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Abstract. Indole‑3‑propionic acid (IPA), a product of 
Clostridium  sporogenes metabolism, has been shown to 
improve intestinal barrier function. In the present study, 
in vitro experiments using NCM460 human colonic epithelial 
cells were performed to investigate how IPA alleviates lipo‑
polysaccharide (LPS)‑induced intestinal epithelial cell injury, 
with the aim of improving intestinal barrier function. In addi‑
tion, the underlying mechanism was explored. NCM460 cell 
viability and apoptosis were measured using the Cell Counting 
Kit‑8 assay and flow cytometry, respectively. The integrity of 
the intestinal epithelial barrier was evaluated by measuring 
transepithelial electrical resistance (TEER). The underlying 
molecular mechanism was explored using western blotting, 
immunofluorescence staining, a dual luciferase reporter gene 
assay and quantitative PCR. The results showed that 10 µg/ml 
LPS induced the most prominent decrease in cell viability 
after 24 h of treatment. By contrast, IPA effectively inhib‑
ited LPS‑induced apoptosis in the intestinal epithelial cells. 

Additionally, >0.5 mM IPA improved intestinal barrier function 
by increasing TEER and upregulating the expression of tight 
junction proteins (zonula occludens‑1, claudin‑1 and occludin). 
Furthermore, IPA inhibited the release of pro‑inflammatory 
cytokines (IL‑1β, IL‑6 and TNF‑α) in a dose‑dependent 
manner and this was achieved via regulation of the Toll‑like 
receptor 4 (TLR4)/myeloid differentiation factor 88/NF‑κB 
and TLR4/TRIF/NF‑κB pathways. In conclusion, IPA may 
alleviate LPS‑induced inflammatory injury in human colonic 
epithelial cells. Taken together, these results suggest that IPA 
may be a potential therapeutic approach for the management 
of diseases characterized by LPS‑induced intestinal epithelial 
cell injury and intestinal barrier dysfunction.

Introduction

The intestinal microenvironment is a highly complex and 
dynamic system, wherein the maintenance of the intestinal 
barrier serves a pivotal role in preserving the structural 
integrity of the intestines (1). Consisting of the mucous layer, 
intercellular tight junction (TJ) proteins and epithelial cells, 
the intestinal epithelial barrier acts as a robust defense mecha‑
nism, protecting against tissue damage and the onset of various 
diseases, such as inflammatory bowel disease and colitis (2). 
Perturbations in the microbial ecosystem of the intestines 
frequently increase intestinal permeability and induce intes‑
tinal epithelial dysfunction (3). Lipopolysaccharide (LPS), a 
constituent of the outer membrane of gram‑negative bacteria, 
has been shown to exacerbate inflammatory responses by 
increasing the production of nitric oxide and pro‑inflammatory 
cytokines in intestinal epithelial cells, specifically in NCM460 
cells (4). Notably, higher levels of LPS are implicated in TJ 
disruption, compromised barrier integrity and perturbed 
epithelial cell turnover (5,6). Therefore, there is a crucial need 
to explore targeted therapeutic strategies for LPS‑induced 
intestinal epithelial dysfunction.

A previous study indicated that indole possesses 
anti‑inflammatory properties, and positively affects gastro‑
intestinal tract and liver homeostasis  (7). Of the intestinal 
microorganisms, Clostridium sporogenes is responsible for the 
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production of indole‑3‑propionic acid (IPA) (8,9). IPA has been 
shown to serve as a biomarker of disease remission for active 
colitis, since a gradual restoration of serum IPA level has been 
detected during the recovery phase (10). Notably, IPA serves 
a crucial role in strengthening mucus and mechanical barriers 
by promoting TJ expression, thereby enhancing barrier func‑
tion (11,12). While the role of IPA in preserving the intestinal 
barrier has been established, a comprehensive understanding 
of its mechanisms of action on intestinal epithelial cells is still 
lacking.

Toll‑like receptor 4 (TLR4) dependent on myeloid differ‑
entiation factor 88 (MyD88) and the downstream NF‑κB 
signaling pathway is essential for the induction of inflamma‑
tion (13). YIt has been observed that gut microbial diversity 
affects the TLR4/NF‑κB signaling pathway during an inflam‑
matory response. LPS rapidly increases cytokine levels, 
impairing intestinal integrity in intestinal epithelial cells (14). 
Furthermore, activation of TLR4 by LPS initiates signaling 
via either MyD88 or TRIF, resulting in the translocation of 
nuclear transcription factors NF‑κB, AP‑1 and IRF3  (15). 
Nuclear stimulation by LPS activates the MyD88‑dependent 
and downstream NF‑κB signaling pathway, compromising 
intestinal barrier function  (16). Previous studies have 
suggested that IPA exhibits beneficial effects in regulating 
immune responses within the intestines via activation of 
the aryl hydrocarbon receptor and the pregnane X receptor 
ligands (17,18). Furthermore, IPA effectively has been shown 
to protect against LPS‑induced C2C12 cell inflammation (19). 
However, the precise mechanisms underlying the protective 
effects of IPA on LPS‑induced epithelial intestinal cell injury 
are currently unclear.

The effects of IPA on intestinal barrier function have been 
reported in few studies, most of which used the Caco‑2 cell 
line (11,20), whereas the effects on the NCM460 cell line have 
rarely been reported. Furthermore, the NCM460 cell line 
has been used in cutting‑edge research, such as that associ‑
ated with infectious diseases, cell signaling and cytokine 
production (4,21). Therefore, in the present study, the human 
NCM460 colonic epithelial cell line was used to explore the 
mechanisms by which IPA may protect against LPS‑induced 
intestinal epithelial cell injury using three concentrations of 
IPA. The findings of the present study highlight novel avenues 
for the potential therapeutic role of IPA in intestinal inflam‑
matory diseases characterized by LPS‑induced intestinal 
epithelial cell injury.

Materials and methods

Reagents. IPA (>98%) was purchased from Shanghai Aladdin 
Biochemical Technology Co., Ltd. LPS was purchased from 
MilliporeSigma. Fetal bovine serum (FBS; cat. no. 16000‑044) 
was purchased from Gibco (Thermo Fisher Scientific, Inc.) 
and DMEM (cat. no. BL304A) was purchased from Biosharp 
Life Sciences. The penicillin‑streptomycin solution (100X; cat. 
no. P1400‑100) and trypsin‑EDTA (0.25%; cat. no. T1300‑100) 
were obtained from Beijing Solarbio Science & Technology 
Co., Ltd. The Cell Counting Kit‑8 (CCK‑8) assay was purchased 
from Beyotime Institute of Biotechnology. Nuclease‑Free 
Water (cat. no. 10601ES76), Diethylpyrocarbonate (DEPC; 
cat. no. 10602ES25), Hifair®Ⅱ 1st Strand cDNA Synthesis Kit 

(cat. no. 11119ES60) and Hieff® quantitative (q)PCR SYBR 
Green MasterMix (cat. no. 11203ES03) were purchased from 
Shanghai Yeasen Biotechnology Co., Ltd. The BCA Protein 
Quantification Kit (cat. no.  23223) was purchased from 
Thermo Fisher Scientific, Inc. Alexa Fluor 488‑labeled goat 
anti‑rabbit IgG (H+L) (cat. no. A0423) and Annexin V‑FITC 
Apoptosis Detection Kit (cat. no. C1062) were obtained from 
Beyotime Institute of Biotechnology The Dual‑Luciferase 
Reporter Gene Assay Kit (cat. no. E1910) was purchased from 
Promega Corporation.

Cell culture. The NCM460 human colonic epithelial cell line 
was purchased from Shanghai Jinyuan Biotechnology Co., Ltd. 
The cells were cultured in DMEM supplemented with 10% FBS 
and 1% penicillin‑streptomycin solution in an incubator at 37˚C 
supplied with 5% CO2. NCM460 cells were treated with various 
concentrations of LPS with or without IPA for 3 or 24 h at 37˚C. 
The cells were grouped as follows: Untreated cells served as 
a control; LPS 10 µg/ml; LPS 10 µg/ml + IPA 0.05 mM; LPS 
10 µg/ml + IPA 0.5 mM; and LPS 10 µg/ml + IPA 5 mM.

Measurement of cell viability. Cell viability was measured 
using the CCK‑8 assay according to the manufacturer's 
protocol. Briefly, 5x103  cells/well were plated in 96‑well 
plates and treated with 0, 0.5, 1, 5 or 10 µg/ml LPS for 3 or 
24 h at 37˚C. The concentration of LPS that best attenuated 
cell viability was used as the inducing concentration for the 
follow‑up experiments. Subsequently, NCM460 cells were 
co‑treated with LPS and 0.05, 0.5 or 5 mM IPA for 72 h at 37˚C. 
For the CCK‑8 assay, 10 µl CCK‑8 reagent was added to each 
well and incubated for 1 h at 37˚C. A microplate reader (cat. 
no. 9602G; Perlong Medical Equipment Co., Ltd.) was then 
used to measure the absorbance at a wavelength of 450 nm. 
Each experiment was repeated five times and the cell survival 
rate was calculated using the following formula: Cell viability 
(%)=(mean absorbance of test wells‑mean absorbance of blank 
wells)/(mean absorbance of control wells‑mean absorbance of 
blank wells) x100.

Detection of apoptosis. Apoptosis was detected using the 
Annexin V‑FITC Apoptosis Detection Kit according to the 
manufacturer's protocol. Adherent cells seeded in a 6‑well 
plate at a density of 5x105/well were washed once with PBS 
and then digested using trypsin containing EDTA. After 
centrifugation at 1,000 x g for 5 min at 37˚C, the cells were 
collected and incubated with Annexin V‑FITC (5  µl) for 
15 min, followed by staining with propidium iodide (PI, 5 µl) 
staining solution for 5 min at 4˚C in the dark. A sample without 
Annexin V‑FITC and PI staining was used as a negative 
control. Subsequently, cell apoptosis was detected using a flow 
cytometer (CytoFLEX; Beckman Coulter, Inc.) and data were 
analyzed using FlowJo software version 10.6.2 (Tree Star, Inc.) 
to determine the percentage of apoptotic cells, with Annexin 
V‑FITC fluorescing green and PI fluorescing red. The total 
apoptotic rate was calculated as the sum of early apoptosis and 
late apoptosis. Each experiment was repeated three times and 
the mean apoptotic rate was calculated.

Assessment of barrier integrity. The Millicell®‑ERS 
Voltohmmeter (MilliporeSigma) was used to assess barrier 
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integrity via measuring transmembrane electrical resistance 
(TEER). NCM460 cells were seeded in the upper chambers 
of a 24‑well Transwell plate (diameter, 6.5 mm; pore size, 
8.0 µm; cat. no. 3422; Costar; Corning Inc.) at a density of 
2x105 cells/cm2, and were cultured in a 5% CO2 incubator at 
37˚C. The medium (DMEM; cat. no. SH30243.01; Hyclone; 
Cytiva) added in the lower chambers was changed every 3 days 
until the cells grew in a monolayer on the upper side of the 
polyester membrane, after which, the transmembrane resis‑
tance was measured. The resistance per unit area (TEER) was 
calculated using the following formula: TEER (resistance per 
unit area, Ω·cm2)=(Rexperiment‑Rblank) (resistance measurement, 
Ω) x effective membrane area (cm2). The effective area of the 
Millicell membrane used was 0.6 cm2. Rexperiment was the resis‑
tance of the membrane with a cell layer in each experimental 
group while Rblank was the resistance of the membrane without 
a cell layer. The TEER value was measured three consecutive 
times and the mean TEER value in each group was calculated.

Immunofluorescence staining. NCM460 cells were cultured 
and treated with the control medium, or medium containing 
10 µg/ml LPS alone or alongside various concentrations of 
IPA (0.05, 0.5 or 5 mM). Cells were seeded onto 24‑well round 
glass coverslips (14 mm; cat. no. WHB‑24‑CS; Beijing Solarbio 
Science & Technology Co., Ltd.) at a density of 3x104 cells/well 
were washed with 0.02 M PBS to remove the media, fixed with 
4% formaldehyde for 30 min and permeabilized with 0.5% 
Triton X‑100 for 10 min at 37˚C. Slides were then blocked with 
1% bovine serum albumin (cat. no. A8010; Beijing Solarbio 
Science & Technology Co., Ltd.) for 1 h at 37˚C and washed 
three times using 0.02 M PBS. Subsequently, the cells were 
incubated with the recombinant anti‑ZO1 TJ protein antibody 
(rabbit monoclonal; 1:100; cat. no. ab221547; Abcam) overnight 
at 4˚C, followed by incubation with the fluorescent‑tagged 
secondary antibody (1:200; cat. no. A0423; Beyotime Institute 
of Biotechnology). After washing with PBS, an anti‑quenching 
solution containing DAPI (1:500 dilution) was used to seal the 
slides. Finally, images of three random fields of view were 
captured using a fluorescence microscope (magnification, 
x200). Semi‑quantitative assessment of fluorescence intensity 
was performed using ImageJ software version 1.53a (National 
Institutes of Health). Mean fluorescence intensity was calcu‑
lated using the following formula: Mean fluorescence intensity 
(AU)=Integrated density/area.

Reverse transcription (RT)‑qPCR. Total RNA was extracted 
from cells using TRleasy™ Total RNA Extraction Reagent 
(cat. no. 10606ES60; Shanghai Yeasen Biotechnology Co., 
Ltd.), and was then isolated using chloroform, precipitated with 
isopropanol, washed with 75% ethanol and dissolved in DEPC 
water. The RNA was reverse transcribed into cDNA using 
Hifair® II 1st Strand cDNA Synthesis Kit (cat. no. 11119ES60; 
Shanghai Yeasen Biotechnology Co., Ltd.) according to the 
manufacturer's instructions. qPCR was performed using 
Hieff® qPCR SYBR Green Master Mix (cat. no. 11203ES03; 
Shanghai Yeasen Biotechnology Co., Ltd.) on a fluorescence 
qPCR instrument (cat. no. CG‑05; Hangzhou Lattice Scientific 
Instrument Co., Ltd.). The qPCR conditions were set as follows: 
Pre‑denaturation at 95˚C for 5 min, followed by 40 cycles 
of denaturation at 95˚C for 10 sec, annealing at 55‑60˚C for 

20 sec and extension at 72˚C for 20 sec. Fluorescence was 
detected and melting curve analysis was performed at the end 
of each PCR cycle to assess amplification specificity. The rela‑
tive expression levels of the target genes were calculated using 
the 2‑ΔΔCq method (22), and β‑actin was used as an internal 
reference. The mRNA expression levels of IL‑1β, IL‑6, 
TNF‑α, TLR4, MyD88, TRIF and p65‑NF‑κB were detected 
in triplicate, and the sequences of the primers used are listed 
in Table SI.

Enzyme‑linked immunosorbent assay (ELISA). The concen‑
trations of proinflammatory cytokines IL‑1β, IL‑6 and TNF‑α 
were quantified using ELISA kits (cat. nos. SDH0014‑48T, 
SDH0021‑48T, SDH0001‑48T; Shanghai Siding Biotechnology 
Co., Ltd.) according to the manufacturer's instructions. The OD 
was detected using a microplate reader (Tecan Infinite F50; 
Tecan Group, Ltd.) at 450 nm. Concentrations were calculated 
by standard curve plotting.

Dual‑luciferase reporter gene assay. Dual‑luciferase reporter 
gene detection was performed using the Dual‑Luciferase 
Reporter Gene Detection Kit (cat. no.  E1910; Promega 
Corporation) according to the manufacturer's protocol. 
Cells in the logarithmic growth phase were digested with 
trypsin, and 5x105 cells/well were plated in a 6‑well plate 
and cultured for 24  h. The GV238 (pGL3 basic) vector 
plasmid and p65‑NF‑κB gene sequence were digested with 
Kpnl/Xhol restriction enzymes (Shanghai GeneChem Co., 
Ltd.). The p65‑NF‑κB gene promotor was obtained from the 
cDNA library of Shanghai GeneChem Co., Ltd. The primer 
sequences used to amplify the sequence were as follows: 
Forward, 5'‑TTT​CTC​TAT​CGA​TAG​GTA​CCG​GGA​ATT​
TCC​GGG​GAC​TTT​C‑3' and reverse, 5'‑CTT​AGA​TCG​CAG​
ATC​TCG​AGC​TGG​AAG​TCG​AGC​TTC​CAT​TAT​ATAC‑3'. 
Subsequently, the p65‑NF‑κB gene promotor was cloned 
into the GV238 vector to construct an overexpression vector, 
which was then transfected into NCM460 cells. NCM460 
cells transfected with 1.5 µg luciferase‑p65‑NF‑κB reporter 
plasmid and 1.5 µg Renilla control plasmid (cat. no. E1910; 
Promega Corporation). The transfection solutions were 
prepared according to the instructions of the transfection 
reagent Lipofectamine® 3000 (cat. no. L3000001; Invitrogen; 
Thermo Fisher Scientific, Inc.). After 48 h of transfection, 
the cells were washed once with PBS and cultured in 
500 µl passive lysis buffer for 15 min. Subsequently, cells 
were treated with 10 µg/ml LPS alone, or alongside various 
concentrations of IPA (0.05, 0.5 or 5 mM) for 72 h at 37˚C. 
Afterwards the cells were collected and transferred to a 
96‑well microplate, and 100 µl luciferase assay reagent II and 
20 µl passive lysis buffer were then added to detect firefly 
luciferase activity. The luciferase activity was detected by 
adding 100 µl Stop&Glo reagent and the ratio of the lucif‑
erase activity to Renilla luciferase activity was calculated.

Western blotting. Total proteins were extracted from cells lysed 
using RIPA lysis buffer (cat. no. P0038; Beyotime Institute 
of Biotechnology) and the supernatant was centrifuged at 
16,000 x g for 15 min at 4˚C. Protein concentrations were 
measured using the BCA Protein Quantification Kit according 
to the manufacturer's instructions. Subsequently, ~20 µg total 
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protein was separated by SDS‑PAGE on 10% gels and transferred 
to PVDF membranes at 25 V for 30 min. The membranes were 
then blocked with 5% non‑fat milk solution at 4˚C overnight 
and incubated with the following antibodies at 4˚C overnight: 
β‑actin (1:5,000; cat. no. 81115‑1‑R; Proteintech Group, Inc.), 
zonula occludens (ZO)‑1 (1:1,000; cat. no. ab276131; Abcam), 
occludin (1:1,000; cat. no.  ab216327; Abcam), Claudin‑1 
(1:2,000; cat. no.  ab211737; Abcam) p65‑NF‑κB (1:1,000; 
cat. no. ab32536; Abcam) and phosphorylated‑p65‑NF‑κB 
(1:1,000; cat. no.  ab76302; Abcam). After washing, the 
membranes were incubated with HRP‑labeled secondary 
antibodies (1:10,000; cat. no. ZB‑2301; OriGene Technologies, 
Inc.) for 1 h at 37˚C. The membranes were washed three times 
in Tris‑buffered saline‑0.1% Tween 20 (5 min/wash) between 
each incubation step. For visualization, ECL solution (cat. 
no. WBKLS0100; MilliporeSigma) was prepared according to 
the manufacturer's protocol and added to the membranes in a 
dark room for 5 min. The solution was subsequently removed, 
the blots were covered with a flat layer of cellophane and were 
placed into the imaging system (Tanon 5200; Tanon Science 
and Technology Co., Ltd.) for scanning. Western blotting 
was performed in triplicate. ImageJ software version 1.53a 
(National Institutes of Health) was used to analyze the results 
and normalize all target proteins to β‑actin.

Statistical analysis. GraphPad Prism version 9.5.1 (Dotmatics) 
was used for statistical analysis. Continuous variables are 
presented as the mean  ±  the standard error of the mean. 
Differences between multiple groups were analyzed using a 
one‑way ANOVA followed by post hoc Tukey test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

LPS induces intestinal epithelial cell injury. To investigate the 
role of LPS in intestinal epithelial cells, cell viability was assessed 
using the CCK‑8 assay after treatment of cells with different 
concentrations of LPS. Based on previous literature, reference 
concentrations for LPS were 0.05‑50 µg/ml for 8‑48 h (19,23), 
and for IPA were 0.01‑10.0 mM for 24‑72 h (24‑26). IPA was 
also observed to induce a dose‑dependent suppression of the 
aggregation of denatured proteins in cells experiencing endo‑
plasmic reticulum stress (25). Therefore, in the present study, 
NCM460 cells were pre‑stimulated with 0‑10 µg/ml LPS for 
3 and 24 h, followed by treatment with 0.05, 0.5 or 5 mM IPA 
for 72 h to explore its effect on LPS‑induced intestinal epithe‑
lial cell injury. The findings indicated that LPS concentrations 
ranging between 0 and 10 µg/ml did not significantly affect the 
viability of intestinal epithelial cells following a 3‑h treatment 
(P>0.05; Fig. 1A). Notably, there was a sharp decrease in cell 
viability after 24 h of exposure. The decrease in cell viability 
was particularly significant when the LPS concentration was 
>1.0 µg/ml, and the decline was most prominent at 10 µg/ml. 
These results indicated that specific LPS concentrations may 
reduce the viability of intestinal epithelial cells, and treat‑
ment with 10 µg/ml LPS for 24 h was determined to be the 
appropriate concentration of LPS that was used for further 
experiments (P<0.0001; Fig. 1B). Subsequently, NCM460 cells 
were pre‑stimulated with LPS, and then treated with different 
concentrations of IPA for 72  h and a CCK‑8 assay was 

performed. The results showed that LPS‑induced NCM460 
cells treated with IPA resulted in a dose‑dependent increase in 
cell viability compared with that in the LPS group (P<0.001; 
Fig. 1C).

IPA inhibits the LPS‑induced apoptosis of intestinal epithelial 
cells. To evaluate the effects of IPA on LPS‑induced cell 
injury, the apoptosis of intestinal epithelial cells treated with 
LPS alone or in combination with various concentrations of 
IPA was subsequently analyzed. Compared with in the control 
group, the LPS group exhibited a significant increase in the 
proportion of apoptotic intestinal epithelial cells (P<0.0001; 
Fig. 2A‑C). By contrast, the LPS + IPA groups exhibited a 
marked reduction in the number of apoptotic cells in a concen‑
tration‑dependent manner compared with that in the LPS group 
(P<0.0001; Fig. 2A and C‑F). These findings demonstrated 
the effective inhibition of LPS‑induced apoptosis in intestinal 
epithelial cells by IPA. IPA exerted a protective effect on 
injured intestinal epithelial cells by preventing LPS‑induced 
apoptosis.

IPA improves intestinal epithelial barrier function. To assess 
the effects of IPA on intestinal barrier function, TEER values 
were measured. The results showed that LPS significantly 
reduced TEER as compared to control group (P<0.0001), 
indicating impairment of the barrier function in intestinal 
epithelial cells (Fig. 3A). By contrast, treatment with IPA 
alleviated LPS‑induced impairment (P<0.05). Treatment with 
low (0.05 mM), medium (0.5 mM) and high (5 mM) concen‑
trations of IPA all significantly increased TEER values in a 
concentration‑dependent manner compared with in the LPS 
group (P<0.05).

It is well established that compromised intestinal barrier 
integrity can lead to the activation of local immunity and 
alterations in the structure of TJ proteins  (27). To explore 
the potential impact of IPA on intercellular TJs, the expres‑
sion of TJ‑associated proteins was examined using western 
blotting. The findings revealed a significant decrease in the 
expression levels of claudin‑1, occludin and ZO‑1 in the LPS 
group compared with those in the control group (P<0.01; 
Fig. 3B‑E). However, only treatment with a high concentration 
of IPA significantly reversed the LPS‑induced reduction in the 
expression levels of these proteins (P<0.05) when compared 
with the LPS group.

To further validate these findings, immunofluorescence 
analysis of ZO‑1 was performed. The results showed that the 
expression of ZO‑1 in the LPS‑induced group was significantly 
decreased compared with that in the control group (P<0.001), 
and there was a substantial increase in ZO‑1 protein secretion 
in both the medium and high concentration IPA‑treated cells 
(P<0.01; Fig. 3F and G). Collectively, these findings suggested 
that IPA may improve the barrier function of intestinal 
epithelial cells injured by LPS by increasing TEER values and 
upregulating the expression of TJ proteins.

IPA inhibits the levels of LPS‑induced pro‑inflammatory cyto‑
kines. RT‑qPCR was used to investigate the expression levels 
of pro‑inflammatory cytokines in intestinal epithelial cells. 
Following treatment with LPS, there was a significant increase 
in the mRNA expression levels of IL‑1β, IL‑6 and TNF‑α 
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Figure 1. IPA reverses the LPS‑induced decrease in the viability of NCM460 cells. Viability of NCM460 cells after treatment with 0, 0.5, 1, 5, or 10 µg/ml 
LPS for (A) 3 or (B) 24 h. (C) Viability of NCM460 cells treated with 10 µg/ml LPS in combination with various concentrations of IPA for 72 h. Cell viability 
was determined using the Cell Counting Kit‑8 assay. Data are presented as the mean ± SEM, n=5. *P<0.05, ***P<0.001, ****P<0.0001. IPA, indole‑3‑propionic 
acid; LPS, lipopolysaccharide.

Figure 2. IPA inhibits LPS‑induced apoptosis in intestinal epithelial cells. (A) Mean apoptosis rate of NCM460 cells in each group. Representative dot plots 
of apoptosis analysis by flow cytometry in the (B) control group, (C) LPS group, (D) LPS + 0.05 mM IPA group, (E) LPS + 0.5 mM IPA group and (F) LPS + 
5 mM IPA group. Data are presented as mean ± SEM, n=3. ****P<0.0001. IPA, indole‑3‑propionic acid; LPS, lipopolysaccharide.
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relative to the control group (P<0.0001; Fig. 4A‑C). However, 
IPA treatment resulted in a concentration‑dependent down‑
regulation in IL‑1β, IL‑6 and TNF‑α mRNA expression levels 
compared with those in the LPS group (P<0.05). Furthermore, 
the mRNA expression levels of IL‑1β, IL‑6 and TNF‑α were 
significantly reduced in cells treated with 5 mM IPA compared 
with in cells treated with 0.05 or 0.5 mM IPA (P<0.05). In addi‑
tion, the levels of IL‑1β, IL‑6 and TNF‑α secreted by NCM460 
cells were analyzed by ELISA. It was similarly observed that 

IL‑1β, IL‑6 and TNF‑α levels were increased in response to 
LPS stimulation and were downregulated when cells were 
also treated with IPA (P<0.05; Fig. 4D‑F). These findings 
collectively indicated that IPA could mitigate LPS‑induced 
pro‑inflammatory cytokine expression.

IPA protects intestinal epithelial cells from LPS‑induced 
inflammatory injury via regulation of the TLR4/NF‑κB 
pathway. Activation of the NF‑κB pathway has previously been 

Figure 3. Effects of IPA on the intestinal barrier function in cells treated with LPS. (A) TEER values of the human‑derived NCM460 colonic epithelial cells in 
the different groups. (B) Western blotting, and relative levels of (C) ZO‑1, (D) occludin and (E) claudin‑1 proteins. (F) Immunofluorescence staining of ZO‑1 
(green) and nuclei (blue). Scale bars, 50 µm. Magnification, x200. (G) Semi‑quantitative analysis of the fluorescence intensity of ZO‑1. Data are presented 
as mean ± SEM, n=3. *P<0.05, **P<0.001, ***P<0.001, ****P<0.0001. IPA, indole‑3‑propionic acid; LPS, lipopolysaccharide; TEER, transepithelial electrical 
resistance; ZO‑1, zonula occludens‑1.
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implicated in the maintenance of intestinal barrier integrity in 
response to LPS‑induced injury accompanied by the release 
of pro‑inflammatory cytokines (22). LPS activates TLR4 and 
NF‑κB signaling pathways sequentially, ultimately resulting in 
the release of large quantities of pro‑inflammatory cytokines, 
including IL‑6, IL‑1β and TNF‑α (23). Western blotting was 
performed to examine the effects of IPA on p65‑NF‑κB expres‑
sion. The results showed that phosphorylation of p65‑NF‑κB 
was significantly increased in the LPS group compared with 
that in the control group (P<0.0001), which was reversed by 
treatment with IPA in a dose‑dependent manner (P<0.001; 
Fig. 5A and B).

The effect of IPA on the inhibition of p65‑NF‑κB was 
validated using a dual‑luciferase reporter gene assay system, 
and the results were similar to those observed using western 
blotting. Compared with in the LPS group, treatment with 
IPA effectively inhibited the activation of p65‑NF‑κB in a 
concentration‑gradient dependent manner (P<0.0001), and 

high‑concentration IPA showed optimal inhibition in compar‑
ison with the low‑concentration group (P<0.0001; Fig. 5C).

To gain further insights into the mechanism underlying 
IPA‑mediated inhibition of p65‑NF‑κB, the mRNA expression 
levels of key proteins in the NF‑κB signaling pathway were 
examined by RT‑qPCR. The mRNA expression levels of TLR4, 
NF‑κB, MyD88 and TRIF were significantly higher in the LPS 
group compared with those in the control group (P<0.0001); 
however, in the presence of IPA, the expression levels of these 
genes were reduced in a concentration‑dependent manner 
compared with those in the LPS group (P<0.05; Fig. 5D‑G). 
These results indicated that IPA exerted a regulatory effect 
on both the TLR4/MyD88/NF‑κB signaling pathway and the 
TLR4/TRIF/NF‑κB signaling pathway, thereby inhibiting the 
release of pro‑inflammatory cytokines and protecting intestinal 
epithelial cells against LPS‑induced inflammatory injury. Taken 
together, these results suggested that IPA may hold promise for 
mitigating the detrimental effects of inflammation in the gut.

Figure 4. Effect of IPA on LPS‑induced pro‑inflammatory cytokines. mRNA expression levels of the pro‑inflammatory cytokines (A) IL‑1β, (B) IL‑6 and 
(C) TNF‑α were detected by reverse transcription‑quantitative PCR. Enzyme‑linked immunosorbent assay was used to detect the levels of (D) IL‑1β, (E) IL‑6 
and (F) TNF‑α. Data are presented as mean ± SEM, n=3. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. IPA, indole‑3‑propionic acid; LPS, lipopolysaccharide.
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Discussion

Intestinal epithelial cells serve an important role in main‑
taining a strong epithelial barrier and thus maintaining 
good health  (10). Previous studies have demonstrated the 
toxic effects of high doses of LPS on cells (23,28,29). In the 
present study, treatment with 1 µg/ml LPS for 24 h reduced 
cell viability, with the maximal effect observed in response to 
10 µg/ml LPS, resulting in the significant induction of apop‑
tosis of intestinal epithelial cells. IPA exerted an inhibitory 
effect on LPS‑induced intestinal epithelial cell dysfunction, 
which is consistent with previous research (29). The present 
study demonstrated that LPS reduced TEER and the expres‑
sion levels of TJ proteins in NCM460 cells; however, IPA 
treatment alleviated the effects of LPS, highlighting the 
protective effects of IPA on LPS‑induced intestinal barrier 
dysfunction in vitro.

TJ proteins have a crucial role in forming cell‑to‑cell 
interactions and serve as the primary defensive barrier of the 
intestinal epithelium (30). Abrogating TJ protein structure 
can lead to disruption of the barrier integrity, resulting in 
changes in intestinal epithelial cell permeability, and thus the 

subsequent development of various diseases associated with 
intestinal mucosal inflammation (31). TJ proteins consist 
of transmembrane proteins, such as occludin and claudin; 
cytoplasmic proteins, such as ZOs and cingulin; and cyto‑
skeletal proteins, such as actin and myosin (32). Studies have 
shown that intestinal injury is associated with the reduced 
expression and translocation of TJ proteins (27,29,33,34). 
Research on enterocyte cells has demonstrated that IPA can 
improve barrier properties by increasing the expression of 
TJ proteins and other junction proteins (11). Additionally, 
in rats fed a high‑fat diet, it was shown that IPA treatment 
restored the height of villi in the ileum, and promoted the 
expression of ZO‑1, occludin and claudin‑1  (29). In the 
present study, treatment with a high concentration (5 mM) 
of IPA significantly reversed the decrease in the expression 
levels of claudin‑1, occludin and ZO‑1 in NCM460 cells 
with LPS‑induced intestinal epithelial injury, indicating 
that higher concentrations of IPA improve intestinal barrier 
function. Subsequent semi‑quantitative immunofluores‑
cence analysis of ZO‑1 protein expression demonstrated 
that not only a high concentration (5  mM) of IPA, but 
also a medium concentration (0.5 mM) of IPA, effectively 

Figure 5. IPA improves intestinal epithelial barrier function via regulation of the NF‑κB pathway. (A) Representative blots of p65‑NF‑κB and phospho‑p65‑NF‑κB 
expression. (B) Ratio of phospho‑p65/p65‑NF‑κB based on the results of western blotting. (C) Effect of IPA on the bioactivity of p65‑NF‑κB using a dual‑lucif‑
erase reporter assay. (D) TLR4, (E) p65‑NF‑κB, (F) MyD88 and (G) TRIF mRNA expression levels were determined by reverse transcription‑quantitative 
PCR. Data are presented as the mean ± SEM, n=3. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. IPA, indole‑3‑propionic acid; LPS, lipopolysaccharide; MyD88, 
myeloid differentiation factor 88; phospho, phosphorylated; TLR4, Toll‑like receptor 4.
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reversed the LPS‑induced decrease in ZO‑1 expression. The 
difference in the effects of the various concentrations may 
be due to the assays being used, with immunofluorescence 
staining focused more on localization, whereas western 
blotting is used to assess total cellular protein. However, 
both approaches indicated that the expression of the TJ 
protein ZO‑1 in the LPS‑induced group was significantly 
decreased compared with that in the control group, and that 
IPA up to a certain concentration was effective in reversing 
the LPS‑induced reduction in the expression of ZO‑1. 
Strategies targeting TJ proteins, such as claudin‑binding 
and angulin‑binding agents, and their application in drug 
development have been the focus of research into novel 
therapeutics in previous years (27). However, the present 
study was mainly limited to ZO‑1, and future studies should 
focus on other TJ proteins, including claudins, occludin, 
tricellulin, angulins and junctional adhesion molecules to 
fully evaluate the mechanism of the action of IPA on TJ 
proteins. Moreover, further refinement and assessment of 
IPA concentrations should be investigated.

The disruption of intestinal barrier integrity can lead to 
activation of local immunity and can result in an imbal‑
ance of cytokines. However, there is evidence to suggest 
that IPA can regulate intestinal permeability and barrier 
function during inflammation by downregulating TNF‑α in 
intestinal cells (29). Furthermore, another study reported 
that IPA can activate the transcription factor aryl hydro‑
carbon receptor in response to the production of byproducts 
from commensals  (35), thereby maintaining intestinal 
homeostasis and regulating immunity (36). Additionally, 
IPA has been found to reduce the levels of proinflamma‑
tory factors and to improve intestinal histopathology (10). 
Nonetheless, studies characterizing the mechanisms of 
IPA in LPS‑induced intestinal epithelial cell injury are 
still lacking. It is well established that LPS can trigger 
downstream MyD88/NF‑κB signals via activation of 
TLR4, leading to the production of proinflammatory cyto‑
kines (16,37). Consistently, the results of the present study 
revealed that genes related to the TLR4/NF‑κB signaling 
pathway were significantly upregulated following LPS 
intervention. By contrast, IPA reduced the phosphorylation 
levels of p65‑NF‑κB in LPS‑induced cells, as well as the 
levels of pro‑inflammatory cytokines, including IL‑1β, IL‑6 
and TNF‑α. These findings suggested that IPA inhibited 
the release of pro‑inflammatory cytokines (IL‑1β, IL‑6 and 
TNF‑α) in a concentration‑dependent manner via regulation 
of the TLR4/MyD88/NF‑κB and TLR4/TRIF/NF‑κB path‑
ways, and thereby alleviated LPS‑induced inflammatory 
injury in human colonic epithelial cells. The present study 
provides valuable insights into the therapeutic potential of 
IPA in alleviating LPS‑induced inflammatory injury.

The present study has some limitations. The protec‑
tive effects of IPA were only assessed in NCM460 cells; 
thus, additional studies in other colonic epithelial cells 
are required. Further experiments to detect additional 
TJ proteins, including tricellulin and junctional adhesion 
molecules, may also better reveal the interactive mechanism 
between IPA and intestinal barrier integrity. Moreover, 
animal experiments were not performed to determine if 
the mechanism identified was observed in vivo. However, 

the results of the current in vitro study may improve the 
understanding of the mechanism of action of IPA on alle‑
viating the inflammatory response induced by LPS and 
improving intestinal barrier function. In future studies, 
additional in vitro experiments using other cell lines and 
in vivo experiments are required to validate the findings of 
the present study.

In conclusion, the present study provides compelling 
evidence for the protective effects of IPA on LPS‑induced 
intestinal epithelial cell injury and intestinal barrier func‑
tion in vitro. This was accompanied by the suppression of 
the expression of TLR4, and downstream adaptor proteins 
MyD88 and TRIF, as well as the inhibition of NF‑κB. These 
findings shed light on the potential therapeutic value of IPA 
in diseases characterized by LPS‑induced intestinal epithelial 
cell inflammatory injury and intestinal barrier dysfunction. 
Nevertheless, further studies are warranted to explore the 
precise mechanisms and optimal concentration through which 
IPA exerts its protective effects and to evaluate its efficacy in 
clinical settings.
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