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Abstract

N‐(3‐oxododecanoyl)‐L‐homoserine lactone (3‐oxo‐C12‐HSL), a quorum‐sensing (QS)

molecule produced by Gram‐negative bacteria in the gastrointestinal tract, adversly

impacts host cells. Our previous study demonstrated that 3‐oxo‐C12‐HSL induced a

decrease in cell viability via cell apoptosis and eventually disrupted mucin synthesis from

LS174T goblet cells. However, the molecular mechanism underlying cell apoptosis and

whether pyroptosis was involved in this process are still unknown. In this study, we

emphasized on the caspases signal pathway and sterile inflammation to reveal the harmful

effects of 3‐oxo‐C12‐HSL on LS174T goblet cells. Our data showed that 3‐oxo‐C12‐HSL is

a major inducer of oxidative stress indicated by a high level of intracellular reactive oxygen

species (ROS). However, TQ416, an inhibitor of paraoxonase 2, can effectively block

oxidative stress. A higher ROS level is the trigger for activating the caspase‐1 and 3

cascade signal pathways. Blockade of ROS synthesis and caspase‐1 and 3 cascades can

obviously rescue the viability of LS174T cells after 3‐oxo‐C12‐HSL treatment. We also

found that paralleled with a higher level of ROS and caspases activation, an abnormal

expression of proinflammatory cytokines was induced by 3‐oxo‐C12‐HSL treatment;

however, the blockage of TLRs‐NF‐κB pathway cannot restore cell viability and secretary

function. These data collectively indicate that 3‐oxo‐C12‐HSL exposure induces damages

to cell viability and secretary function of LS174T goblet cells, which is mediated by

oxidative stress, cell apoptosis, and sterile inflammation. Overall, the data in this study will

provide a better understanding of the harmful impacts of some QS molecules on host cells

and their underlying mechanism.
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1 | INTRODUCTION

Intestinal mucosal surfaces serve as the first line of defense against

various bacterial and viral infections between the epithelium and the
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luminal content (Ivanov & Honda, 2012; Johansson, Sjövall, & Hansson,

2013; Kim & Ho, 2010). Mucins, one kind of glycoproteins, are

synthesized and secreted by goblet cells, which play a vital role as a

physiological barrier via mucus layer formation (Linden, Sutton,

Karlsson, Korolik, & McGuckin, 2008). Impairment of the mucus layer

leads to the invasion of pathogenic microorganisms and then threats

the ecosystem's balance of the gut as well as the homeostasis of the

host immune responses (Parlato & Yeretssian, 2014). It is well

documented that abnormalities in mucin's expression make gastro-

intestinal epithelium more susceptible to infections by pathogenic

bacteria, eventually resulting in several diseases, such as severe colitis

and intestinal hyper‐permeability (Johansson et al., 2014; Shan et al.,

2013; Van der Sluis et al., 2006).

Quorum sensing (QS) regulate bacteria behaviors at the popula-

tion level by an intercellular signaling mechanism (Schuster &

Greenberg, 2006). Numerous Gram‐negative bacteria use these

small lipid‐soluble and membrane‐permeable molecules as the

autoinducer of QS to trigger the innate immune response and induce

cells apoptosis in host cells (Li, Hooi, Chhabra, Pritchard, & Shaw,

2004; Schwarzer et al., 2012; Shiner, Rumbaugh, & Williams, 2005;

Smith et al., 2001; Valentine, Anderson, Papa, & Haggie, 2013). As a

QS molecule, N‐(3‐oxododecanoyl)‐homoserine lactone (3‐oxo‐C12‐
HSL) produced by Gram‐negative bacteria in the gut can perturb

epithelial integrity, enhance epithelial permeability, and lead to the

development of intestinal diseases (Eum, Jaraki, Bertrand, András, &

Toborek, 2014). The major characteristic of host–pathogen interac-

tion is the activation of a diverse form of host‐protective and stress

responses, such as cell death, proliferation, and inflammation (Ashida,

Ogawa, Kim, Mimuro, & Sasakawa, 2011). There are several models

of host‐cell death caused by pathogenic microorganisms, such as

apoptosis, necrosis, and pyroptosis (Fink & Cookson, 2005).

To avoid, protect, and eliminate the intestinal infection, the first

step is to understand the initial host response after pathogen invasion

(Fernandes et al., 2016; Hackam, Afrazi, Good, & Sodhi, 2013; Wu

et al., 2016). Innate immunity depends on the expression of various

specific pattern recognition receptors (PRRs) to recognize particular

bacterial molecules termed pathogen‐associated molecular patterns

(PAMP), such as toll‐like receptors (TLRs), which initiate the

production of cytokines and chemokines (Lv et al., 2017). The immune

function of intestinal goblet cells from mammals has been recently

investigated (Pelaseyed et al., 2014). However, whether PAMP

response is involved in the disruption of goblet cells induced by

3‐oxo‐C12‐HSL, an autoinducer of QS, is still unknown. Moreover, it

has been reported that inflammatory caspases (particularly caspase‐1)
are important for innate immune defense, and aberrant activation of

caspase‐1 is associated with many auto‐inflammatory diseases as well

as metabolic disorders (Henao‐Mejia, Elinav, Thaiss, & Flavell, 2014;

Lamkanfi & Dixit, 2014). Activation of caspase‐1 is crucial for trigger

pyroptosis, which results in the maturation of interleukin (IL)‐1β and

IL‐18 from their inactive precursors (Fink & Cookson, 2005). It has also

been reported that caspase‐1 plays an important role in inducing

apoptosis via the activation of downstream caspase‐3 signal (Li et al.,

2000). Our previous study suggested that 3‐oxo‐C12‐HSL induced

severe cell death accompanied by increased of IL‐1β messenger RNA

(mRNA) and caspase‐3 protein levels (Tao et al., 2016). However,

whether caspase‐1 contributes to inducing cell death by 3‐oxo‐C12‐
HSL and the relevant molecular mechanism underlying the dysfunction

of 3‐oxo‐C12‐HSL to host cells are still unclear.

The paraoxonase 2 (PON2) is widely expressed in mammalian

tissues and cell types that function as hydrolyzes 3‐oxo‐C12‐HSL to

3‐oxo‐C12‐HSL‐acid (Horke et al., 2015; Mackness et al., 2010;

Marsillach et al., 2008). It has been reported that depending on its

antioxidative and antiapoptotic activities, PON2 may attenuate

3‐oxo‐C12‐HSL‐mediated biological effects on host cells (Altenhofer

et al., 2010; Kim et al., 2011). On the contrary, a recent study

demonstrated that 3‐oxo‐C12‐HSL‐induced cell apoptosis was

dependent upon PON2 activity in mouse embryonic fibroblasts

(Schwarzer et al., 2015). Our previous study suggested that the

PON2 inhibitor significantly reversed 3‐oxo‐C12‐HSL‐induced cell

death in LS174T cells (Tao et al., 2016); however, the relevant signal

pathway and molecular mechanism were unknown. Therefore, the

aim of this study was to investigate the cellular and molecular

mechanisms, particularly focused on the oxidative stress, innate

immune response, and the signaling pathway underlying the

disruption of LS174T goblet cells exposed to 3‐oxo‐C12‐HSL in vitro.

2 | MATERIALS AND METHODS

2.1 | Cell culture and treatment

The human colonic differentiated LS174T goblet cells have been

described previously (Hasnain et al., 2013; Tao et al., 2016) and

treated with 3‐oxo‐C12‐HSL (Sigma‐Aldrich, St. Louis, MO), PON2

inhibitor (TQ416, ChemDiv, San Diego ), ROS scavenger (N‐acetyl‐L‐
cysteine, Sigma‐Aldrich, St. Louis, MO), the caspase‐1 inhibitor

(VX‐765, Selleck, Shanghai, China), the caspase‐3 inhibitor (Z‐DEVD‐
FMK, Selleck, Shang Hai, China), and the NF‐κB transcriptional activity

inhibitor (JSH‐23, Selleck, Shang Hai, China) according to the

concentrations specified in the figure legends. The concentrations of

all of the tested pharmacological inhibitors did not show any

significant cytotoxic effects in each experiment.

2.2 | Measurement of intracellular ROS

Intracellular ROS in LS174T cells were measured with 2′,7′‐
dichlorofluorescein diacetate (DCFH‐DA; Sigma) as a previously

reported method (Gan et al., 2015). In brief, after dilution to a final

concentration of 10 μM with serum‐free RPMI1640, DCFH‐DA was

added to the cells after the culture medium was removed and

incubated for 30min at 37°C. Next, the cells were washed three

times with phosphate‐buffered saline (PBS). The cells were resus-

pended in PBS, and the fluorescence intensity was measured for

more than 10,000 cells of each sample by a FACSVerse flow

cytometer. The level of total intracellular ROS, paralleled by an
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increase in fluorescence intensity, was calculated as the percentage

of control cells.

2.3 | Annexin V externalization

The detection of annexin V externalization in LS174T cells was done

as described previously (Lee et al., 2015). In brief, the cells were

detached with 0.05% trypsin/EDTA, and 1 × 105 cells were resus-

pended with annexin V binding buffer. The cells were then stained

with annexin V (25 μg/ml) and propidium iodide (PI) (125 ng/ml) and

incubated for 15min at room temperature in the dark. The sample

was analyzed using a FACSVerse flow cytometer (BD Biosciences).

2.4 | 2.4. DNA fragmentation

DNA fragmentation in LS174T cells was measured with a one‐step
TUNEL apoptosis assay kit (Beyotime, China) according to the

manufacturer's instructions.

2.5 | Cell viability assay

LS174T (5 × 104 cells/well) were cultured for 24 hr in 96‐well plates.

After treatment, 10 µl of the CCK‐8 assay solution (Jiancheng

Bioengineering Institute, Nanjing, China) was added to each well

and incubated for another 1 hr. Then, the optical densities were read

on a microplate reader (Molecular Devices, Sunnyvale, CA) at

450 nm. Cell viability was calculated relative to the DMSO control

group. All tests were performed six times.

2.6 | Detection of malondialdehyde (MDA), H2O2,
caspase‐1, and caspase‐3 activity

Cell extracts were prepared by sonication (Sonics VCX105) in ice‐
cold PBS and centrifuged at 12,000 rpm for 20min to remove debris.

The supernatant fluid was collected, and MDA and H2O2 levels were

determined according to the manufacturer's instructions using

commercially available kits (Shanghai Enzyme‐linked Biotechnology

Co. Ltd, Shanghai, China). Caspase‐1 activity was measured by a

previously reported method (Luo et al., 2014) using commercially

available kits (Beyotime, China). Caspase‐3 activity was measured

using commercially available kits (Jiancheng Bioengineering Institute,

Nanjing, China). The total protein concentration was determined

using a BCA protein assay kit (Pierce Thermo Scientific). The data

were expressed as nanomoles of MDA or H2O2 per milligram of

protein.

2.7 | Measurement of cytokine

The levels of IL‐8, IL‐1β, IL‐6, TNF‐α, and IL12P70 in the cellular

supernatant were determined using commercial kits purchased from

BD Biosciences (Catalog no.: 551811), following the manufacturer's

instructions.

2.8 | RNA extraction, reverse transcription, and
real‐time quantitative PCR

Messenger RNA extraction and reverse transcription were con-

ducted using the SuperScript III First‐Strand Synthesis System

(Invitrogen), according to the manufacturer's protocol. The synthe-

sized complementary DNA was used for quantitative real‐time

polymerase chain reaction (PCR). Real‐time PCR was performed

with Mx3000P (Stratagene). The sequences of primers used in real‐
time PCR are as follows: TLR1 forward primer: 5′‐GGGTCAGCTGG
ACTTCAGAG‐3′ and backward primer: 5′‐GCTAATTTTGGATGGGC
AAA‐3′; TLR2 forward primer: 5′‐CCTCCAATCAGGCTTCTCTG‐3′,
and backward primer: 5′‐TCCTGTTGTTGGACAGGTCA‐3′; TLR3

forward primer: 5′‐AGCCTTCAACGACTGATGCT‐3′, and backward

primer: 5′‐TTTCCAGAGCCGTGCTAAGT‐3′; TLR4 forward primer:

5′‐TGAGCAGTCGTGCTGGTATC‐3′, and backward primer: 5′‐CAG
GGCTTTTCTGAGTCGTC‐3′; TLR5 forward primer: 5′‐GAGCCCCTA
CAAGGGAAAAC‐3′, and backward primer: 5′‐TGCTGATGGCATTGC
TAAAG‐3′; TLR6 forward primer: 5′‐AGGGCTGGCCTGATTCTTA
T‐3′, and backward primer: 5′‐TGGCACACCATCCTGAGATA‐3′;
GAPDH forward primer: 5′‐TGCACCACCAACTGCTTAGC‐3′, and

backward primer: 5′‐GGCATGGACTGTGGTCATGAG‐3′. The 2− Δ ΔCt

method was used to analyze the real‐time PCR data. All data were

normalized against the house‐keeping gene GAPDH and expressed as

the fold difference relative to the mean of relevant control samples.

2.9 | Preparation of cellular lysates for western
blot analysis

LS174T cells were solubilized in cell lysis buffer containing 1%Triton

X‐100, 10mM Tris (pH 7.4), 1mM EDTA, 1mM ethylene glycol

tetraacetic acid (EGTA), 150mM NaCl, and a proteinase inhibitor

mixture (Roche Applied Science) and incubated for 1 hr on ice. The

scraped suspensions were centrifuged at 14,000 rpm for 15min at 4°C,

and the protein concentration was determined using a BCA protein

assay kit (Pierce Thermo Scientific). After denaturation by boiling for

5min, 40 μg of protein was separated by 10% or 15% sodium dodecyl

sulfate polyacrylamide gel electropheresis (SDS‐PAGE), transferred on

to nitrocellulose membrane (BioTrace, Pall Co), blocked with 5% bovine

serum albumin (BSA) in Tris buffer (pH 7.5) with 0.1% Tween 20 for

2 hr, then incubated overnight at 4°C with anticaspase‐1 (1:200, sc‐515,
Santa Cruz, CA), anti‐IL‐1β (1:200, sc‐7884, Santa Cruz, CA), anti‐TLR2
(1:1000, #13744, CST Technology Inc., MA), anti‐TLR4 (1:1000,

#14358, CST Technology Inc., MA), anti‐NF‐κB (1:200, sc‐372, Santa
Cruz, CA), anti‐p‐NF‐κB (1:200, sc‐33020, Santa Cruz, CA), anti‐GSDMD

(1:1000, ab210070, Abcam, UK), anti‐PON2 (1:1000, ab183710,

Abcam, UK), or anti‐active‐caspase‐3 (1:1000, ab32042, Abcam, UK)

antibodies. Then, the blots were incubated with the goat anti‐rabbit
HRP‐conjugated secondary antibodies (1:10,000; BS13278, Bioworld

Technology Inc.) in dilution buffer for 2 hr at 25°C. Finally, the blot was

washed and detected by enhanced chemiluminescence's (ECL) using the

LumiGlo substrate (Super Signal West Pico Trial Kit, Pierce), and the
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signals were recorded by an imaging System (Bio‐Rad) and analyzed

with Quantity One software (Bio‐Rad). α‐tubulin (1:10,000; BS1699,

Bioworld Technology Inc.) was used as a loading control for the western

blot. The protein content was expressed as the fold change relative to

the mean value of the control group.

2.10 | Periodic acid‐schiff (PAS) and alcian blue
staining

The PAS and alcian blue staining in LS174T cells were done as a

previously reported method (Tao et al., 2016). In brief, after the

culture medium was removed, the cells were fixed in 4% parafor-

maldehyde at 4°C overnight and stained using a PAS kit (Sigma‐
Aldrich) and alcian blue solution (Sigma‐Aldrich), according to the

manufacturer's instructions.

2.11 | Statistical analysis

All statistical procedures were computed using statistical software

SPSS (SPSS version 11.0 for Windows; SPSS Inc., Chicago, IL). Data

are presented as means ± SEM. The data were tested for normal

distribution, and statistical significance was assessed by an indepen-

dent sample t test. A p‐value of <0.05 was considered statistically

significant.

3 | RESULTS

3.1 | 3‐oxo‐C12‐HSL induced oxidative stress in
LS174T cells

As shown in Figure 1a,b, 3‐oxo‐C12‐HSL significantly increased ROS

production in a concentration‐dependent manner (p < 0.05). The

intracellular ROS level was significantly increased in LS174T cells

exposed to 10–200 μM 3‐oxo‐C12‐HSL for 4 hr (Figure 1a). Exposure

time also had a significant impact on cellular ROS production. When

LS174T cells were treated with 100 μM 3‐oxo‐C12‐HSL for 1 hr to

6 hr, the level of cellular ROS was markedly increased and reached

the maximum level at 4 hr of exposure (p < 0.05) (Figure 1b).

Moreover, the level of cellular MDA and H2O2 was also greatly

increased by 100 μM 3‐oxo‐C12‐HSL treated for 4 hr in LS174T cells

(Figure 1c,d). These results indicate an obvious oxidative stress

induced by 100 μM 3‐oxo‐C12‐HSL treated for 4 hr in LS174T goblet

cells.

3.2 | Changes of caspase‐1 and cytokines in LS174T
cells induced by 3‐oxo‐C12‐HSL

To investigate whether the pyroptosis pathway was involved in

the damages of 100 μM 3‐oxo‐C12‐HSL to LS174T cells for 4 hr,

the level of procaspase‐1 protein and the activity of caspase‐1, as
well as cellular IL‐1β protein and several other cytokines were

measured. The results showed that the level of cellular procas-

pase‐1 protein was significantly decreased, whereas the activity

of caspase‐1 was markedly increased in LS174T cells treated with

3‐oxo‐C12‐HSL (p < 0.05) (Figure 2a). There was no obvious

change in cellular IL‐1β protein expression in LS174T cells after

3‐oxo‐C12‐HSL treatment (Figure 2b). Moreover, the marker of

pyroptosis, GSDMD protein expression, also remained unchanged

after 3‐oxo‐C12‐HSL treatment of LS174T cells (Figure 2c). In

addition, the level of IL‐1β and several other cytokines including

IL‐8, TNF‐α, and IL12P70 in the supernatant fraction was

significantly changed by 3‐oxo‐C12‐HSL. Unexpectedly, the

concentration of IL‐1β, TNF‐α, and IL12P70 in the supernatant

was significantly decreased (p < 0.05), whereas IL‐8 concentration

was greatly increased by 3‐oxo‐C12‐HSL treatment (p < 0.05)

(Figure 2d).

F IGURE 1 Effects of 3‐oxo‐C12‐HSL on
intracellular ROS, MDA, and H2O2 levels in
LS174T cells. Levels of (a), (b) ROS, (c)
MDA, and (d) H2O2 were assayed as

described under Materials and Methods.
Data are presented as means ± SEM of
three independent experiments. *p < 0.05

versus DMSO group [Color figure can be
viewed at wileyonlinelibrary.com]
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3.3 | Changes of TLRs mRNA and proteins
expression in LS174T cells induced by 3‐oxo‐C12‐HSL

To identify the potential effect of 100 μM 3‐oxo‐C12‐HSL treated for

4 hr on the innate immune response in LS174T cells, the expression

of TLRs mRNA and proteins was detected by real‐time PCR and

western blot analysis, respectively. The results demonstrated that

TLR2, 3 and 4 mRNA expression were significantly upregulated by

3‐oxo‐C12‐HSL (p < 0.05), yet TLR1, 5 and 6 mRNA expression were

F IGURE 2 Effects of 3‐oxo‐C12‐HSL on caspase‐1 and inflammatory‐relative cytokines expression in LS174T cells. LS174T cells were

incubated with 3‐oxo‐C12‐HSL (100 μM) for 4 hr. Cells were harvested and assayed for (a) pro‐caspase‐1 protein expression and caspase‐1
activity, (b) IL‐1β protein expression, (c) GSDMD protein expression, and (d) inflammatory‐relative cytokines content in cell supernatant as
described under Materials and Methods. For (a), (b), and (c), lines 1–6 represent DMSO, 3‐oxo‐C12‐HSL, DMSO, 3‐oxo‐C12‐HSL, DMSO, and

3‐oxo‐C12‐HSL. Data are presented as means ± SEM of three independent experiments. *p < 0.05 versus DMSO group

F IGURE 3 Effects of 3‐oxo‐C12‐HSL on innate immune response pathway in LS174T cells. LS174T cells were incubated with

3‐oxo‐C12‐HSL (100 μM) for 4 hr. Cells were harvested and assayed for (a) TLRs mRNA expression, (b) TLR2, TLR4, and NF‐κB
protein expression as described under Materials and Methods. For (b), lines 1–6 represent DMSO, 3‐oxo‐C12‐HSL, DMSO,
3‐oxo‐C12‐HSL, DMSO, and 3‐oxo‐C12‐HSL. Data are presented as means ± SEM of three independent experiments. *p < 0.05 versus
DMSO group
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not altered (p > 0.05) (Figure 3a). In contrast, the level of TLR2 and

TLR4 protein showed a significant decrease by 3‐oxo‐C12‐HSL

treatment (Figure 3b,c). In addition, the total abundance of NF‐κB
protein was also significantly decreased (p < 0.05), whereas the level

of phosphorylated NF‐κB (p‐ NF‐κB) was not significantly changed by

3‐oxo‐C12‐HSL (Figure 3b,c).

3.4 | The rescuing effects of several inhibitors on
cell viability in 3‐oxo‐C12‐HSL‐treated LS174T cells

The damage of 3‐oxo‐C12‐HSL to cell viability has been determined

in our previous study (Tao et al., 2016). To reveal whether caspase‐
1, oxidative stress, and NF‐κB pathway were involved in the process

of 100 μM 3‐oxo‐C12‐HSL‐induced LS174T cell damage, the rescue

effect of caspase‐1 inhibitor VX‐765, antioxidant NAC, as well as

NF‐κB pathway inhibitor JSH‐23 on cell viability was evaluated in

this study. VX‐765 at a concentration range of 10–100 μM or NAC

at a concentration range of 1–10mM can remarkably rescue cell

viability damage upon 3‐oxo‐C12‐HSL treatment in LS174T cells

(Figure 4a,b). However, NF‐κB pathway inhibitor JSH‐23 at the

range of 1–100 μM concentration did not show an obvious effect on

cell viability after being cotreated with 3‐oxo‐C12‐HSL (Figure 4c).

TQ416, an inhibitor of PON2, was confirmed to exhibit a positive

effect on rescuing cell viability when cotreated with 3‐oxo‐C12‐HSL

(Figure 4d).

3.5 | Effects of several inhibitors on oxidative
stress in 3‐oxo‐C12‐HSL‐treated LS174T cells

The level of cellular ROS and H2O2, as well as MDA, was significantly

increased in LS174T cells when exposed to 100 μM 3‐oxo‐C12‐HSL

for 4 hr, which could be reduced by TQ416, NAC, and VX‐765 and

almost returned to the normal level. However, JSH‐23, a NF‐κB
pathway inhibitor, did not show a positive effect on the production of

these oxidative parameters (Figure 5a–c). Our data collectively

suggest that TQ416, VX‐765, and NAC can eliminate the oxidative

stress induced by 100 μM 3‐oxo‐C12‐HSL to LS174T cells for 4 hr.

3.6 | Signal pathways involved in regulating
cytokines secretion in 3‐oxo‐C12‐HSL‐treated
LS174T cells

The level of cytokines was measured in the medium of LS174T cells

culture treated with 100 μM 3‐oxo‐C12‐HSL alone or with inhibitors. We

found that 100 μM 3‐oxo‐C12‐HSL markedly increased the secretion of

IL‐8 after 4‐hr treatment, and TQ416, VX‐765 and NAC significantly

blocked the increase of IL‐8 secretion induced by 3‐oxo‐C12‐HSL in

F IGURE 4 Effects of various inhibitors on viability after 3‐oxo‐C12‐HSL treated LS174T cells. LS174T cells were seeded at a density of

5 × 104/well in 96‐well plates. Cells viability were assayed for (a) cells were incubated with 3‐oxo‐C12‐HSL and VX‐765 together for 4 hr, (b)
cells were pretreatment with NAC for 1 hr and then incubated with 3‐oxo‐C12‐HSL and NAC together for an additional 4 hr, (c) cells were
incubated with 3‐oxo‐C12‐HSL and JSH‐23 together for 4 hr, and (d) LS174T cells were incubated with TQ416 (1 μM), VX‐765 (100 μM),
or JSH‐23 (50 μM) together with 3‐oxo‐C12‐HSL (100 μM) for 4 hr or pretreatment with NAC (5mM) for 1 hr and then incubated with

3‐oxo‐C12‐HSL (100 μM) and NAC (5mM) together for an additional 4 hr. Data are presented as means ± SEM of six independent experiments.
*p < 0.05 versus 3‐oxo‐C12‐HSL treatment group

6 | TAO ET AL.



LS174T cells (p<0.05) (Figure 6a). Unexpectedly, the level of other

cytokines, including IL‐1β, TNF‐α and IL12P70, in the supernatant was

significantly decreased by 3‐oxo‐C12‐HSL treatment, and the TQ416,

VX‐765 and NAC could further decrease the secretion of these cytokines

from LS174T cells when cotreated with 3‐oxo‐C12‐HSL (Figure 6b–e).

3.7 | Caspase‐1 activity in 3‐oxo‐C12‐HSL‐treated
LS174T cells

Caspase‐1 plays a critical role in mediating the sterile inflammation

initiated by endogenous danger signals and eventually leads to cell

apoptosis. To explore whether oxidative stress results in the

F IGURE 5 Effects of various inhibitors on intracellular ROS, MDA, and H2O2 levels after 3‐oxo‐C12‐HSL treated LS174T cells. LS174T cells
were incubated with TQ416 (1 μM), VX‐765 (100 μM), or JSH‐23 (50 μM) together with 3‐oxo‐C12‐HSL (100 μM) for 4 hr or pretreatment with
NAC (5mM) for 1 hr and then incubated with 3‐oxo‐C12‐HSL and NAC together for an additional 4 hr. Levels of (a) ROS, (b) MDA, and (c) H2O2

were assayed as described under Materials and Methods. Data are presented as means ± SEM of three independent experiments. *p < 0.05
versus 3‐oxo‐C12‐HSL treatment group [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 6 Effect of variant inhibitors on cytokines secretion in 3‐oxo‐C12‐HSL‐treated LS174T cells. LS174T cells were incubated with
TQ416 (1 μM), VX‐765 (100 μM) or JSH‐23 (50 μM) together with 3‐oxo‐C12‐HSL for 4 hr or pretreatment with NAC (5mM) for 1 hr and then
incubated with 3‐oxo‐C12‐HSL and NAC together for an additional 4 hr. Levels of cytokines were assayed as described under Materials and

Methods. Data are presented as means ± SEM of three independent experiments. &p < 0.05 versus DMSO control group. *p < 0.05 versus
3‐oxo‐C12‐HSL treatment group

TAO ET AL. | 7



activation of caspase‐1, caspase‐1 activity was determined in LS174T

cells treated with 100 μM 3‐oxo‐C12‐HSL alone or combined with

inhibitors. The results showed that 100 μM 3‐oxo‐C12‐HSL remark-

ably increased caspase‐1 activity, and TQ416, VX‐765, and NAC

could significantly inhibit the activation of caspase‐1 activity induced

by 3‐oxo‐C12‐HSL (p < 0.05) (Figure 7).

3.8 | Caspase‐3 involved in the damage of
3‐oxo‐C12‐HSL to LS174T cells

As one of the downstream of caspases, caspase‐3 acts as the final

effector to induce cell death. To determine whether caspase‐3 mediates

C12‐HSL‐induced LS174T cells damage, we tested the effect of the

caspase‐3 inhibitor Z‐DEVD‐FMK on C12‐HSL‐induced cell apoptosis and

oxidative impairment. When used at a concentration range of 0–100 μM,

Z‐DEVD‐FMK remarkably rescued C12‐HSL‐induced cell viability (Figure

8a). Further analysis demonstrated that 75 μM Z‐DEVD‐FMK signifi-

cantly reversed C12‐HSL‐induced apoptotic cell death (Figure 8b),

inhibited DNA fragmentation (Figure 8e) in LS174T cells.

Moreover, TQ416, VX‐765, and NAC also can inhibit the caspase‐3
activity and protein expression initiated by 3‐oxo‐C12‐HSL (Figure 6c,

d). A significant decrease of ROS production was also obviously

observed in LS174T cells after treatment with Z‐DEVD‐FMK

(Figure 8f).

3.9 | Mucin synthesis and sulfation in
3‐oxo‐C12‐HSL‐treated LS174T cells

PAS and alcian blue staining were performed to evaluate the level of

mucous glycoprotein and sulfation. The secretion and sulfation of

mucin were significantly decreased by 100 μM 3‐oxo‐C12‐HSL in

LS174T cells; but cotreatment with VX‐765 and Z‐DEVD‐FMK

showed a significant rescuing effect on mucin secretion and sulfation

(Figure 9a,b). These results indicate that caspase‐1 and 3 were

involved in the damages of 3‐oxo‐C12‐HSL to mucoprotein synthesis

and sulfation in LS174T cells.

4 | DISCUSSION

As the first‐line defensive barrier of gut, the mucus layer plays a key

role against invading microbes and pathogenic antigens (Ivanov,

Parkos, & Nusrat, 2010). Mucin 2 (Muc 2), a glycoprotein synthesized

by goblet cells, is the major composition of the mucus layer (Wickens

& Cox, 2009). The disruption of Muc 2 leads to the inflammatory

bowel diseases induced by various intestinal infections such as

bacteria, viruses, and parasites (Hansson, 2012; Shirazi, Longman,

Corfield, & Probert, 2000). Many studies have reported that 3‐oxo‐
C12‐HSL, one of QS molecules produced by Gram‐negative bacteria

in the gastrointestinal tract, can damage the intestinal barrier and

induce the secretion of cytokines and cell migration (Karlsson,

Turkina, Yakymenko, Magnusson, & Vikström, 2012; Smith et al.,

2001; Vikstrom, Tafazoli, & Magnusson, 2006; Vikstrom, Bui,

Konradsson, & Magnusson, 2009; Vikstrom et al., 2010). Our

previous study demonstrated that 3‐oxo‐C12‐HSL could rapidly

trigger the mitochondrial dysfunction, and lead to the decrease of

both cell viability and Muc 2 production in LS174T cells (Tao et al.,

2016). In this study, the cellular and molecular mechanisms behind

the damages caused by 3‐oxo‐C12‐HSL on goblet cells were further

investigated. Our data collectively showed that 3‐oxo‐C12‐HSL

induces the production of ROS and the activation of caspase‐
1‐dependent apoptosis, which eventually results in cell death and

functional disorders of mucin secretion from LS174T goblet cells.

In a physiological context, ROS are produced as a natural

byproduct of the normal metabolism of cells and play important

roles in cell homeostasis. However, during times of environmental

stress, ROS levels can increase dramatically, which may cumulatively

induce an oxidative stress and eventually result in significant

damages to cell structures and functions (Bruns, Peter, Hagel,

Herrmann, & Stallmach, 2011; Dey & Bishayi, 2015; Gan et al.,

2015; Zheng et al., 2016). A previous study reported that the

concentrations of 3‐oxo‐C12‐HSL can reach 300–600 μM in Pseudo-

monas aeruginosa biofilms (Charlton et al., 2000). We examined the

effects of 3‐oxo‐C12‐HSL in the range of 0–200 μM on oxidative

stress status of LS174T cells. Our data showed that the cellular ROS

levels (quantified by flow cytometry via staining cells with DCFH‐DA)

increased markedly in LS174T cells after treatment with 100 μM

3‐oxo‐C12‐HSL for 4 hr, indicating an oxidative stress induced by

3‐oxo‐C12‐HSL. Therefore, we used this concentration to performed

subsequent experiments.

Previous studies have suggested that PON2 is widely expressed

in many cell types, independent of its hydrolytic activity, PON2 has

antioxidant anti‐inflammatory and antiapoptotic activities in HAEC

F IGURE 7 Effects of various inhibitors on caspse1 activity after
3‐oxo‐C12‐HSL treated LS174T cells. LS174T cells were incubated

with TQ416 (1 μM), VX‐765 (100 μM), or JSH‐23 (50 μM) together
with 3‐oxo‐C12‐HSL for 4 hr or pretreated with NAC (5mM) for 1 hr
and then incubated with 3‐oxo‐C12‐HSL and NAC together for an
additional 4 hr. Cells were harvested and assayed for capase1

activity in cell supernatant as described under Materials and
Methods. Data are presented as means ± SEM of three independent
experiments. &p < 0.05 versus DMSO control group. *p < 0.05 versus

3‐oxo‐C12‐HSL treatment group
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cells (Kim et al., 2011). However, a recent study demonstrated that 3‐
oxo‐C12‐HSL‐induced cell apoptosis was dependent on PON2

hydrolytic activity (Schwarzer et al., 2015). In addition, Horke et al.

(2015) demonstrated a novel PON2‐dependent mechanism, by which

3‐oxo‐C12‐HSL elicits biological effects in mammalian cells. Con-

sistent with Horke's study, our study demonstrated that the

oxidative stress, cytokines expression, and cell apoptosis were

induced by 3‐oxo‐C12‐HSL with a higher level of ROS, IL‐8, and
apoptotic cells, and these biological effects can be inhibited by

TQ416 (PON2 inhibitor) in LS174T cells.

Previous studies have demonstrated that various virulence

molecules induced pyroptosis via oxidative stress in mammal cells

(Jang et al., 2015; Ren, Wu, Jiang, Hao, & Liu, 2016). Thus, we wanted

to investigate whether pyroptosis mediated by high amounts of ROS

was involved in the damage of cell viability of 3‐oxo‐C12‐HSL to

LS174T cells. Our data showed that the level of procaspase‐1 protein

was significantly reduced, whereas its enzyme activity was markedly

elevated. However, we did not find a significant change of IL‐1β
generation or secretion from LS174T cells. Moreover, GSDMD (a

new marker of pyroptosis) protein expression also remained un-

changed after treatment of LS174T cells with 3‐oxo‐C12‐HSL. Much

evidence has shown that caspase‐1 processes the proinflammatory

cytokine pro‐IL‐1β to generate mature IL‐1β, which is presumably

released by cell lysis during pyroptosis (Rathinam & Fitzgerald, 2016).

Thus, it's reasonable for us to speculate that the obvious cell death

induced by 3‐oxo‐C12‐HSL did not rely on the classic pyroptosis

pathway. Nevertheless, our data showed that VX‐765, a specific

inhibitor of caspase‐1, could inhibit the decrease of the viability of

LS174T cells induced by 3‐oxo‐C12‐HSL. This result indicates that

caspase‐1 cascade has been at least partially involved in the damage

process of 3‐oxo‐C12‐HSL to LS174T cells. It has been reported that

oxidative stress induced caspase‐1 activation (Abais, Xia, Zhang,

F IGURE 8 Effects of caspase‐3 on cell viability, apoptosis and intracellular ROS after 3‐oxo‐C12‐HSL treated LS174T cells. LS174T cells

were incubated with 3‐oxo‐C12‐HSL and Z‐DEVD‐FMK for 4 hr. Cells were harvested and assayed for (a) cells viability, (b) annexin V
externalization, (c) active‐caspase‐3 protein expression, (d) caspase‐3 acitivity, (e) DNA fragmentation, and (f) ROS. Data are presented as
means ± SEM of six independent experiments for (a) and three independent experiments for others. &p < 0.05 versus DMSO control

group. *p < 0.05 versus 3‐oxo‐C12‐HSL treatment group [Color figure can be viewed at wileyonlinelibrary.com]
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Boini, & Li, 2015; Lee et al., 2015). Similarly, in this study, we

proposed that the activation of caspase‐1 induced by 3‐oxo‐C12‐HSL

was mediated by the increase of the intracellular redox levels.

Therefore, we used the antioxidant NAC targeting to decrease ROS

levels, as described in a previous report (Patten et al., 2013). As

expected, the results showed that pretreatment with NAC signifi-

cantly inhibited the increase of ROS, MDA, and H2O2 levels induced

by 3‐oxo‐C12‐HSL, and simultaneously alleviated the activation of

caspase‐1. Taken together, our data strongly support that the cell

death induced by 3‐oxo‐C12‐HSL in LS174T cells is at least partially

mediated by the caspase‐1 signal pathway, and pyroptosis might be

not involved in this biological process.

It is well known that the caspase‐3 is an executioner of cell apoptosis

(Chin, Flynn, Fedwick, & Buret, 2006; Yue, Ma, Zhao, Li, & Li, 2012). In

this study, Z‐DEVD‐FMK, a specific caspase‐3 inhibitor, was used to

evaluate the importance of caspase‐3 in the process of

3‐oxo‐C12‐HSL‐mediated damages to LS174T cells. Our data showed

that Z‐DEVD‐FMK can significantly restore the viability of LS174T cells

by preventing cell apoptosis and cellular ROS production. Caspase‐1 was

identified as the IL‐1‐converting enzyme and is now classified as a

cytokine processor caspase, along with caspase‐4, 5, and 11 (Shi et al.,

2014; Shi et al., 2015). Even though the major role of caspase‐1 has been

to mediate cytokine processing, a role for caspase‐1 as an inducer of

apoptosis has also been postulated (Li et al., 2000). Next, we evaluated

F IGURE 9 Effects of VX‐765 and Z‐DEVD‐FMK on mucoprotein synthesis and sulfation in 3‐oxo‐C12‐HSL‐treated LS174T cells. LS174T
cells were incubated with VX‐765 (100 μM) or Z‐DEVD‐FMK (75 μM) together with 3‐oxo‐C12‐HSL for 4 hr. Cells were harvested and assayed
for (a) PAS staining and (b) alcian blue staining. Scale bar = 50 μm [Color figure can be viewed at wileyonlinelibrary.com]
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whether caspase‐1 mediated the activation of caspase‐3 in 3‐oxo‐C12‐
HSL‐treated LS174T cells. It is very interesting to note that VX‐765, the
specific inhibitor of caspase‐1, significantly inhibited the activation of the

active‐caspase‐3 protein expression induced by 3‐oxo‐C12‐HSL in

LS174T cells. Moreover, both VX‐765 and Z‐DEVD‐FMK, the specific

inhibitors of caspase‐1 and 3, can markedly rescue the synthesis and

mature sulfation of mucous glycoprotein secretion from LS174T cells

exposed to 3‐oxo‐C12‐HSL. These results strongly suggest that the

dysfunction of mucin production induced by 3‐oxo‐C12‐HSL to LS174T

cells largely depends on caspase‐1 and 3 cascade signals.

The human gut harbors a diverse population of nonpathogenic,

commensal bacteria whose contribution to gastrointestinal health and

disease is now recognized (Kelly & Conway, 2005). Microorganisms that

invade a vertebrate host are initially recognized by the innate immune

system through germ line‐encoded PRRs. Several classes of PRRs,

including Toll‐like receptors, function in microbial recognition and directly

activate inflammatory process (Akira, Uematsu, & Takeuchi, 2006). In the

current study, we detected the mRNA and protein expression of TLRs in

LS174T cells under 3‐oxo‐C12‐HSL exposure. The mRNA expression

results suggest that the level of TLR2, 3, and 4 mRNA expressions was

markedly increased in LS174T cells induced by 3‐oxo‐C12‐HSL exposure.

Among these TLRs, the induction of TLR2 and TLR4 was particularly

susceptible to 3‐oxo‐C12‐HSL treatment; thus we further detected the

protein expression of TLR2, TLR4, and transcription factor NF‐κB in

LS174T cells. Conversely, the level of TLR2, TLR4, and NF‐κB was

significantly downregulated by 3‐oxo‐C12‐HSL. The increase of mRNA

abundance, but a decrease in their proteins contents, indicated a

posttranscriptional regulation mechanism, such as the degradation

function of microRNA. Besides, the level of phosphorylated NF‐κB
protein did not show a significant change by 3‐oxo‐C12‐HSL. Moreover,

JSH‐23, an inhibitor of NF‐κB transcription activity did not show a

positive effect for alleviating the oxidative stress or rescuing cell viability

in 3‐oxo‐C12‐HSL treated LS174T cells. These results suggested that the

changes in TLRs expression did not induce changes in NF‐κB the

downstream signal, and the blockade NF‐κB signal pathway did not

produce a positive effect on LS174T cell when exposed to 3‐oxo‐C12‐
HSL. These data indicate that the TLRs‐NF‐κB pathway might not be

involved in the damaged process induced by 3‐oxo‐C12‐HSL to LS174T

cells. The biological significance behind the significant changes of TLRs

expression induced by 3‐oxo‐C12‐HSL still needs further investigation.

We also detected the inflammatory cytokines in the supernatant in 3‐
oxo‐C12‐HSL‐treated LS174T cells. Unexpectedly, the level of most

cytokines including IL‐1β, TNF‐α, and IL12P70 was significantly

decreased, and the level of cytokines was further decreased by

cotreatment with inhibitors of TQ416, NAC, and VX‐765. However, it
is very important to note that the level of IL‐8 was greatly increased by 3‐
oxo‐C12‐HSL. A previous study suggested that 3‐oxo‐C12‐HSL‐induced
production of IL‐8 was transcriptionally regulated by NF‐κB (Smith et al.,

2001); however, the signal pathway of NF‐κB was not altered by 3‐oxo‐
C12‐HSL in the current study. Moreover, we found that the increase of

IL‐8 induced by 3‐oxo‐C12‐HSL was inhibited after cotreatment of

TQ416, NAC, VX‐765, and 3‐oxo‐C12‐HSL in LS174T cells. Unfortu-

nately, no data or references are available for explaining the effects of

3‐oxo‐C12‐HSL with or without the inhibitors on cellular cytokines

generation or secretion. Although the significant decrease in IL‐1β, TNF‐α,
and IL12P70 levels in 3‐oxo‐C12‐HSL‐treated LS174T cells was obscure,

it is reasonable to propose that IL‐8 plays a dominant role in the damage

process of 3‐oxo‐C12‐HSL to LS174T cells based on the significant

changes of IL‐8 induced by 3‐oxo‐C12‐HSL alone or cotreated with the

inhibitors. However, whether the activation of IL‐8 is generated from pro‐
IL‐8 under the role of caspase‐1 as observed in caspase‐1‐IL‐1β
processing cascade still requries further study.

In conclusion, we report herein for the first time that 3‐oxo‐C12‐
HSL induced high oxidative stress via PON2 in LS174T goblet cells,

which in turn activated the caspase‐1 and 3 cascade signals, and

eventually resulted in cell apoptosis and the dysfunction of mucin

secretion and maturation. Innate inflammation is also involved in the

adverse impacts of 3‐oxo‐C12‐HSL to LS174T cells, cytokines

particularly IL‐8 may be involved in this process. Therefore, our data

are useful for better understanding the mechanism behind the

negative effects of QS molecules to host cells.
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