
FULL LENGTH ARTICLE

TLR4 interaction with PIEZO1 facilitates the

5-HT-mediated intestinal motility

dysfunction in offspring mice induced by LPS

exposure during pregnancy
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Abstract Several factors during pregnancy, such as changes in serotonin (5-HT) levels, can

affect intestinal function in offspring mice. The role of 5-HT in regulating intestinal motility

after lipopolysaccharide (LPS) exposure during pregnancy is unclear. In this study, Tlr4fl/fl

and Tlr4△IEC mice were injected with LPS or phosphate-buffered saline during pregnancy to

obtain prenatal LPS-exposed or non-exposed offspring mice. Changes in intestinal morphology,

motility, and the TLR4 and 5-HT signaling pathways were examined in male offspring mice. The

role of TLR4 in regulating 5-HT secretion was investigated in the BON-1 enterochromaffin cell

line. In the prenatal LPS-exposed Tlr4fl/fl group, offspring mice exhibited colonic mucosal

injury and faster intestinal motility, but these effects were absent when TLR4 was knocked

out in intestinal epithelial cells. The TLR4 and 5-HT signaling pathways were activated in

the colon of prenatal LPS-exposed Tlr4fl/fl offspring mice but were inactivated in prenatal

LPS-exposed Tlr4 knockout offspring mice. In BON-1 cells, TLR4 interacted with the calcium

ion channel PIEZO1, causing calcium influx and promoting 5-HT secretion. This process was dis-

rupted by the TLR4 inhibitor TAK242. LPS exposure during pregnancy affected intestinal

motility in offspring mice by activating TLR4 pathways in the colon and increasing 5-HT
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secretion from enterochromaffin cells. The effects of LPS on the intestine might be explained

by the interaction between TLR4 and PIEZO1, suggesting that TLR4 is related to abnormal in-

testinal motility in offspring mice exposed to LPS during pregnancy.

© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,

Ltd. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

Human health outcomes are shaped by events occurring

during pregnancy and early childhood,1 and infection during

pregnancy is a significant risk factor for health problems in

offspring.2—4 Several studies have revealed that maternal

infection during pregnancy can compromise the integrity of

the intestinal barrier and increase the risk of intestinal in-

flammatory diseases in offspring.5—8 Another study has

found that maternal prenatal exposure to lipopolysaccha-

ride (LPS) results in intestinal barrier damage in offspring,

which persists into adulthood. However, despite the

considerable focus on the intestinal barrier function of

prenatally infected offspring, research on their intestinal

motility remains limited.

Intestinal motility plays a key role in maintaining normal

intestinal physiological function.10 It is regulated by various

intestinal neurotransmitters secreted by enteroendocrine

cells, among which serotonin (5-HT) is of particular interest

to intestinal function.11 The neurotransmitter 5-HT is

mainly secreted by enterochromaffin (EC) cells, and its

extracellular levels are regulated by the sodium-dependent

serotonin transporter solute carrier family 6 member 4

(SLC6A4).12 EC cells are neurosensory cells located in the

intestinal epithelium that convert the perceived intestinal

environmental signals into 5-HT secretion, thereby

contributing to intestinal motility.13 Various factors influ-

ence 5-HT secretion in the gut, including nutrients, micro-

bial communities, and host-derived signaling

hormones.14—16 A recent study found that EC cells detect

alterations in the intestinal inflammatory environment and

release 5-HT to enhance intestinal peristalsis, thus facili-

tating the expulsion of Trichuris muris.17 Another study

reported that the gut microbiota or nutritional metabolites

can stimulate EC surface receptors to produce and secrete

5-HT, thereby improving intestinal motility.18 The neuro-

transmitter 5-HT regulates intestinal peristalsis by binding

to its receptors, of which 5-HT2, 5-HT3, and 5-HT4 have

been studied and implicated in intestinal peristalsis.19—21

Our previous studies found that prenatal LPS-exposed

offspring rats had higher levels of 5-HT in the colon.22

However, more research is needed to understand its role in

intestinal motility and how it interacts with specific regu-

latory factors.

By maintaining the integrity of the gut barrier, toll-like

receptor 4 (TLR4) contributes to the homeostasis of the gut

environment.23 Recent studies have indicated that TLR4

can influence the 5-HT-induced contractile response by

altering the expression pattern of 5-HT receptors, and

knocking out Tlr4 in mice leads to the attenuation of 5-HT-

induced colon contraction.24 According to a previous study,

TLR4 activation regulates the expression of nucleotide

binding oligomerization domain containing 1 (NOD1), which

inhibits SLC6A4 activity through the extracellular signal-

regulated kinase (ERK) signaling pathway.25 However, it has

also been found that 5-HT increases the expression of TLR4

and E. coli colonization in the gut of inflammatory bowel

disease.26 Therefore, the regulatory interplay between

TLR4 and 5-HT remains controversial. Despite the observed

correlation between the two, the precise regulatory

mechanisms require further investigation.

This study aims to investigate the key role of TLR4 in

regulating the 5-HT signaling pathway in the intestines of

offspring mice to understand the mechanism by which 5-HT

supports intestinal motility. Initially, intestinal epithelial

Tlr4 conditional knockout (Tlr4ΔIEC) mice were constructed

and injected with LPS during gestation to examine alter-

ations in intestinal dynamics in the resulting offspring.

Subsequently, a correlation between intestinal TLR4

signaling and 5-HT signaling was found through RNA

sequencing. Ultimately, in vitro experiments showed that

TLR4 interacted with Piezo-type mechanosensitive ion

channel component 1 (PIEZO1), increasing Ca2+ influx and

promoting 5-HT secretion.

Material and methods

Animals

Tlr4-floxed (Tlr4fl/fl) and Villin-Cre mice were obtained

from the Cyagen Transgenic Animal Center (Suzhou, China).

Embryonic intestine-epithelium-specific Tlr4 knockout

(Tlr4
△IEC) mice were generated by crossing Villin-Cre mice

with Tlr4fl/fl mice. This study was approved by the Animal

Ethics Committee of the Children’s Hospital of Chongqing

Medical University (Chongqing, China) (IACUC Issue No:

CHCMU-IACUC2022062914). Eight-week-old Tlr4
△IEC and

Tlr4fl/fl mice were mated overnight. Then, females were

examined for vaginal plugs the following morning. Female

mice were randomly injected intraperitoneally with LPS

(MilliporeSigma, Burlington, Massachusetts, USA) at 50 μg/

kg or an equivalent volume of phosphate buffer saline (PBS)

at 14.5 days of gestation, as shown in Figure 1. Since hor-

mone levels at different periods quickly affect intestinal

development in female mice, only male offspring mice

were used in this study.27 DNA was extracted from the tail

tissue of 3-week-old offspring mice for genotyping, and

then offspring mice were divided into four groups: Tlr4fl/fl-

PBS, Tlr4fl/fl-LPS, Tlr4
△IEC-PBS, and Tlr4

△IEC-LPS. The in-

testinal motility test was performed on 6-week-old male

mice. At eight weeks, the mice were euthanized with

phenobarbital sodium. The entire middle part of the colon

tissue of each mouse was collected on ice, snap-frozen in
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liquid nitrogen, and stored in a − 80 ◦C freezer for subse-

quent experiments.

Hematoxylin and eosin staining

The colon tissue sample was embedded in paraffin and cut

into sections at 5 μm thickness using a Leica RM2265

paraffin microtome (Leica Microsystems GmbH, Wetzlar,

Germany). The sections were deparaffinized, hydrated, and

stained with hematoxylin and eosin according to standard

procedures, sealed and dried, and scanned by an SQS-40P

slide scanning system (Shengqiang Technology Co., Ltd.,

Shenzhen, China). Digital pathological sections were

analyzed using the ImageJ Pro Plus 6.0 software (National

Institutes of Health, Bethesda, Maryland, USA).

Gut motility assessments

After fasting overnight, we administered to offspring mice

300 μL of a carmine red (MilliporeSigma) solution by gavage,

and their stool color was observed every 10 min. The time

from gavage to discharge of carmine red was recorded as

the gastrointestinal transit time. We measured colonic

transit time using 3 mm-diameter glass beads pushed

approximately 3 cm from the anus to the colon of the

mouse, and the time of glass bead expulsion was recorded

as the colonic transit time. The water content of feces was

measured after overnight fasting by collecting, weighing,

and recording the weight of the feces of offspring mice as

W1. Then, after baking the collected feces in an oven at

60 ◦C for 24 h, the weight of the dried feces was deter-

mined and recorded as W2. Fecal water content was

calculated using the formula: fecal water content �

(W1 − W2)/W1.

RNA sequencing analysis

The entire middle part of the colon tissue of the mice from

each of the four groups was subjected to RNA sequencing

analysis. After extracting total RNA from each sample, RNA

concentration and purity were determined using a Nano-

Drop 2000 spectrometer (Thermo Fisher Scientific Inc.,

Waltham, Massachusetts, USA). Subsequently, after

enriching the mRNA using Oligo (dT) beads, the mRNA was

fragmented by adding lysis buffer, and small fragments of

approximately 300 bp were isolated using magnetic beads.

Figure 1 Schematic diagram of the four groups. Tlr4fl/fl mice were crossbred with Tlr4ΔIEC mice, and the female mice were

intraperitoneally injected with 50 μg/kg of lipopolysaccharide (LPS) or an equivalent volume of phosphate buffer saline (PBS) at

gestational day 14.5. After genotyping, the offspring mice were divided into four groups: Tlr4fl/fl-PBS, Tlr4fl/fl-LPS, Tlr4ΔIEC-PBS,

and Tlr4ΔIEC-LPS. Intestinal motility and fecal water content were measured at 6 weeks of age. Colon tissue was collected at 8

weeks of age.

TLR4/PIEZO1 in LPS-induced dysmotility 3



The mRNA was used as a template to synthesize the first

strand of cDNA using reverse transcriptase, followed by the

synthesis of the second strand of cDNA using DNA poly-

merase. Then, the End Repair Mix and poly(A) were added

to the synthesized cDNA fragment. Ultimately, mRNA

sequencing was performed by Majorbio Biotech Co., Ltd.

(Shanghai, China) using the Illumina Novaseq 6000

sequencing platform (Illumina Inc.). DESeq2 was used to

identify differentially expressed genes (DEGs) with fold

change >2 and P-value <0.05. The function of DEGs was

investigated by performing Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathway enrichment analyses. We

then focused on the most relevant primary pathway linked

to intestinal peristaltic function in the enriched KEGG

pathway, which was the 5-HT pathway. We then con-

structed gene sets for the 5-HT and TLR4 pathways, and the

expression of the two gene sets in the four sample groups

was analyzed. Finally, we looked at related studies and

websites to find genes that are closely related to our

research and checked their expression levels using quanti-

tative PCR.

Western blotting analysis

We extracted the total protein from the middle part of the

colon tissue of the mice from each of the four groups using

the total protein extraction kit (KeyGen Biotech, Nanjing,

China), according to the manufacturer’s instructions. After

separating the proteins by sodium dodecyl sulfate-poly-

acrylamide gel electrophoresis (SDS-PAGE), the proteins

were electro-transferred onto 0.22 μm polyvinylidene

difluoride (PVDF) membranes, which were then blocked

with blocking buffer (5% non-fat dry milk and 0.05% Tween-

20 in phosphate-buffered saline) at 4 ◦C. Subsequently, the

membranes were individually incubated with the respective

primary antibodies at 4 ◦C overnight. The primary anti-

bodies used included anti-TLR4 (Cat#SC-293072; Santa Cruz

Biotechnology Inc., Santa Cruz, California, USA), anti-RELA

(Cat#8242s; Cell Signaling Technology Inc., Danvers, Mas-

sachusetts, USA), anti-phosphoRELA (Cat#3033s; Cell

Signaling Technology Inc.), anti-CHUK (Cat#61294s; Cell

Signaling Technology Inc), anti-PTGS2 (Cat#RT1159; Hua-

bio, Hangzhou, China), anti-TPH1 (Cat#CY5574; Abways,

Shanghai, China), anti-SLC6A4 (Cat#382321; Zen-Biosci-

ence, Chengdu, China), anti-HTR2C (Cat#381979; Zen-

Bioscience), anti-HTR3A (Cat#120185; Zen-Bioscience),

anti-HTR4 (Cat#860013; Zen-Bioscience), and anti-ACTB

(Cat#AC026; ABclonal Biotech Co., Ltd., Wuhan, China).

Following incubation with the primary antibodies, the

membranes were washed and incubated with the appro-

priate horseradish peroxidase (HRP)-conjugated secondary

antibodies (ATGen Co., Ltd., Solana Beach, California, USA)

at room temperature for 1 h. After detection of the

immunoreactive proteins, the membranes were washed

with an antibody-stripping buffer (KeyGen Biotech). Sub-

sequently, the membranes were incubated with anti-ACTB

primary antibody at room temperature for 2 h, followed by

incubation with the appropriate secondary antibody to

detect the immunoreactive ACTB protein band. The target

and internal control proteins are shown on intact mem-

branes without clipping. The immunoreactive protein bands

on the membranes were visualized using a chemilumines-

cent HRP substrate (MilliporeSigma). The images were

captured using a Syngene GBox Imaging System (Syngene,

Cambridge, UK).

RNA isolation and quantitative real-time PCR

Total RNA was extracted using Trizol reagent (Beijing

Solarbio Science & Technology Co., Ltd., Beijing, China).

The mRNA was reverse-transcribed using a high-capacity

cDNA reverse transcription kit (Takara Bio, Otsu, Shiga,

Japan) and subjected to quantitative real-time PCR analysis

using SYBR Green I Master Mix reagent (QIAGEN GmbH,

Hilden, Germany) on a Bio-Rad CFX system (Bio-Rad Labo-

ratories, Hercules, California, USA). The sequences of the

primers synthesized and used in this study are listed in

Table S1.

Enzyme-linked immunosorbent assay (ELISA)

The concentration of 5-HT in colon tissue, fecal samples,

and cell supernatants was determined with ELISA under the

manufacturer’s protocol (Ruixin Biotech Co., Ltd., Quanz-

hou, China).

Cell culture

The BON-1 cell line was obtained from the Cancer Institute,

Hospital of the Chinese Academy of Medical Sciences (Bei-

jing, China). Cells were maintained in RPMI 1640 medium

supplemented with 5% fetal bovine serum in a humidified

incubator at 37 ◦C with 5% CO2. Before the LPS treatment,

the cells were treated with the TLR4 inhibitor TAK-242

(M4838; ABMole BioScience Inc., Houston, Texas, USA) at

10 μmol/L for 1 h. Cells were then harvested after 12 h of

treatment with LPS or PBS. The four cell treatment groups

were as follows: PBS, PBS + TAK-242, LPS, and LPS + TAK-

242.

Immunofluorescence staining

The cells were fixed with 4% paraformaldehyde at room

temperature for 20 min, and then permeated with 0.2%

Triton X-100 (Beyotime Biotechnology, Shanghai, China) for

10 min. After rinsing with PBS, cells were blocked with 5%

bovine serum albumin (FA016; GenView Corp., Houston,

Texas, USA) at room temperature for 30 min. The corre-

sponding primary antibodies, including anti-TLR4

(Cat#19811-1-Ap; Proteintech Group Inc., Rosemont, Illi-

nois, USA), anti-5-HT (Cat#5-HT-H209; GeneTex Inc., Irvine,

California, USA), and anti-PIEZO1 (Cat#28511-1-AP; Pro-

teintech Group Inc.), were incubated at 4 ◦C overnight. The

cell nuclei were stained by incubating with the fluorescent

dye 4′,6-diamidino-2-phenylindole (Abcam, Cambridge, UK)

at room temperature in the dark for 45 min. Then, the cells

were incubated with the appropriate fluorescent secondary

antibody (Abcam) at room temperature in the dark for 1 h.

The tissue section staining procedure was the same as

above. After sealing, the cell slides and tissue sections

were observed by confocal fluorescence microscopy using a
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Nikon Eclipse 80i confocal fluorescence microscope (Nikon

Instruments, Tokyo, Japan).

Calcium imaging

The BON-1 cells were seeded in 35-mm confocal dishes for

calcium imaging of each treatment group. When the cells

reached 70%—80% confluency, intracellular calcium levels

were determined using the Fluo-4 Calcium Assay Kit

(Cat#S1061S, Beyotime Biotechnology), which is based on

the detection of the fluorescent light emitted by the cal-

cium indicator Fluo-4 AM upon binding to Ca2+. All pro-

cedures were performed in strict accordance with the

manufacturer’s instructions. The Ca2+ influx was imaged

under a fluorescence microscope, and the fluorescence

intensity of Ca2+ was analyzed using the Nikon analysis

software.

Co-immunoprecipitation

Cells were collected and lysed with radio-

immunoprecipitation assay (RIPA) buffer (KeyGen Biotech)

to obtain proteins, which were then co-immunoprecipi-

tated with the TLR4 antibody using a co-immunoprecipita-

tion kit (Beyotime Biotechnology). Briefly, the TLR4

antibody was bound to proteins to form immune complexes,

which were then immunoprecipitated with magnetic beads

and pre-washed to remove non-specifically bound proteins.

TLR4 and PIEZO1 were detected in the immune complexes

by SDS-PAGE on a polyacrylamide gel (Epizyme Biomedical

Technology, Shanghai, China), using the same procedure as

for western blotting analysis.

Statistical analysis

Differences among the different groups were evaluated

using a two-way analysis of variance (ANOVA), followed by a

Bonferroni post hoc test. When statistically significant in-

teractions were detected, the Bonferroni post hoc test was

used to determine significant differences among the

experimental groups. A t-test was used to analyze the ef-

fect of LPS and TLR4 when no statistically significant

interaction was found between LPS and TLR4. Genotyping

and quantitative PCR data from drug-treated cells were

analyzed using a t-test and one-way ANOVA, respectively.

Statistical analyses were performed using GraphPad Prism

8.0 (GraphPad Software Inc., San Diego, California, USA).

Data were expressed as mean ± standard error of

the mean. Statistical significance was defined as *P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001, and ∗∗∗∗P < 0.0001.

Results

Prenatal LPS treatment increased intestinal

mucosal damage and gastrointestinal motility in

Tlr4fl/fl offspring mice but not in Tlr4ΔIEC mice

Before the corresponding experiments, each mouse was

genotyped, and quantitative PCR analysis was performed to

investigate the effect of intestinal Tlr4 knockout on gene

expression, and typical experimental results are shown in

Figure S1. The offspring of LPS-exposed Tlr4fl/fl mice

showed a reduction in the thickness of the colonic mucus

layer and compromised integrity of the colonic mucus layer

compared with PBS-treated mice (P � 0.0197) (Fig. 2A, B).

No significant changes were observed in the submucosa,

muscularis, and serous layers between the two groups. In

contrast, Tlr4ΔIEC mice showed no significant differences in

colon structure between LPS and PBS treatment groups

(Fig. 2A). Additionally, as shown in Figure 2C, the colonic

transit time in Tlr4fl/fl offspring mice of the LPS group was

shorter than that in those of the PBS group (P � 0.0063),

but there was no significant difference in Tlr4ΔIEC offspring

mice. Similarly, the fecal water content in Tlr4fl/fl offspring

mice of the LPS group was higher than that in those of the

PBS group (P � 0.0001), but there was no significant dif-

ference in Tlr4ΔIEC offspring mice between the two groups

(Fig. 2D). The interaction between the LPS treatment and

the Tlr4-tissue specific knockout also had a significant ef-

fect on colonic transit time and fecal water content, ac-

cording to a Bonferroni post hoc analysis (P � 0.00116 and

P � 0.0027, respectively). Prenatal LPS exposure signifi-

cantly shortened the gastrointestinal transit time in Tlr4fl/fl

offspring mice but not in Tlr4ΔIEC offspring mice

(P � 0.0149), and there was no interaction effect between

LPS treatment and the Tlr4 knockout (Fig. 2E). After

combining the two PBS and LPS groups, the gastrointestinal

transit time was significantly increased in the combined

Tlr4ΔIEC group compared with the combined Tlr4fl/fl group

(P < 0.0001). Additionally, the gastrointestinal transit time

in the combined LPS group was also statistically signifi-

cantly lower than that in the combined PBS group following

together with the two Tlr4fl/fl and Tlr4ΔIEC groups

(P � 0.0280) (Fig. 2E).

These results suggest that prenatal LPS exposure

impaired intestinal structure and increased fecal water

content and gastrointestinal motility in Tlr4fl/fl offspring

mice, but had no significant effect on Tlr4ΔIEC offspring

mice.

Prenatal LPS exposure activated the TLR4 signaling

pathway in the intestine of Tlr4fl/fl offspring mice

but did not affect Tlr4ΔIEC offspring mice

The expression of proteins related to the TLR4 signaling

pathway in the colon of 8-week-old offspring mice was

analyzed to determine whether TLR4 played a role in LPS-

induced maternal immune activation. The expression level

of TLR4 protein was significantly increased in Tlr4fl/fl mice

of the LPS group compared with that in Tlr4fl/fl mice of the

PBS group (P � 0.0003). TLR4 protein expression was

significantly reduced after conditional knockout of Tlr4,

and LPS exposure could not induce Tlr4 expression (Fig. 3A,

C). Proteins downstream of TLR4 were also examined. The

component of inhibitor of nuclear factor Kappa B kinase

complex (CHUK, also known as inhibitor of nuclear factor

kappa-B kinase subunit alpha (IKKA)) is an inhibitor kinase

of RELA (RELA proto-oncogene, NF-κB subunit).28 Our re-

sults showed that the protein expression level of CHUK was

higher in the colon of Tlr4fl/fl mice of the LPS group than

that in those of the PBS group (P � 0.0046), but its protein
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expression was not induced in Tlr4ΔIEC mice of the LPS

group. Additionally, there was an effect of the interaction

between LPS exposure and Tlr4 knockout in intestinal

epithelium on both the TLR4 and CHUK protein levels

(P � 0.0012 and P � 0.0048, respectively) (Fig. 3B, C).

RELA, also known as P65, is a crucial functional subunit of

the NF-kB complex. The ratio of phosphorylated-RELA (P-

RELA) to total RELA is generally used to gain insight into the

activation state of the NF-κB signaling pathway.29 We found

that the P-RELA to RELA ratio showed an increasing trend

Figure 2 Morphological observation and intestinal motility changes in the colon of offspring mice. (A) The hematoxylin and eosin

staining of colon samples from the offspring of Tlr4fl/fl and Tlr4ΔIEC mice treated with phosphate buffer saline (PBS) or lipopoly-

saccharide (LPS) provided an overview of the colon in both groups. Scale bar � 250 μm (n � 3 per group). (B) Histogram of colonic

tissue mucosal layer thickness quantification in offspring mice of the four groups. (C) The colonic transit time in the offspring of

Tlr4fl/fl and Tlr4ΔIEC mice after treatment with LPS or PBS (n � 10 per group; two-way ANOVA). (D) Fecal water content in the Tlr4fl/

fl and Tlr4ΔIEC offspring with or without LPS exposure (n � 10 per group; two-way ANOVA). (E) The gastrointestinal transit time of

the offspring mice in the Tlr4fl/fl and Tlr4ΔIEC groups with or without LPS treatments (n � 10 per group; two-way ANOVA). In the

combined Tlr4fl/fl and Tlr4ΔIEC groups, as well as in the combined PBS and LPS groups (n � 20 per group), Tlr4 knockout or LPS

treatment independently affected gastrointestinal transit time. Data were presented as mean ± standard error of the mean. The

term “Interaction” denotes the effect of LPS on the Tlr4ΔIEC mice compared with Tlr4fl/fl mice. ns, not significant; *P < 0.05,

**P < 0.01, ****P < 0.0001, and ****P < 0.0001.
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with LPS exposure, regardless of whether it was in the colon

of the offspring of the Tlr4fl/fl or Tlr4ΔIEC mice, and there

was no significant interaction between LPS exposure and

Tlr4 knockout (Fig. 3B, C). After combining the two LPS

groups with Tlr4fl/fl and Tlr4ΔIEC mice, the P-RELA to RELA

ratio in the combined LPS group showed a significant in-

crease compared with that in the combined PBS group

(P � 0.0101). However, there was no significant difference

between the combined LPS groups with Tlr4fl/fl and Tlr4ΔIEC

mice. These results suggest that the P-RELA to RELA ratio in

the colon of offspring mice was mainly affected by prenatal

LPS exposure (Fig. 3B, C). Prostaglandin-endoperoxide

synthase 2 (PTGS2, also known as COX-2) is regulated by

TLR4 signaling and plays a vital role in proliferation and

apoptosis in the intestine.30 The intestinal protein expres-

sion level of PTGS2 in Tlr4fl/fl mice of the LPS group was

significantly higher than that in Tlr4fl/fl mice of the PBS

group (P < 0.0001), but no difference was found between

the LPS and PBS exposure after knocking out Tlr4 in the

intestinal epithelium. The Bonferroni post hoc analysis

showed an interaction between LPS exposure and Tlr4

knockout (P < 0.0001) (Fig. 3B, C).

These findings suggest that prenatal LPS exposure

induced intestinal TLR4 signaling activation in Tlr4fl/fl

offspring but not in Tlr4ΔIEC mice.

The 5-HT signaling pathways were involved in

intestinal transit dysfunction in prenatal LPS-

exposed offspring mice

Having found intestinal motility abnormalities and the

activation of the TLR4 signaling pathway in offspring mice

exposed to LPS during pregnancy, we performed RNA

sequencing analysis to identify altered pathways and DEGs

in colon tissue. RNA sequencing analysis revealed a total of

824 DEGs, including 506 up-regulated and 318 down-regu-

lated genes, between the LPS and PBS groups in Tlr4fl/fl

offspring mice, and 683 DEGs, including 406 up-regulated

genes and 277 down-regulated genes in the Tlr4ΔIEC

offspring mice (Fig. 4A). In addition, KEGG pathway

enrichment analysis of DEGs in the Tlr4fl/fl offspring mice

revealed the enrichment of four relevant pathways: sero-

tonergic synapse, NF-κB signaling pathway, Toll-like re-

ceptor signaling pathway, and tryptophan metabolism

(Fig. 4A). The expression of DEGs involved in these four

pathways was higher in the prenatal LPS-exposed Tlr4fl/fl

offspring mice than in the prenatal PBS-exposed Tlr4fl/fl

offspring mice. We also identified Tlr4-and 5-HT-related

gene sets and performed gene cluster expression analysis in

tissue samples of the four groups. A high level of expression

of TLR4-and 5-HT-related genes was detected in the

Figure 3 The levels of colonic TLR4 and related protein expression in Tlr4fl/fl and Tlr4ΔIEC offspring mice with or without prenatal

LPS exposure. (A) The levels of colonic TLR4 protein expression in offspring mice (n � 4 per group). (B) The levels of colonic CHUK,

RELA, P-RELA, and PTGS2 protein expression in the four groups (n � 4 per group). (C) The TLR4, CHUK, and PTGS2 protein

expression levels in the four groups were normalized to ACTB, and the P-RELA to RELA ratio was used to evaluate the proportion of

P-RELA quantitatively (n � 4 per group; two-way ANOVA). Data were presented as mean ± standard error of the mean. The term

“Interaction” denotes the effect of LPS in the Tlr4ΔIEC mice compared with Tlr4fl/fl mice. ns, not significant; *P < 0.05, **P < 0.01,

***P < 0.001, and ****P < 0.0001. TLR4, toll-like receptor 4; LPS, lipopolysaccharide; CHUK, component of inhibitor of nuclear factor

Kappa B kinase complex; PTGS2, prostaglandin-endoperoxide synthase 2; ACTB, actin beta.
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Figure 4 Gene expression profile in both the Tlr4fl/fl group and Tlr4ΔIEC group with or without prenatal LPS exposure. (A) Analysis

of differentially expressed genes (DEGs) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment in the Tlr4fl/fl

group and the Tlr4ΔIEC group, with or without LPS treatment. (B) Heatmaps of Tlr4 and 5-HT signaling pathway-related gene set

expression in the four groups. (C) The expression of up-regulated genes in the colon of offspring mice in the Tlr4fl/fl and Tlr4ΔIEC

groups with or without LPS treatment during gestation was validated by quantitative PCR analysis (n � 5 per group; two-way

ANOVA). The Reg4 and Sypl2 mRNA expression levels were independently affected by Tlr4-specific knockout or LPS in the combined

Tlr4fl/fl and Tlr4ΔIEC groups, as well as in the combined PBS and LPS groups (n � 10). Data were presented as mean ± standard error

of the mean. The term “Interaction” denotes the effect of LPS in the Tlr4ΔIEC mice compared with Tlr4fl/fl mice. ns, not significant;

*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. LPS, lipopolysaccharide; PBS, phosphate buffer saline; TLR4, toll-like

receptor 4; 5-HT, 5-hydroxytryptamine; Reg4, regenerating family member 4; Sypl2, synaptophysin like 2.
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intestinal tract of prenatal LPS-exposed Tlr4fl/fl offspring

mice, but not in the colon of prenatal LPS-exposed Tlr4ΔIEC

offspring mice (Fig. 4B). The RNA sequencing results were

validated by measuring mRNA levels of a few selected

genes in the four groups by quantitative PCR analysis

(Fig. 4C). The expression level of Tlr4 mRNA in the colon of

prenatal LPS-exposed Tlr4fl/fl offspring mice was signifi-

cantly higher than that in the PBS group (P � 0.0194), and

there was no significant difference between the two

Tlr4ΔIEC groups (with or without LPS exposure) during

pregnancy. This finding aligns with our observation of the

activation of the TLR4 pathway. The 5-hydroxytryptamine

receptor 4 (Htr4) is a key molecule involved in the regula-

tion of intestinal motility.31 The intestinal mRNA expression

level of Htr4 was significantly higher in Tlr4fl/fl offspring

mice of the LPS group than that in those of the PBS group

(P � 0.0074). However, the intestinal mRNA expression

level of Htr4 could not be increased by prenatal LPS

exposure after intestinal-specific knockout of Tlr4

(Fig. 4C). Furthermore, Bonferroni post hoc analysis

revealed a significant effect of the interaction between LPS

exposure and Tlr4 knockout on the Tlr4 and Htr4 mRNA

expression levels (P � 0.0166 and P � 0.0005, respec-

tively). Regenerating family member 4 (Reg4)32 and syn-

aptophysin-like 2 (Sypl2) are two new biomarkers for EC

cells. Subsequent examination of the mRNA expression

levels of Reg4 and Sypl2 revealed that their mRNA expres-

sion levels in the colon were significantly increased in LPS-

exposed Tlr4fl/fl offspring mice (P � 0.0317 and

P � 0.0096, respectively), but LPS exposure did not lead to

these significant changes after Tlr4-specific knockout

(Fig. 4C). After combining the PBS and LPS groups or the

Tlr4ΔIEC and Tlr4fl/fl groups, the mRNA expression level of

Reg4 was significantly increased in the combined LPS group

compared with that in the combined PBS group

(P � 0.0116), suggesting that the main effect of LPS on the

Reg4 mRNA expression level is independent of Tlr4

knockout. Additionally, the expression level of Sypl2 mRNA

in the combined Tlr4ΔIEC group was significantly decreased

compared with in the combined Tlr4fl/fl group (P � 0.0001),

indicating that the main effect of Tlr4 knockout on the

Sypl2 mRNA expression level is independent of LPS

exposure.

Prenatal LPS-exposed Tlr4fl/fl offspring mice had acti-

vated 5-HT pathways in the colon, which were not acti-

vated in prenatal LPS-exposed Tlr4ΔIEC offspring mice.

Prenatal exposure to LPS induced activation of the

5-HT signaling pathway in the Tlr4fl/fl offspring but

had no impact on the Tlr4ΔIEC offspring

To evaluate the changes in 5-HT levels and signaling path-

ways in the intestinal tract of prenatal LPS-exposed

offspring mice, we first analyzed the protein levels of the

rate-limiting enzyme tryptophan hydroxylase (TPH1). As

shown in Figure 5A, exposure to LPS led to a significant up-

regulation of TPH1 protein expression in Tlr4fl/fl mice

(P � 0.0192), but no statistically significant difference in

TPH1 protein expression was found in the Tlr4ΔIEC offspring,

although an uptrend in the TPH1 protein expression level

was observed after LPS exposure. After combining the

Tlr4fl/fl and Tlr4ΔIEC groups, the TPH1 protein expression

level was significantly increased in the combined LPS group

compared with that in the combined PBS group

(P � 0.0002) (Fig. 5A, B), suggesting that the main effect of

LPS on the TPH1 protein expression level is independent of

Tlr4 knockout. In addition, the protein expression levels of

SLC6A4 were significantly decreased in the Tlr4fl/fl offspring

mice after LPS exposure (P � 0.0139), and there was no

statistically significant difference between the LPS and PBS

exposures of the mice in the Tlr4ΔIEC group. After

combining the PBS and LPS groups or the Tlr4ΔIEC and Tlr4fl/

fl groups, the expression level of SLC6A4 in the combined

Tlr4ΔIEC group was significantly increased compared with

that in the combined Tlr4fl/fl group (P � 0.0017), while in

the combined LPS group, the expression of SLC6A4 was

significantly decreased compared with that in the combined

PBS group (P � 0.0474) (Fig. 5A, B).

Furthermore, prenatal LPS-exposed Tlr4fl/fl mice

expressed high levels of 5-hydroxytryptamine receptor 2C

(HTR2C), 5-hydroxytryptamine receptor 3A (HTR3A), and 5-

hydroxytryptamine receptor 4 (HTR4) in the intestinal tract

(P � 0.0014, P � 0.0412, and P � 0.0019, respectively),

but no changes in the intestinal expression of these re-

ceptors were observed in Tlr4ΔIEC offspring mice with or

without LPS exposure (Fig. 5A, B). Furthermore, the Bon-

ferroni post hoc analysis revealed a significant effect of the

interaction between the LPS treatment and Tlr4ΔIEC mice

on the expression of these 5-HT receptors (P � 0.0035,

P � 0.0163, and P � 0.0240, respectively). Subsequent

measurement of the levels of 5-HT in colon tissue and feces

revealed that prenatal LPS-exposed Tlr4fl/fl offspring mice

showed a remarkable increase in 5-HT levels in colon tissue

and feces (P < 0.0001 and P � 0.0092, respectively),

whereas Tlr4ΔIEC offspring mice, regardless of LPS expo-

sure, showed no significant increase in 5-HT levels (Fig. 5C,

D). Additionally, there was a significant effect of the

interaction between LPS exposure and Tlr4-specific

knockout on the levels of 5-HT both in colon and fecal

samples (P � 0.0004 and P � 0.0071, respectively).

Prenatal LPS exposure activated the 5-HT signaling

pathway in the intestines of Tlr4fl/fl offspring mice,

increasing the level of the enzyme that limits 5-HT syn-

thesis and decreasing the level of the transporter protein.

LPS treatment and Tlr4 knockout influenced the expression

of the 5-HT receptor and intestinal levels of 5-HT, but the

Tlr4ΔIEC group showed no significant changes in 5-HT

pathway activation.

TLR4 and 5-HT levels were higher in the LPS-

exposed BON-1 cells, but these LPS-induced effects

were abolished by TAK-242 treatment

BON-1 cells were used to confirm the co-localization and

changes in the levels of TLR4 and 5-HT by immunofluores-

cence staining. As shown in Figure 6A, LPS treatment

significantly increased the levels of 5-HT and TLR4 in BON-

1 cells. Additionally, the treatment with the TLR4 inhibitor

TAK-242 effectively mitigated this LPS-induced effect. We

quantified the fluorescence intensities of TLR4 and 5-HT, as

shown in Figure 6B. LPS increased the mean fluorescence

intensity of TLR4 and 5-HT in BON-1 cells compared with
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PBS (P < 0.0001 and P < 0.0001, respectively), while TAK-

242 blocked this effect. The interaction between LPS

treatment and TAK-242 treatment had a significant effect

on the fluorescence intensity of TLR4 and 5-HT (P < 0.0001

and P < 0.0001, respectively).

These results suggest that LPS stimulation can increase

the levels of TLR4 and 5-HT in BON-1 cells, and the TLR4

inhibitor TAK242 can block this effect.

The interaction between TLR4 and PIEZO1 proteins

facilitated calcium influx in LPS-treated BON-

1 cells, potentially leading to the secretion of 5-HT

We investigated the mechanism of action of TLR4 and the

synthesis of 5-HT in vitro in BON-1 cells treated with LPS

and TAK-242. Initially, quantitative PCR analysis was per-

formed to determine the mRNA expression levels of Tlr4

Figure 5 The expression levels of colonic 5-HT-related proteins in Tlr4fl/fl and Tlr4ΔIEC offspring mice with or without prenatal

LPS exposure. (A) The protein expression levels of TPH1, SLC6A4, HTR2C, HTR3A, and HTR4 in the four groups. (B) TPH1, SLC6A4,

HTR2C, HTR3A, and HTR4 protein expression levels normalized to ACTB (n � 4 per group; two-way ANOVA). In the combined Tlr4fl/fl

and Tlr4ΔIEC groups, as well as in the combined PBS and LPS groups (n � 8), TPH1 and SLC6A4 expression levels were independently

affected by Tlr4-specific knockout or LPS exposure. (C, D) With or without prenatal LPS exposure, 5-HT concentrations in colon and

fecal samples of Tlr4fl/fl and Tlr4ΔIEC offspring mice were detected by ELISA (n � 10 per group; two-way ANOVA). Data were

presented as mean ± standard error of the mean. The term “Interaction” denotes the effect of LPS in the Tlr4ΔIEC mice compared

with Tlr4fl/fl mice. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. LPS, lipopolysaccharide; PBS,

phosphate buffer saline; 5-HT, 5-hydroxytryptamine; TPH1, tryptophan hydroxylase 1; SLC6A4, solute carrier family 6 member 4;

HTR2C, 5-hydroxytryptamine receptor 2C; HTR3A, 5-hydroxytryptamine receptor 3A; HTR4, 5-hydroxytryptamine receptor 4; ACTB,

actin beta.
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Figure 6 Levels of 5-HT and TLR4 in BON-1 cells treated with LPS or PBS combined with TAK-242. (A) Confocal microscopy imaging

showing that BON-1 cells treated with PBS and LPS with or without TAK-242 (a TLR4 inhibitor) co-localized with 5-HT (green) and

TLR4 (red). Scale bar � 50 μm (n � 10 per group; 400 × ). (B, C) Quantification of the mean fluorescence intensity for TLR4 and 5-

HT (n � 10 per group). Data are expressed as mean ± standard error of the mean; ns, not significant; ****P < 0.0001. 5-HT, 5-

hydroxytryptamine; TLR4, toll-like receptor 4; LPS, lipopolysaccharide; PBS, phosphate buffer saline.

TLR4/PIEZO1 in LPS-induced dysmotility 11



Figure 7 TLR4 binds with PIEZO1 to promote calcium influx in BON-1 cells. (A) The mRNA expression levels of TLR4, PIEZO1, and

TRPA1 in BON-1 cells treated with different concentrations of LPS were determined by quantitative PCR analysis (n � 5 per group;

one-way ANOVA). (B) Calcium images showing calcium influx changes in the BON-1 cells treated with PBS or LPS combined with or

without the TLR4 inhibitor TAK-242. Scale bar � 50 μm (n � 3 per group). (C) The co-localization observation of TLR4 (green) and
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and proteins associated with calcium channels in BON-

1 cells following LPS stimulation. The results, shown in

Figure 7A, revealed that the mRNA expression levels of both

TLR4 and PIEZO1 were significantly induced by LPS at 40 ng/

mL in BON-1 cells (P � 0.0004 and P � 0.0273, respec-

tively). However, no significant statistical difference was

found in the mRNA expression levels of the transient re-

ceptor potential cation channel subfamily A member 1

(TRPA1) after treatment with different concentrations of

LPS. Calcium imaging revealed that LPS stimulation induced

marked calcium influx in BON-1 cells, while treatment with

TAK-242 attenuated the LPS-induced calcium influx

(Fig. 7B). We also evaluated the relationship between the

protein expression of TLR4 and the ion channel protein

PIEZO1 in BON-1 cells after LPS exposure. Immunofluores-

cence staining revealed increased co-localization of TLR4

and PIEZO1 proteins in BON-1 cells treated with LPS.

However, treatment with TAK-242 resulted in decreased co-

expression of TLR4 and PIEZO1 proteins in response to LPS

(Fig. 7C). Additionally, co-immunoprecipitation analysis of

the protein—protein interaction between TLR4 and PIEZO1,

using the anti-TLR4 antibody to precipitate the PIEZO1,

revealed that PIEZO1 was strongly bound to TLR4 in LPS-

treated BON-1 cells (Fig. 7D). We also measured the con-

centration of 5-HT in the cell supernatant and found that it

was increased by LPS treatment compared with PBS treat-

ment (P � 0.0078), but this effect was blocked by TAK242,

revealing a significant effect of the interaction between

LPS and TAK-242 treatments on the 5-HT levels in the cell

supernatant (P � 0.0082) (Fig. 7E).

According to these findings, LPS stimulation up-regu-

lated the expression levels of TLR4 and PIEZO1 and facili-

tated their interaction in BON-1 cells, triggering cellular

calcium influx and possibly leading to the release of 5-HT.

PIEZO1 was highly expressed in the colon of Tlr4fl/fl

offspring mice exposed to LPS during pregnancy but

not in Tlr4ΔIEC mice

The expression of PIEZO1 in the colonic mucosa of offspring

mice was detected by immunofluorescence staining. As

shown in Figure 8A, the expression of PIEZO1 in the colonic

mucosa of offspring mice exposed to LPS during pregnancy in

the Tlr4fl/fl group was significantly higher than in the PBS

group (P � 0.0001). In addition, there was no difference in

the expression of PIEZO1 between the LPS and PBS groups in

Tlr4ΔIEC mice. The mean values of the quantification of the

immunofluorescence intensity of PIEZO1 are shown in Figure

8B. There was an interaction between LPS exposure and Tlr4

knockout in the intestinal epithelium (P � 0.0054).

These results suggest that LPS exposure during preg-

nancy increased the expression of PIEZO1 in the colonic

mucosa of offspring mice. However, Tlr4 knockout in the

intestinal epithelium did not have this effect.

Discussion

This study found increased fecal water content and accel-

erated intestinal motility in prenatal LPS-exposed offspring

mice. However, prenatal LPS exposure did not improve the

intestinal motility of offspring mice after the conditional

knockout of intestinal epithelial Tlr4. These results sug-

gested that intestinal epithelial TLR4 is involved in intes-

tinal motility abnormalities in prenatal LPS-exposed

offspring mice.

A healthy maternal prenatal environment plays a crucial

role in the healthy development of offspring.1—3 Numerous

studies have reported that prenatal infection is associated

with abnormal intestinal function in offspring. It was found

that prenatal inflammation caused by prenatal exposure to

LPS could damage the integrity of the intestinal barrier in

offspring, which persists into adulthood.9 Another study

found that infections during pregnancy increased the sus-

ceptibility of offspring to intestinal inflammatory diseases.7

Although several studies have observed changes in the

offspring gut, few have specifically focused on offspring gut

motility. Normal intestinal motility, essential for nutrient

absorption and waste expulsion, facilitates digestive tract

propulsion of ingested material.10 Considering the lack of

research on offspring gut motility, we sought to conduct

this study.

While gut epithelial TLR4 is primarily responsible for

maintaining intestinal immune barrier homeostasis, its in-

fluence on intestinal motility remains underexplored. The

diarrhea-predominant irritable bowel syndrome (IBS-D)

model rats showed accelerated intestinal motility accom-

panied by an increase in TLR4 expression.33 Other studies

have found that TLR4 is involved in the neurotransmitter-

induced contractile response, including acetylcholine and

opioid-induced intestinal peristalsis, and the corresponding

peristaltic response was reduced after Tlr4 knockout.34,35

These studies suggest that TLR4 participates in the regu-

lation of intestinal motility. LPS naturally activates TLR4.

Research showed that LPS significantly reduced the longi-

tudinal smooth muscle contractions of the duodenum

induced by acetylcholine in rabbits, but this effect could be

reduced by pyrrolidinedithiocarbamate (PDTC), a RELA in-

hibitor.36 Conversely, other studies have reported increased

colonic contractions in rats with systemic inflammation,37

making the link between inflammation and intestinal

motility unclear. We also investigated the precise mecha-

nism by which TLR4 regulates intestinal dynamics in

offspring mice exposed to prenatal infection. After prena-

tal exposure to LPS, the expression of TLR4 and its down-

stream proteins in the colon of offspring mice increased,

PIEZO1 (red) in the four different treatment groups of BON-1 cell by confocal microscopy. Scale bar � 100 μm (n � 10 per group).

(D) TLR4 bound to PIEZO1 in the BON-1 cell treated with or without LPS as determined by co-immunoprecipitation using TLR4 or

PIEZO1 antibodies. (E)The concentration of 5-HT in the supernatant of BON-1 cells treated with LPS or PBS, with or without

treatment with TAK-242 (n � 10), was determined by ELISA. Data were expressed as mean ± standard error of the mean; ns, not

significant; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. TLR4, toll-like receptor 4; PIEZO1, Piezo-type mechanosensitive

ion channel component 1; TRPA1, transient receptor potential cation channel subfamily A member 1; LPS, lipopolysaccharide; PBS,

phosphate buffer saline; 5-HT, 5-hydroxytryptamine.
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but no corresponding changes were observed in the Tlr4ΔIEC

group. Colon tissues from offspring mice were analyzed by

RNA sequencing. The results revealed elevated TLR4 and 5-

HT signaling levels in prenatal LPS-exposed offspring mice

compared with prenatal PBS-exposed offspring mice in the

Tlr4fl/fl group. In contrast, prenatal LPS exposure did not

result in increased TLR4 and 5-HT signaling levels in the

colon of offspring mice in the Tlr4ΔIEC group. These findings

suggest that TLR4 and 5-HT signaling are connected. We

hypothesized that in LPS-exposed offspring mice, the

gastrointestinal tract may accelerate peristalsis due to

enhanced activation of 5-HT signaling pathways.

The neurotransmitter 5-HT is an important regulator of

various physiological processes, including mood regulation,

sleep cycles, appetite control, learning, and memory, and

its role in promoting intestinal motility has been widely

recognised.38 It plays a role in promoting intestinal motility

mainly by binding to its corresponding receptors expressed

in the intestine.19,20 Therefore, many drugs targeting 5-HT

receptors expressed in the gut have been developed for

treating diseases related to intestinal motility abnormal-

ities.31 In our subsequent experiments, we verified that the

expression levels of 5-HT receptors and the content of 5-HT

in colon tissues and fecal samples of prenatal LPS-exposed

offspring mice of the Tlr4fl/fl group were increased

compared with the prenatal PBS-exposed offspring mice,

which may be the main reason for the acceleration of in-

testinal motility. However, in the Tlr4ΔIEC group, there was

no corresponding change. High prenatal infection-induced

expression of TLR4 has been reported in different tissues of

offspring.39 Following maternal LPS exposure, we also

observed high intestinal expression of TLR4 and its down-

stream proteins. However, there is no precise mechanism

that explains how TLR4 regulates the elevated levels of 5-

HT in the colon of prenatal LPS-exposed offspring mice.

In the human body, 95% of 5-HT comes from the intes-

tine, mainly secreted by EC cells.12 EC cells produce 5-HT

to enhance signal transmission between the gut and

brain.40 In this study, we focused on intestinal EC cells to

investigate the specific mechanism by which TLR4 regulates

the activation of the intestinal 5-HT signaling pathway in

offspring mice. Previous studies indicate that while EC cells

primarily secrete 5-HT dependent on calcium influx, some

cells also release it independent of calcium influx.41 It has

been demonstrated that IL-33 promotes phospholipase C

gamma 1 (PLC-γ1) to increase intracellular calcium ions and

affect the secretion of 5-HT in EC cells.17 Accordingly, we

hypothesized that TLR4 might affect the secretion of 5-HT

by EC cells by regulating calcium influx. BON-1 is widely

used as a model cell for EC cells.42,43 In the present study,

Figure 8 The expression of PIEZO1 in the colonic mucosa of Tlr4fl/fl and Tlr4ΔIEC offspring mice with or without prenatal LPS

exposure. (A) Representative confocal immunofluorescence microscopy images for PIEZO1 (green) in the colonic mucosa of pre-

natal LPS- or PBS-exposed offspring mice in the Tlr4fl/fl and Tlr4ΔIEC groups. Scale bar � 50 μm (n � 10 per group). (B) Quanti-

fication of the mean fluorescence intensity for PIEZO1 (n � 10 per group). Data were expressed as mean ± standard error of the

mean; ns, not significant; ***P < 0.001 and ****P < 0.0001. PIEZO1, Piezo-type mechanosensitive ion channel component 1; LPS,

lipopolysaccharide; PBS, phosphate buffer saline.
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we used the BON-1 cell line to investigate the possible

mechanism by which TLR4 regulates 5-HT secretion. Our

study revealed that LPS-treated BON-1 cells expressed

higher levels of TLR4 and PIEZO1, and TAK-242 inhibited

these LPS-induced responses. The mechanosensitive PIEZO1

is a member of a distinct nonselective cationic mechano-

sensitive channel protein family expressed in mammalian

cells,44 which regulates various physiological processes.45

The PIEZO1 cation channel regulates calcium influx and

drives various vesicle release processes, including cytokine

release from astrocytes46 and growth factor secretion from

macrophages.47 A recent study found that the cation

channel PIEZO1 acts as a sensor of single-stranded RNA,

regulating 5-HT production in the gut.48 Also, recent

research has revealed that the PIEZO1 protein forms a

complex with TLR4 on the surface of macrophages, effec-

tively inhibiting downstream signaling from TLR4 and

dampening macrophage activation.49 Additionally, another

study suggested that in adipose cells, PIEZO1 exhibits anti-

inflammatory properties that further prevent TLR4 activa-

tion.50 However, there is a lack of reported research on

whether TLR4 regulates PIEZO1 through post-transcrip-

tional regulation by activating downstream signaling path-

ways. We suspect that there is a direct interaction between

the cell membrane proteins TLR4 and PIEZO1. Our study

found that LPS stimulation increased TLR4 expression, and

the TLR4-PIEZO1 binding enhanced calcium influx in BON-

1 cells, leading to increased 5-HT secretion. Additionally,

LPS exposure during pregnancy increased PIEZO1 expression

in the colonic mucosa of offspring mice, but this effect was

absent in intestinal epithelial-specific Tlr4 knockout mice.

We found that TLR4 regulates intestinal motility by

increasing calcium influx in EC cells after binding to PIEZO1

channels and then promoting 5-HT secretion. This may

explain the effect of TLR4 on intestinal motility in prenatal

LPS-exposed offspring mice. However, we did not explore

calcium influx-independent 5-HT secretion, and the lack of

female offspring is a study limitation.51 The effects of TAK-

242 on calcium influx in vivo are unclear and need more

research, and the mechanism of intestinal TLR4 in regu-

lating 5-HT signaling is also unknown. Our research will

continue to focus on suppressing PIEZO1 in vivo, which is

our next research direction.

In summary, we found an acceleration of intestinal

motility in prenatally infected offspring mice, and the TLR4

protein might contribute to high intestinal motility by

promoting 5-HT secretion by binding to PIEZO1. Therefore,

targeting TLR4 in the intestinal epithelium may alleviate

the state of intestinal motility abnormalities in prenatally

infected offspring.

CRediT authorship contribution statement

Ruifang Luo: Writing — original draft, Methodology, Inves-

tigation, Formal analysis, Data curation. Yuan Miao: Su-

pervision, Data curation. Riqiang Hu: Supervision,

Methodology, Investigation. Fang Lin: Supervision, Meth-

odology. Junyan Yan: Visualization, Methodology, Formal

analysis. Ting Yang: Supervision, Software. Lu Xiao: Su-

pervision, Methodology. Zhujun Sun: Supervision. Yuting

Wang: Project administration. Jie Chen: Writing — review

& editing, Supervision, Project administration, Funding

acquisition, Conceptualization.

Conflict of interests

The authors declared no competing interests.

Funding

This study was supported by the National Natural Science

Foundation of China (No. 82372559, 31971089) and the

General Project of Chongqing Natural Science Foundation

(China) (No. CSTB2022NSCQ-MSX0107).

Appendix A. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.gendis.2025.101707.

References

1. Wadhwa PD, Buss C, Entringer S, Swanson JM. Developmental

origins of health and disease: brief history of the approach and

current focus on epigenetic mechanisms. Semin Reprod Med.

2009;27(5):358—368.

2. Lee BK, Magnusson C, Gardner RM, et al. Maternal hospitali-

zation with infection during pregnancy and risk of autism

spectrum disorders. Brain Behav Immun. 2015;44:100—105.

3. Gluckman PD, Hanson MA, Cooper C, Thornburg KL. Effect of in

utero and early-life conditions on adult health and disease. N

Engl J Med. 2008;359(1):61—73.

4. Moore SE, Collinson AC, N’Gom PT, Aspinall R, Prentice AM.

Early immunological development and mortality from infec-

tious disease in later life. Proc Nutr Soc. 2006;65(3):311—318.

5. Zengeler KE, Lukens JR. Maternal inflammation is hard for

offspring to stomach. Immunity (Camb, Mass). 2022;55(1):6—8.

6. Li W, Chen M, Feng X, et al. Maternal immune activation alters

adult behavior, intestinal integrity, gut microbiota and the gut

inflammation. Brain Behav. 2021;11(5):e02133.

7. Lim AI, McFadden T, Link VM, et al. Prenatal maternal infection

promotes tissue-specific immunity and inflammation in

offspring. Science. 2021;373(6558):eabf3002.

8. Kim E, Paik D, Ramirez RN, et al. Maternal gut bacteria drive

intestinal inflammation in offspring with neurodevelopmental

disorders by altering the chromatin landscape of CD4+ T cells.

Immunity (Camb, Mass). 2022;55(1):145—158.e7.

9. Fricke EM, Elgin TG, Gong H, et al. Lipopolysaccharide-induced

maternal inflammation induces direct placental injury without

alteration in placental blood flow and induces a secondary

fetal intestinal injury that persists into adulthood. Am J Reprod

Immunol. 2018;79(5):e12816.

10. Rao M. An increasingly complex view of intestinal motility. Nat

Rev Gastroenterol Hepatol. 2020;17(2):72—73.

11. Gershon MD. Serotonin receptors and transporters: roles in

normal and abnormal gastrointestinal motility. Aliment Phar-

macol Ther. 2004;20(Suppl 7):3—14.

12. Mawe GM, Hoffman JM. Serotonin signalling in the gut: func-

tions, dysfunctions and therapeutic targets. Nat Rev Gastro-

enterol Hepatol. 2013;10(8):473—486.

13. Rezzani R, Franco C, Franceschetti L, Gianò M, Favero G. A
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