attenuate intestinal damage and inflammation in pig-
lets during long-distance transportation [10]. PCA, a kind 
of phenolic acid known as 3,4-dihydroxy benzoic acid, a 
major metabolite of anthocyanin, has been reported to 
increase intestinal barrier function and improve intestinal 
health in broilers [11]. Our previous studies have found 
that polyphenols from holy (HPE) (Ilex latifolia Thunb), 
including PCA and Que, could regulate intestinal damage 
induced by oxidative stress in piglets [12], however the 
molecular mechanisms are still little known.

Necroptosis and pyroptosis are newly identified forms 
of cell death, which contribute to the pathogenesis of 
many diseases [13, 14]. Necroptosis and pyroptosis are 
both tightly regulated inflammatory form of cell death, 
accompanied by the spread of inflammation [15]. Necrop-
tosis morphologically exhibits the features of necrosis; 
however, meanwhile it exhibits a unique signaling path-
way that requires involvement of receptor interaction 

protein kinase (RIP) 1 and RIP3, and mixed lineage kinase 
domain-like protein (MLKL) [16]. Pyroptosis is a form of 
lytic programmed cell death initiated by inflammasomes 
and then drives activation of caspase-1 or caspase-11/4/5, 
and cleaved gasdermin D (GSDMD) [17]. Currently, 
necroptosis and pyroptosis have been verified to play 
an important role in gut homeostasis and inflammation 
caused by multiple factors [18–21]. Until now, there is 
little research about the effects of plant polyphenols on 
necroptosis and pyroptosis signaling pathways.

Therefore, we hypothesized that PCA or Que could 
attenuate intestinal inflammation and damage via sup-
pressing necroptosis and pyroptosis signaling pathways. 
The aim of this study was to investigate the beneficial role 
of PCA or Que on cell injury caused by ETEC infection 
and further explore molecular mechanisms.

Materials and methods
Cell culture
The IPEC-1 cell line was derived from mid-jejunum of a 
neonatal piglet, which was from Texas A&M University. 
IPEC-1 cells have high susceptibility to ETEC K88 infec-
tion [20]. Cells were cultured according to our previous 
study described [22]. PCA or Que were gained from 
Sigma Chemical (St. Louis, Missouri, USA).

Bacterial strains
ETEC K88, the most prevalent ETEC strain in ani-
mal production, was applied to induce intestinal dam-
age. ETEC K88 strain was gained from feces of piglets 
infected with post-weaning diarrhea, which was pur-
chased from the China Veterinary Culture Collection 
Center (CVCC, Beijing, China) and cultured in Luria-
Bertani (LB) medium from Oxoid (Basingstoke, Hamp-
shire, UK) according to our previous protocols [23].

Bacterial adhesion
Cells were inoculated on 6-well plates (Corning, NY, 
USA) at a density of 1 ×  105 cells/mL and pretreated with 
PCA (40 μmol/L) or Que (10 μmol/L) for 24 h and then 
infected with or without 1 ×  108 ETEC K88/mL for 3 h. 
The concentration of PCA and Que were determined 
based on our preliminary research. The bacterial adhe-
sion was monitored at 1, 2 and 3 h post ETEC K88 infec-
tion by gradient dilution plate count method as described 
in previous study [23].
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Antibacterial activity
The in vitro antibacterial activity of PCA and Que against 
ETEC K88 was evaluated by agarose diffusion method. 
The bacterial growth was measured by the gradient dilu-
tion plate count method as described by [24] and finally 
calculated by counting the bacterial colonies. After deter-
mination of colony forming units, ETEC K88 were inocu-
lated in LB medium contained 1% agarose for 24 h, and 
then oxford cups were put in in the test dish. After pour-
ing the agar medium into the dish for solidification, the 
oxford cup was taken out. After that, 0, 40 μmol/L PCA or 
10 μmol/L Que were added into the holes for 24 h in 37 °C 
as described by our previous protocols [23]. After 24 h 
incubation, zone of inhibition was observed to evaluate 
the antibacterial activity of PCA and Que compared with 
the positive control of antibiotics.

Lactate dehydrogenases (LDH) activity
Cells were inoculated on 12-well plates at a density of 
1 ×  105 cells/mL and pretreated with 0, 40 μmol/L PCA or 
10 μmol/L Que for 24 h and then infected with or with-
out 1 ×  108 ETEC K88/mL for 2 h. After that, cell super-
natants were collected for LDH activity measurement 
by using a LDH assay kit (Nanjing Jiancheng Institute of 
Bioengineering, Nanjing, China) according to the manu-
facturer’s protocol. The absorbance was read at a wave-
length of 450 nm using an automated microplate reader 
(Bio-Rad, California, USA).

Inflammatory markers
Cells were inoculated on 6-well plates at a density of 1 ×  105 
cells/mL and pretreated with 0, 40 μmol/L PCA or 10 μmol/L 
Que for 24 h and then infected with or without 1 ×  108 
ETEC K88/mL for 2 h. The contents of TNF-α (CSE0005–
096, 4A Biotech, Beijing, China), IL-6 (CSE0006–096, 4A 
Biotech, Beijing, China), IL-8 (CSE0008–096, 4A Biotech, 
Beijing, China), high mobility group box 1 (HMGB1, CSB-
EL010553PI, 4A Biotech, Beijing, China) and endotoxin in 
cell supernatants were detected by commercially ELISA 
kits according to the instructions. After preparing the work 
solutions, standard and target sample were added into the 
wells and then biotinylated antibody working solution was 
added to react for 120 min. After that, enzyme conjugate 
working solution was added to maintain 30 min and then 
chromogenic agent was added to react for 20 min until stop 
solution was added. Finally, the OD450 was detected in 
fluorescence microplate reader and convert to the concen-
tration of inflammatory markers, respectively (FLx800, Bio-
Tek Instruments Inc., Winooski, VT, USA).

Cell barrier function
Cells were inoculated on 12-well transwell chambers 
(Corning, NY, USA) at a density of 1 ×  105 cells/mL and 

then pretreated with 0, 40 μmol/L PCA or 10 μmol/L 
Que for 24 h, and finally infected with or without 1 ×  108 
ETEC K88/mL for 3 h. Transepithelial electrical resist-
ance (TEER) was measured by an EVOM voltohmmeter 
(Millipore, Boston, USA) as previously described [22].

The flux of FD4 was measured by flux from apical 
chamber to basal chamber every 12 h after ETEC K88 
infection. The FD4 flux was calculated according to our 
previous protocols [22].

Tight junction proteins
Cells were inoculated on confocal coverslips (Corning, 
NY, USA) at a density of 1 ×  105 cells/mL and pretreated 
with 0, 40 μmol/L PCA or 10 μmol/L Que for 24 h, and 
afterwards infected with or without 1 ×  108 ETEC K88/
mL for another 2 h. After fixation, penetration, and block-
ing, primary antibodies including anti-claudin-1 (Inv-
itrogen, Carlsbad, California, USA), occludin (Abcam, 
Boston, Massachusetts, USA) and ZO-1 (Biorbyt, Cam-
bridge, UK) and secondary antibody (Invitrogen, Carls-
bad, California, USA), and 4,6-diamidino-2-phenylindole 
(Sigma-Aldrich, St. Louis, Missouri, USA) were incubated 
according to our previous study [22, 23]. Confocal laser 
scanning microscope was used to observe distribution of 
tight junction proteins (Olympus FV101, Tokyo, Japan).

Cell necrosis
Cells were inoculated on 24-well plates at a density 
of 1 ×  105 cells/mL, and afterwards pretreated with 0, 
40 μmol/L PCA or 10 μmol/L Que with and without 
1 ×  108 ETEC K88/mL infection. Cells necrosis were 
measured by IncuCyte ZOOM™ Live Cell Imaging Sys-
tem (Essen BioScience, Michigan, USA). Yoyo-3 dye 
was added into cells to stain necrotic cells. The data was 
acquired and analyzed by IncuCyte S3 software (Essen 
Bioscience, Michigan, USA).

mRNA expression of inflammatory cytokines and TLR4 
signals
Cells were cultured in 12-well plates at a density of 
1 ×  105 cells/mL and pretreated with 0, 40 μmol/L PCA or 
10 μmol/L Que for 24 h, and then infected with or with-
out 1 ×  108 ETEC K88/mL for another 2 h. Inflammatory 
cytokines and TLR4 signals mRNA were measured by 
real-time PCR method. Firstly, total RNA was extracted 
using the RNAiso Plus Kit (TaKaRa Biotechnology, Bei-
jing, China) according to the manufacturer’s guidelines. 
After purification and quantitation, reverse transcrip-
tion was performed using the PrimeScript® RT Reagent 
Kit (TaKaRa Biotechnology, Beijing, China) following 
the manufacturer’s instructions. Quantitative analysis of 
the PCR was carried out on the Applied Biosystems 7500 
Real-Time PCR System (Applied Biosystems, Waltham, 
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Massachusetts, USA) using a SYBR Premix Ex Taqe (Tli 
Rnase H Plus) real time-PCR kit (TaKaRa Biotechnol-
ogy, Beijing, China). The gene expression was calculated 
by the  2-ΔΔCt method according to our previous proto-
col [23]. Expression levels of targeted biological tripli-
cates were normalized to the reference genes β-actin. 
Primers used for real time-PCR analyses are listed in 
Additional file 1.

Protein expression of necroptosis and pyroptosis signals
Cells were inoculated on 6-well plates at a density of 
1 ×  105 cells/mL and pretreated with 0, 40 μmol/L PCA 
or 10 μmol/L Que for 24 h, and after that infected with or 
without 1 ×  108 ETEC K88/mL for another 2 h. Necrop-
tosis and pyroptosis protein expression were evaluated by 
Western Botting.

After lysis and centrifugation, the membrane proteins 
and total proteins were extracted based on kit’s the proce-
dures [22]. In this progress, primary antibodies were anti-
occludin (1:1000, Abcam, Boston, Massachusetts, USA), 
claudin-1 (1:1000, Invitrogen, Carlsbad, California, USA), 
ZO-1 (1:1000, Biorbyt, Cambridge, UK), RIP1 (1:1000, 
LifeSpan BioSciences, Seattle, Washington, USA), p-RIP1 
(1:2000, Cell Signaling Technology, Boston, Massachu-
setts, USA), RIP3 (1:1000, Santa Cruz Biotechnology, Santa 
Cruz, CA, USA), p-RIP3 (1:2000, Cell Signaling Technol-
ogy), MLKL (1:1000, Cell Signaling Technology), p-MLKL 
(1:1000, Cell Signaling Technology), DRP1 (1:1000, Abcam, 
Boston, Massachusetts, USA), phosphoglycerate mutase 
5 (PGAM5, 1:1000, Abcam, Boston, Massachusetts, USA), 
apoptosis-associated speck-like protein containing a CARD 
(ASC, 1:1000, Absin, Shanghai, China), nod-like recep-
tors family CARD domain-containing protein 4 (NLRC4, 
1:1000, Absin), nod-like receptor protein 3 (NLRP3, 1:1000, 
Novus, Littleton, Colorado, USA), GSDMD (1:1000, Affin-
ity Biosciences, New Jersey, USA), β-actin (1:10000, Sigma 
Aldrich, St. Louis, Missouri, USA) and NaK-ATPase 
(1:1000, Cell Signaling Technology). Secondary antibody 
was HRP-conjugated secondary antibody (1:5000, AntGene 
Biotech, Wuhan, China). After that enhanced chemilumi-
nescence kit (Amersham, Piscataway, New Jersey, USA) was 
used to detect and visualize blots. The relative abundance 
of target protein was expressed as the target protein:β-actin 
ratio, except for the tight junction proteins were expressed 
as the target protein:β-actin ratio:NaK-ATPase ratio. The 
phosphorylated proteins were normalized with relative total 
protein abundance.

Statistical analysis
The data of ETEC K88 adherence and antibacterial activ-
ity were evaluated by student’s t-test. Other results were 
performed using the general linear model procedures of 
SPSS version 23 (SPSS Inc., Chicago, IL, USA) for 2 × 3 

factors design. The linear model for the 2 × 3 factors 
design contained HPE (Control, PCA or Que), ETEC K88 
(PBS or ETEC K88), and their interactions (HPE × ETEC 
K88). When a significant interaction or a trend for 
interaction was observed, post hoc testing was conduct 
by Duncan’s multiple comparison tests. All data were 
showed as means with standard errors. P ≤ 0.05 was set 
as significant, as well as 0.05 < P ≤ 0.10 was set as a trend.

Results
PCA and Que decrease ETEC K88 adhesion and endotoxin 
level in IPEC‑1 cells
PCA or Que treatment did not inhibit ETEC K88 
growth (Additional file 2). Pretreating with PCA or Que 
decreased bacterial adhesion compared with control 
group at 1 h (P < 0.001), 2 h (P < 0.01) and 3 h (P < 0.01) 
after infection with ETEC K88 (Fig. 1a). ETEC K88 infec-
tion increased the endotoxin level (P < 0.001) in cell 
supernatant at 2 h (Fig. 1b). A HPE× ETEC K88 interac-
tion (P < 0.001) was found for endotoxin level in which 
pretreating with PCA or Que decreased endotoxin secre-
tion (P < 0.05) compared with control cells after infection 
with ETEC K88, however, there was no difference among 
non-ETEC K88-infected cells.

PCA and Que increase cell number and decrease LDH 
activity after infection with ETEC K88 in IPEC‑1 cells
ETEC K88 infection reduced cell number and increased 
LDH activity (P < 0.001) in supernatant at 2 h (Fig.  2). 
HPE × ETEC K88 interactions were found for cell num-
ber (P < 0.001) and LDH activity (P = 0.009) in which 
pretreating with PCA or Que increased cell number and 
decreased LDH activity in ETEC-infected cells, however, 
there was no difference in cell number and LDH activity 
of non-ETEC K88-infected cells.

PCA and Que protect epithelial cell barrier integrity 
after infection with ETEC K88 in IPEC‑1 cells
ETEC K88 infection reduced TEER value (P < 0.001) 
of IPEC-1 cell at 2 h and 3 h post stimulation (Fig.  3a-
c). Pretreating with Que increased TEER at 1 h, 2 h and 
3 h and pretreating with PCA did not influence TEER at 
1 h and 2 h. There was a trend observed for TEER when 
pretreating with PCA at 3 h. No HPE × ETEC K88 inter-
action was found for TEER at 1 h, 2 h and 3 h in which 
Que pretreating improved TEER (P < 0.001) both in non-
ETEC K88-treated groups or ETEC K88-treated groups.

ETEC K88 infection also raised FD4 permeability 
(P < 0.001) from cell apical membrane to basal mem-
brane at 2 h and 3 h (Fig.  3d-f ). A HPE × ETEC K88 
interaction was found for FD4 permeability at 2 h and 
3 h (P < 0.05) in which pretreating with PCA or Que 
decreased FD4 permeability (P < 0.05) compared with 
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control cells in ETEC K88-treated groups, however, 
there was no difference for FD4 permeability at 2 h and 
3 h among non-ETEC K88-treated groups.

PCA and Que enhance tight junction protein expression 
and rescue distribution of tight junction proteins 
after infection with ETEC K88 in IPEC‑1 cells
ETEC K88 infection reduced protein abundance of occlu-
din (P < 0.001), claudin-1 (P < 0.05) and ZO-1 (P < 0.001) 
compared with control group (Fig.  4a–c). HPE × ETEC 

K88 interactions (P < 0.05) were found for protein abun-
dance of occludin, claudin-1 and ZO-1 in which pre-
treating with PCA or Que enhanced protein abundance 
of these three tight junctions in ETEC-infected groups, 
whereas the protein abundance of occludin, claudin-1 
and ZO-1 did not change among non-ETEC K88-infected 
groups.

ETEC K88 infection broke the distribution of occludin, 
claudin-1 and ZO-1 (P < 0.001) around epithelial cells. Pre-
treating with PCA and Que rescued the location of these 

Fig. 1 Effects of PCA and Que on ETEC K88 adhesion and endotoxin level after infection with ETEC K88 in IPEC-1 cells. Cells were pretreated with 
40 μmol/L PCA or 10 μmol/L Que for 24 h and then infected with or without 1 ×  108 ETEC K88/mL for 2 h. a ETEC K88 adhesion. b Endotoxin level. 
Values are means ± SE, n = 6. a-cDifferent letters represent a significant difference, P < 0.05. IPEC-1, intestinal porcine epithelial cell 1



Page 6 of 18Xiao et al. Journal of Animal Science and Biotechnology            (2023) 14:5 

Fig. 2 Effects of PCA and Que on cell number and LDH activity after infection with ETEC K88 in IPEC-1 cells. Cells were pretreated with 40 μmol/L 
PCA or 10 μmol/L Que for 24 h and then infected with or without 1 ×  108 ETEC K88/mL for 2 h. a Cell number. b LDH activity. Values are means ± SE, 
n = 6. a–cDifferent letters represent a significant difference, P < 0.05. LDH, lactate dehydrogenases; IPEC-1, intestinal porcine epithelial cell 1
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three tight junction proteins (P < 0.05) at cellular membrane 
after ETEC K88 stimulation (Fig. 5a–c). HPE × ETEC K88 
interactions were found for occludin (P < 0.001) and ZO-1 
(P < 0.05) inflorescences in which pretreating with PCA or 
Que improved protein inflorescences of occludin and ZO-1 
in ETEC-infected groups, whereas the protein inflores-
cences of occludin did not change among non-ETEC K88-
infected groups. Pretreating with PCA alone increased the 
protein inflorescences of ZO-1. However, pretreating with 
Que alone did not influence the protein inflorescences of 
ZO-1. PCA had better effects than Que in inhibiting the 
decrease of ZO-1 protein in ETEC K88-infected cells. No 
HPE × ETEC K88 interaction was found for claudin-1 in 
which both PCA and Que improved protein inflorescence 
of claudin-1 (P < 0.05) both in non-ETEC K88-treated 
groups or ETEC K88-treated groups.

PCA and Que prevent cell necrosis after infection 
with ETEC K88 in IPEC‑1 cells
IncuCyte ZOOM™ Live Cell Imaging System was 
applied to detect cell necrosis in this experiment 

(Additional  file  3). ETEC K88 infection increased cell 
necrosis ratio from 27 to 30 h compared with the con-
trol group (Fig. 6a). A HPE × ETEC K88 interaction was 
found at 28 and 30 h in which PCA or Que pretreating 
prevented the increase of cell necrosis in ETEC K88-
infected groups, however, no difference was observed 
in non-ETEC K88-infected groups (Additional  file  4). 
Images at 30 h after ETEC K88 infection also demon-
strated that PCA or Que pretreating alleviated the 
increase of cell necrosis ratio after ETEC K88 stimula-
tion (Fig. 6b).

PCA and Que suppress pro‑inflammatory cytokine 
secretion after infection with ETEC K88 in IPEC‑1 cells
ETEC K88 infection increased mRNA level of TNF-
α, IL-8 and IL-6 (P < 0.001) (Fig.  7a–c). HPE × ETEC 
K88 interactions were found for TNF-α, IL-8 and IL-6 
mRNA expression (P < 0.05) in which pretreating with 
PCA or Que down-regulated mRNA level of TNF-
α, IL-8 and IL-6 (P < 0.05) among ETEC K88-infected 
cells. Moreover, Que had better effects than PCA 
in inhibiting TNF-α and IL-6 mRNA expression in 

Fig. 3 Effects of PCA and Que on TEER and FD4 permeability after infection with ETEC K88 in IPEC-1 cells. Cells were cultured with or without 
40 μmol/L PCA or 10 μmol/L Que for 24 h, followed by infected with or without 1 ×  108 ETEC K88/mL for 1 h, 2 h and 3 h. a–c TEER. d–f FD4 
permeability. Values are means ± SE, n = 6. a–cDifferent letters represent a significant difference, P < 0.05. IPEC-1, intestinal porcine epithelial cell 1; 
TEER, transepithelial electrical resistance; FD4, fluorescein isothiocyanate (FITC)-labeled dextran 4 kDa
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ETEC-infected cells. However, PCA had better effects 
than Que in inhibiting IL-8 mRNA expression after 
ETEC K88 infection. Moreover, pretreating with PCA 
or Que alone decreased the IL-6 mRNA expression in 
non-ETECK88-treated cells.

ETEC K88 infection also elevated secretion of TNF-
α, IL-8 and IL-6 (P < 0.001) in IPEC-1 cells (Fig.  7d–f). 

HPE × ETEC K88 interactions (P < 0.001) were found for 
TNF-α, IL-8 and IL-6 protein contents in which PCA or 
Que suppressed the concentration of TNF-α, IL-8 and 
IL-6 (P < 0.05) in ETEC K88-infected groups, among 
which Que had better effect than PCA on inhibiting IL-6 
secretion and PCA had better effect than Que on inhib-
iting IL-8 secretion. However, no difference of PCA and 

Fig. 4 Effects of PCA and Que on tight junction protein expression after infection with ETEC K88 in IPEC-1 cells. Cells were cultured with or without 
40 μmol/L PCA or 10 μmol/L Que for 24 h, and then infected with or without 1 ×  108 ETEC K88/mL for 2 h. a–c Tight junction protein expression.  d 
Representative bands of tight junction proteins. Values are means ± SE, n = 6. a–cDifferent letters represent a significant difference, P < 0.05. IPEC-1, 
intestinal porcine epithelial cell 1; ZO-1, zonula occludens-1



Page 9 of 18Xiao et al. Journal of Animal Science and Biotechnology            (2023) 14:5  

Fig. 5 Effects of PCA and Que on tight junction protein distribution after infection with ETEC K88 in IPEC-1 cells. Cells were cultured in confocal dish 
with or without 40 μmol/L PCA or 10 μmol/L Que for 24 h, and then infected with or without 1 ×  108 ETEC K88/mL for 2 h. a–c Tight junction protein 
distribution. The spread and distribution of tight junction proteins were observed through a confocal microscope. Values are means ± SE, n = 6. 
a–eDifferent letters represent a significant difference, P < 0.05. IPEC-1, intestinal porcine epithelial cell 1; ZO-1, zonula occludens-1
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Que was observed for TNF-α concentration in non-
ETEC K88-infected cells.

PCA and Que inhibit TLR4 signaling pathway after infection 
with ETEC K88 in IPEC‑1 cells
ETEC K88 infection increased mRNA level of LPS 
binding protein (LBP), cluster differentiation factor-14 
(CD14), myeloid differentiation factor-2 (MD2) and 
toll-like receptor 4 (TLR4) (P < 0.05) compared with 
control cells (Fig. 8a–f ). HPE × ETEC K88 interactions 
were found for LBP, CD14, MD2, TLR4, IL-1 receptor-
associated kinase 1 (IRAK1) and nuclear factor-κB 
(NF-κB) mRNA abundance in which Que pretreating 
decreased LBP, CD14, MD2, TLR4, IRAK1 and NF-κB 
mRNA, and PCA decreased LBP, MD2, TLR4, IRAK1 

and NF-κB mRNA in ETEC K88-infected groups, how-
ever, Que increased CD14, MD2, TLR4, IRAK1 and 
NF-κB mRNA expression and PCA increased CD14, 
MD2 and NF-κB mRNA expression in non-ETEC K88-
infected groups. Moreover, Que had better effects than 
PCA in inhibiting CD14, TLR4, IRAK1 and NF-κB 
mRNA expression.

PCA and Que suppress necroptosis signaling pathway 
after infection with ETEC K88 in IPEC‑1 cells
ETEC K88 infection up-regulated protein level of 
t-RIP1 (P < 0.001), t-RIP3 (P < 0.001), t-MLKL (P < 0.05), 
p-RIP1 (P < 0.001), p-RIP3 (P < 0.001), p-MLKL 
(P < 0.001), p-RIP1/t-RIP1 (P < 0.001), DRP1(P < 0.001), 
PGAM5 (P < 0.001) and HMGB1 (P < 0.001) compared 

Fig. 6 Effects of PCA and Que on cell necrosis after infection with ETEC K88 in IPEC-1 cells. Cells were cultured in  CO2 incubator of IncuCyte ZOOM™ 
Live Cell Imaging System for 30 h. Firstly, cells were pre-treated with 40 μmol/L PCA or 10 μmol/L Que for 24 h and then infected with or without 
1 ×  108 ETEC K88/mL for 6 h. a Dynamic observation of cell necrosis. b Representative images of cell necrosis at 6 h after ETEC K88 treatment (red 
dye was used to stain necrotic cells). IPEC-1, intestinal porcine epithelial cell 1
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with control group (Fig. 9a–n). HPE × ETEC K88 inter-
actions were found for protein expression of t-RIP1 
(P < 0.001), t-RIP3 (P < 0.001), t-MLKL (P < 0.001), 
p-RIP1 (P < 0.001), p-RIP3 (P < 0.001), p-MLKL 
(P < 0.001), p-RIP3/t-RIP3 (P < 0.05), DRP1 (P < 0.001), 
PGAM5 (P < 0.05) and HMGB1 (P < 0.001) in which 
PCA or Que pretreatment down-regulated protein 
abundance of t-RIP1, t-RIP3, t-MLKL, p-RIP1, p-RIP3, 
p-MLKL, DRP1, PGAM5 and HMGB1 in ETEC K88-
infected groups, however, PCA increased the protein 
expression of t-RIP3, p-RIP3 and p-MLKL, and Que 
increased the protein expression of t-RIP1, t-MLKL, 
p-RIP1, p-RIP3, p-MLKL, p-RIP3/t-RIP3 and DRP1 in 
non-ETEC K88-infected groups.

PCA and Que repress pyroptosis signaling pathway 
after infection with ETEC K88 in IPEC‑1 cells
ETEC K88 infection increased protein abundance of 
NLRP3 (P < 0.001), ASC (P < 0.001), nod-like recep-
tors family CARD domain-containing protein (NLRC4, 
P < 0.001), GSDMD (P < 0.001) and caspase-1 (P < 0.05) 
compared with control group (Fig. 10a–f). HPE × ETEC 
K88 interactions were found for ASC (P < 0.001), NLRP3 
(P < 0.001), NLRC4 (P < 0.001), GSDMD (P < 0.001) and 
caspase-1 (P < 0.05) protein expression in which PCA or 
Que pretreatment down-regulated protein abundance of 
NLRP3, ASC, NLRC4, GSDMD and caspase-1 in ETEC 
K88-infected groups, whereas PCA increased the pro-
tein expression of ASC, and Que increased the protein 

Fig. 7 Effects of PCA and Que on proinflammatory cytokine secretion after infection with ETEC K88 in IPEC-1 cells. Cells were cultured with 
40 μmol/L PCA or 10 μmol/L Que for 24 h, followed by infected with or without 1 ×  108 ETEC K88/mL for another 2 h. a–c mRNA expressions 
of TNF-α, IL-8 and IL-6. d–f Protein concentration of TNF-α, IL-8 and IL-6. Values are means ± SE, n = 6. a–eDifferent letters represent a significant 
difference, P < 0.05. IL-6, interleukin-6; IL-8, interleukin-8; TNF-α, tumor necrosis factor-α

Fig. 8 Effects of PCA and Que on mRNA abundance of TLR4 signaling pathway after infection with ETEC in IPEC-1 cells. Cells were pre-treated with 
40 μmol/L PCA or 10 μmol/L Que for 24 h and then infected with or without 1 ×  108 ETEC K88/mL for 2 h. Values are means ± SE, n = 6. a–eDifferent 
letters represent a significant difference, P < 0.05. IPEC-1, intestinal porcine epithelial cell 1. CD14, cluster differentiation factor-14; IRAK1, IL-1 
receptor-associated kinase 1; LBP, LPS binding protein; MD2, myeloid differentiation factor-2; TLR4, toll-like receptor; NF-κB, nuclear factor-κB

(See figure on next page.)
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Fig. 8 (See legend on previous page.)
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expression of ASC, NLRP3 and NLRC4 in non- ETEC 
K88-infected groups.

Discussion
ETEC is one of the most important pathogens causing 
diarrhea or sepsis in newborn livestock [25]. ETEC K88 is 
the most widely subtype, which can cause intestinal epi-
thelial cell damage, inflammatory response, and even cell 
death. Studies have shown that ETEC can adhere to intes-
tinal epithelial cells after entering the gut, then produce 
enterotoxin, causing intestinal inflammation and damage, 
which finally lead to endotoxemia or systemic infection 
[26]. So far, there is a lack of effective nutritional meas-
ures to alleviate ETEC infection.

Plant polyphenols are natural compounds widely exist-
ing in plants, and PCA and Que are the representative 
substances among plant polyphenols. It is previously 
reported that plant polyphenols were capable of inhibit-
ing bacteria growth and thus protected gut health [27]. 
In the present study, PCA and Que did not inhibit ETEC 

growth. This is contrast with Chao  and Yin [28] and 
Wang et al. [29] who found that PCA and Que had anti-
bacterial effects against food spoilage bacteria includ-
ing Escherichia coli O157:H7, Staphylococcus aureus, 
and Bacillus cereus. The discrepancies might be related 
to the difference in the concentration of plant polyphe-
nols in our experiment. The contents of PCA and Que in 
their studies were 11.9 mg/g and 0.6 mg/g, respectively. 
However, the present study showed that PCA and Que 
decreased endotoxin secretion and bacterial adhesion 
after ETEC K88 infection. This is consistent with Gato 
et  al.  [30] who reported that corymbosum polyphe-
nolic extract had anti-adhesive activity aginst klebsiella 
pneumoniae. However, little is known about the inhibi-
tory effects of plant polyphenols on endotoxin secretion 
in vivo or in vitro. We demonstrated firstly that PCA and 
Que could inhibit ETEC adherence and endotoxin secre-
tion. Since ETEC K88 needs firstly colonize to brush 
border of epithelial cells and then keeps releasing entero-
toxins to induce water and electrolyte secretion, which 

Fig. 9 Effects of PCA and Que on protein expression of necroptosis signals after infection with ETEC K88 in IPEC-1 cells. Cells were pre-treated with 
40 μmol/L PCA or 10 μmol/L Que for 24 h and then infected with or without 1 ×  108 ETEC K88/mL for 2 h. a–k Protein expression of t-RIP1, t-RIP3, 
t-MLKL, p-RIP1/t-RIP1, p-RIP3/t-RIP3, p-MLKL/t-MLKL, DRP1 and PGAM5. l Concentration of HMGB1. m–n Representative bands. Values are means 
± SE, n = 6. a–eDifferent letters represent a significant difference, P < 0.05. IPEC-1, intestinal porcine epithelial cell 1; t-RIP1, total receptor interacting 
protein 1; p-RIP1, phosphorylated-receptor interacting protein 1;t-RIP3, total receptor interacting protein 3; p-RIP3, phosphorylated-receptor 
interacting protein 3; t-MLKL, total mixed-lineage kinase domain-like protein; p-MLKL, phosphorylated-mixed-lineage kinase domain-like protein; 
PGAM5, phosphoglycerate mutase 5; DRP1, dynamin-related protein 1; HMGB1, high mobility group box 1
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indicates that pathogen-host cell contact is required for 
efficient toxin delivery [31]. The inhibition of the attach-
ment of bacteria to epithelial cells has been a novel 
approach to prevent ETEC K88-induced diarrhoea in 
piglets [32]. We speculate that PCA and Que may inhibit 
bacterial adhesion to the epithelial cells and thus sup-
press endotoxin secretion.

Cell number reflects cell growth, and activity of LDH 
released into the supernatant from damaged cell reflects 
the degree of intestinal injury. In our study, expect-
edly, ETEC K88 infection decreased cell number and 
increased LDH activity, which suggested that ETEC K88 
caused epithelial cell injury. Our data showed that PCA 
and Que increased cell number and decreased LDH 
activity, which indicated that PCA and Que protected 
IPEC-1 cell growth and mitigated cell damage. Similarly, 
investigation showed that pretreatment with PCA sig-
nificantly reduced serum levels of LDH and malondialde-
hyde (MDA) after tert-butylhydroperoxide treatment in 

rat primary hepatocytes [33]. Que improved cell number 
and proliferation rate, and reduced the level of LDH of 
PC12 cells on the Alzheimer disease cell model induced 
by Aβ25–35 [34]. Que also increased cell viability and 
reduced LDH release in PC-12 cells when exposed to 
hydrogen peroxide [35, 36]. Therefore, in our present 
study, it is possible that PCA and Que prevent ETEC-
induced cell number decrease and LDH increase by 
inhibiting bacterial adherence and endotoxin secretion.

The Intestinal barrier is composed of a layer of 
columnar epithelium and interepithelial tight junc-
tions. Transepithelial electrical resistance (TEER) as a 
functional parameter for epithelial tightness [37], and 
FD4 permeability from mucosa to serosa as a functional 
parameter for epithelium and tight junctions are widely 
accepted in assessing barrier integrity in  vitro [38]. 
Healthy barrier function possesses high TEER and low 
FD4 permeability [38]. In accordance with our previous 
study [23], ETEC infection reduced intestinal epithelial 

Fig. 10 Effects of PCA and Que on protein expression of pyroptosis signals after infection with ETEC K88 in IPEC-1 cells. Cells were pre-treated with 
40 μmol/L PCA or 10 μmol/L Que for 24 h and then infected with or without 1 ×  108 ETEC K88/mL for 2 h. a–e Protein concentration of pyroptosis 
signals. f Representative bands. Values are means ± SE, n = 6. a–dDifferent letters represent a significant difference, P < 0.05. IPEC-1, intestinal porcine 
epithelial cell 1; NLRP3, nod-like receptor protein 3; NLRC4, nod-like receptors family CARD domain-containing protein; ASC, apoptosis-associated 
speck-like protein containing a CARD; GSDMD, gasdermin D
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barrier function indicated by lower TEER and higher 
FD4 permeability. However, PCA and Que improved 
TEER value and reduced FD4 permeability after ETEC 
infection. Similarly, PCA and Que have been reported 
to increase TEER and decrease FD4 flux in several 
kinds of cells [36, 39, 40]. The tight junction proteins, 
includingoccludin, claudins, and ZO, are known as the 
most important organizers of the tight junctions [41]. 
In the current experiment, consistent with improved 
intestinal barrier function, PCA and Que rescued the 
protein expression and distribution of occludin, clau-
din-1 and ZO-1 as measured by confocal microscopy. 
In accordance with our study, PCA and Que have been 
reported to improve protein expression of occludin, 
claudin-1 and ZO-1 in  vivo and vitro [42–44]. In our 
present study, it is possible that PCA and Que may par-
tially protect intestinal barrier function via improving 
protein expression and rescuing distribution of intesti-
nal tight junctions.

The death of epithelial cells can lead to impairment of 
barrier function and even intestinal damage [45]. Therefore, 
we next detected cell necrosis through IncuCyte ZOOM™ 
Live Cell Imaging System. In the current study, consistent 
with improved intestinal cell integrity, we found that PCA 
or Que supplementation decreased cell necrosis density. 
Although the beneficial effect of plant polyphenols on 
intestinal health has been studied, the research on PCA and 
Que regulating cell necrosis is very limited. Only reports 
from Chen et al. who reported that Que inhibited TNF-α 
induced HUVECs apoptosis in human umbilical vein 
endothelial cells (HUVECs) after TNF-α stimulation [46] 
and Kassab et al. who found PCA relived liver and kidney 
cell apoptosis in rats after monosodium glutamate intoxi-
cation [47]. These results indicate a novel and important 
role for plant polyphenols in inhibiting cell necrosis, which 
maybe ultimately contribute to improved barrier function.

ETEC is widely known to cause intestinal inflamma-
tion and excessive inflammation further exacerbates 
intestinal cell injury [2]. TLR4/ NF-κB signal pathway 
plays an important role in the development of inflam-
mation and cell death, which has been intensively 
studied [48]. TLRs can be initiated by various fac-
tors include exogenous and endogenous substances, 
among which the most important factor is pathogens. 
Next, we explored whether PCA or Que could affect 
intestinal inflammation and relevant TLR4 signals. 
In the present study, PCA or Que suppressed mRNA 
and protein abundance of pro-inflammatory cytokines 
such as TNF-α, IL-8 and IL-6, which was associated 
with inhibiting TLR4 and its downstream signals such 
as LBP, MD2, CD14, TLR4, IRAK1 and NF-κB, indicat-
ing a protective role in preventing intestinal inflamma-
tion via TLR4 signaling pathway. Currently, abundant 

research has been found that supplementation of 
plant polyphenols can modulate intestinal inflamma-
tion and cell death. For example, Tang et al. found that 
Que reduced LPS-induced increased of proinflam-
matory cytokines including TNF-α, IL-1β and IL-6 in 
RAW264.7 cells [49]. Chen et  al. also found that Que 
inhibited TNF-α or IL-1β- induced inflammation in 
human umbilical vein endothelial cells or ARPE-19 
Cells via downregulating NF-KB signaling pathway 
[46, 50, 51]. PCA has been reported to attenuate secre-
tion of proinflammatory cytokines, including TNF-α, 
IL-1β, and IL-6 expression via efficiently inhibiting 
NF-ΚB activation after LPS challenge [52, 53]. Poly-
phenols including flavonoids, phenolic acids, phenolic 
alcohols, can reduce inflammation via modulation of 
the TLR4 signaling pathway [54]. In our current study, 
consistent with these previous studies, it is possible 
that the protective effects of PCA and Que on intes-
tinal inflammation were associated with inhibiting 
TLR4/NF-ΚB signaling pathway.

Inflammation can reversely contribute to cell death. 
To elucidate the mechanism(s) by which PCA and 
Que prevent intestinal inflammation and injury, we 
next investigated whether necroptosis and pyropto-
sis signaling pathways were involved in ETEC-caused 
inflammation and cell necrosis. Necroptosis is a newly 
identified pathway of regulated necrosis, which is asso-
ciated with many intestinal disorders [13]. Necroptosis 
is also regarded as a highly pro-inflammatory mode of 
cell death [16]. Various stimuli can lead to activation of 
cell necroptosis [55]. Initially, the intracellular adapter 
molecules FADD and TRADD recruit RIP1, which 
subsequently recruits RIP3 to assemble the necro-
some including phosphorylated RIP1, RIP3 and MLKL 
[56]. In the present study, we found that PCA and Que 
downregulated ETEC K88-induced protein expres-
sion of t-RIP1, p-RIP1, t-RIP3, p-RIP3, p-MLKL, DRP1, 
PGAM5 and HMGB1. However, little research was car-
ried out to investigate plant polyphenols on regulating 
necroptosis signals. Only Fan et  al. reported that Que 
prevented necroptosis of oligodendrocytes in rats after 
spinal cord injury [57]. Recently, Liu et  al. also found 
that Que alleviated cadmium-induced necroptosis in 
the chicken brain [58]. At present, there is no study 
exploring the role of PCA on necroptosis signal path-
way. In our current study, we uncovered for the first 
time that similar to Que, PCA also exhibited protective 
effects in suppressing necroptosis signaling pathway. So, 
PCA or Que may regulate ETEC-caused cell inflamma-
tory response and damage associated with inhibition of 
necroptosis signaling pathway.

Pyroptosis is caspase-1–dependent cell death, which is 
morphologically and mechanistically distinct from other 
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forms of cell death [56]. Pyroptosis is inherently inflam-
matory, and is triggered by various pathological stimuli 
and crucial for controlling microbial infections [59]. 
After stimulation, membrane nod-like receptors, includ-
ing NLRP3, recruits the adapter protein ASC or directly 
recruits caspase-1 to be leavaged. NLRC4 can directly 
interact with caspase-1 when overexpressed [60]. Pyrop-
tosis is found to be involved in dysfunction of intestinal 
injury [61]. In the present study, consistent with necrop-
tosis, we found that PCA or Que decreased protein level 
of NLRP3, ASC, NLRC4, caspase-1 and IL-18 after ETEC 
K88 infection, suggesting a protective role on inhibiting 
pyroptosis signaling pathway activation. Until now, there is 
little research about effect of plant polyphenols especially 
PCA or Que on pyroptosis signals. Only Liu et al. reported 
that apple polyphenols extract ameliorated dextran sulfate 
sodium-induced acute ulcerative colitis through inhibiting 
intestinal epithelial cell apoptosis and pyroptosis pathway 
[62]. Luo et  al. reported that Que possessed a protec-
tive effect on macrophages pyroptosis via TLR2/Myd88/
NF-ΚB pathway [63]. Until now, there was no other report 
about the effect of PCA on pyroptosis signaling pathway. 
We showed for the first time that PCA could suppress cell 
pyroptosis signals to alleviate intestinal inflammation and 
injury. It is possible that the beneficial role of PCA and 
Que on intestinal damage and inflammation was associ-
ated with suppressing necroptosis and pyroptosis signaling 
pathways, which suggesting a promising role of plant poly-
phenols in protecting gut health.

Conclusions
In summary, plant polyphenols including PCA and Que 
play a beneficial role in protecting against ETEC K88-
caused intestinal inflammation, cell damage and barrier 
impairment. It is possible that the beneficial role of PCA 
and Que on intestinal cells are associated with inhibition 
of necroptosis and pyroptosis signaling pathways. Tar-
geting necroptosis and pyroptosis by plant polyphenols, 
especially PCA and Que may open a new therapeutic 
window for treating gastrointestinal diseases.
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