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Adipose-derived stem cells promote the recovery of intestinal barrier
function by inhibiting the p38 MAPK signaling pathway
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Intestinal barrier damage causes an imbalance in the intestinal flora and microbial environment, promoting a
variety of gastrointestinal diseases. This study aimed to explore the mechanism by which adipose-derived stem
cells (ADSCs) repair intestinal barrier damage. The human colon adenocarcinoma cell line Caco-2 and rats
were treated with lipopolysaccharide (LPS) to establish in vitro and in vivo models, respectively, of intestinal
barrier damage. The expression of inflammatory cytokines (TNF-α, HMGB1, IL-1β and IL-6), antioxidant
enzymes (iNOS, SOD and CAT), and oxidative products (MDA and 8-iso-PGF2α) was detected using ELISA
kits and related reagent kits. Apoptosis-related proteins (Bcl-2, Bax, Caspase-3 and Caspase-9), tight junction
proteins (ZO-1, Occludin, E-cadherin, and Claudin-1) and p38 MAPK pathway-associated protein were detect-
ed by Western blotting. In addition, cell viability and apoptosis was determined by a CCK-8 kit and flow cytom-
etry, respectively. Cell permeability was assayed by the transepithelial electrical resistance value and FITC-dex-
tran concentration. The homing effect of ADSCs was detected by fluorescence labeling, and intestinal barrier
tissue was observed by HE staining. After ADSC treatment, the level of phosphorylated p38 MAPK protein
decreased, the expression of inflammatory factors, oxidative stress and cell apoptosis decreased, the expression
of tight junction proteins increased, and cell permeability decreased in Caco-2 cells stimulated with LPS. In
rats, ADSCs are directionally recruited to damaged intestinal tissue. ADSCs significantly decreased the levels
of D-lactate, diamine oxidase (DAO) and FITC-dextran induced by LPS. ADSCs promoted tight junction pro-
teins and inhibited oxidative stress in intestinal tissue. These effects were reversed after the use of a p38 MAPK
activator. ADSCs can be directionally recruited to intestinal tissue, upregulate tight junction proteins, and
reduce apoptosis and oxidative stress by inhibiting the p38MAPK signaling pathway. This study provides novel
insights into the treatment of intestinal injury.
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Introduction
The intestinal barrier is the first barrier to prevent the passage

of luminal contents into the body.1 There are many causes of
intestinal barrier damage, such as hypoxia, ischemia, increased
intestinal permeability, and bacterial translocation.2,3 An increase
in intestinal permeability mainly manifests as downregulation of
B-cell lymphoma 2 (Bcl-2) protein expression and a reduction in
the expression of tight junction proteins such as claudin-2, claudin-
5, and zonula occludens (ZO)-1.1 If intestinal barrier damage can-
not be repaired in time, it will cause intestinal dysfunction, which
will lead to extensive inflammation and multiple organ failure.4,5

Understanding the pathogenesis of the intestinal mucosal barrier
and identifying new therapeutic methods are highly important for
preventing intestinal barrier damage. Mitogen-activated protein
kinase p38 (p38MAPK) is often activated by phosphorylation of
the Thr-X-Tyr sequence by upstream MAPK. P38 MAPK is
involved in the inflammatory response, stress response, apoptosis
and autophagy.6,7 In recent years, it has been found that P38 MAPK
plays an important role in intestinal barrier damage. For example,
Gingerol exerts protective effects against ischemia/reperfusion-
induced intestinal mucosa injury by inhibiting the formation of
ROS and p38 MAPK activation.8 Icariin and its phosphorylated
derivatives regulate the inflammatory response and oxidative
stress in intestinal epithelial cells by inhibiting the expression of
p38 MAPK.9 In another study, it was found that upregulation of
tight junction proteins by p38 MAPK/p53 inhibition leads to a
reduction in injury to the intestinal mucosal barrier.10 Therefore, it
is novel and meaningful to explore the specific mechanism by
which the p38 MAPK pathway affects intestinal barrier injury.

Adipose-derived stem cells (ADSCs) are mesenchymal stem
cells that have immune properties, can prevent severe rejection,
and can be cultured stably in vitro.11 In a mouse model of diabetic
nephropathy, ADSCs were found to attenuate the symptoms of dia-
betic nephropathy by promoting autophagy and inhibiting apopto-
sis.12 In addition, studies have reported that ADSCs have enormous
potential in the treatment of intestinal-related diseases.13,14 Thus,
exploring the mechanism by which ADSCs regulate intestinal bar-
rier damage will provide a more theoretical basis for the treatment
of intestinal barrier damage. ADSCs have been shown to have a
regulatory effect on the p38MAPK signaling pathway. Wang
reported that ADSCs can inhibit Jurkat cell proliferation through
the TGF-β1-p38 signaling pathway.15 Exosomes from ADSCs
improve liver fibrosis by repressing the activation of the p38
MAPK/NF-κB pathway,16 and ADSCs suppress hypertrophic scar
fibrosis via the p38/MAPK signaling pathway.17 However, it is
unclear whether ADSCs can promote the recovery of intestinal bar-
rier damage by regulating p38 MAPK. Hence, this study aimed to
explore the ability of ADSCs to regulate the p38MAPK signaling
pathway and thus affect intestinal barrier damage.

Materials and Methods

Cell culture
The human colon adenocarcinoma cell line Caco-2 (purchased

from the cell bank of the Shanghai Academy of Sciences, Chinese
Academy of Sciences (Shanghai, China), and introduced by
ATCC) was selected for the experiment. The cells were maintained
at 37°C and 5% CO2 in DMEM supplemented with 10% (v/v) fetal
bovine serum (FBS) and 1% penicillin/streptomycin. After two to
three generations, when the confluence degree reached more than
80%, the cells were collected for follow-up experiments.

Lipopolysaccharide exposure to establish a cell
model of intestinal barrier damage

An intestinal barrier injury cell model was established by
adding LPS. The specific steps were described by Panaro et al.18

Briefly, Caco-2 cells were inoculated at 4 × 105/well. Cells in the
model group were treated with Salmonella enterica serotype
typhimurium LPS (Sigma-Aldrich, St. Louis, MO, USA) for 48 h.
The ADSC group was also treated with LPS for 48 h, and 4 × 105

ADSCs were immediately added. HY-N0674A (p38 MAPK acti-
vator, MedChemExpress, Monmouth Junction, NJ, USA) and
SB203580 (p38 MAPK inhibitor, Yeasen Biotech, Shanghai,
China) were used when the ADSCs were added according to the
manufacturer’s instructions.

Transepithelial electrical resistance measurements
The transepithelial electrical resistance (TEER) was detected

using a microcellular resistance system. The cells were placed in
an incubator at room temperature for 30 min. After the culture
medium was removed, new cell culture medium was added, and
the TEER was measured. TEER value (Ω.cm2) = (sample resis-
tance value-blank control value) × membrane surface area of the
Transwell chamber.

Cell permeability detection
Caco-2 cells (4×104 cells/well) were inoculated into the upper

chamber of a Transwell insert (Corning, Corning, NY, USA) and
they were cultured for 24 h. Then, FITC-dextran (10 mg/mL;
MedChemExpress) was added to the upper chamber. Two hours
later, the cell culture medium was collected, and the absorbance
value was detected by a microplate reader (Thermo Fisher,
Waltham, MA, USA).

CCK8 assay
Caco-2 cells (5×103 cells/well) were cultured at 37°C in a 96-

well plate. After treatment, 20 µL of CCK-8 reagent was added and
incubated for 2 h. Finally, the absorbance at 450 nm was measured
by an enzyme marker (ELX800, BioTeK, Biotek Winooski, VT,
USA).

Flow cytometry
Cell apoptosis was identified by using a propidium iodide (PI)-

Annexin V Apoptosis Detection Kit (BD Biosciences, San Jose,
CA, USA) according to the manufacturer’s instructions. A total of
1×104 cells were collected by flow cytometry (CyFlow Cube 8,
GENETIMES, Shanghai, China) for apoptosis detection and anal-
ysis. The experiments were divided into three parallel groups and
repeated three times.

Immunofluorescence
In a culture plate, the slide with the cells was washed with PBS

3 times. The cells were fixed with 4% paraformaldehyde at room
temperature for 15 min, permeabilized and then incubated with a
sufficient dilution of anti-ZO-1 (1:1000, Abcam, Cambridge, MA,
USA) at 4°C overnight. The fluorescent secondary antibody (from
Invitrogen, diluted at 1:500) was incubated at room temperature
for 1 h. DAPI was added and incubated for 5min in dark light, and
the samples were nucleated. After staining with DAPI, the tablets
were sealed with a sealing solution containing an anti-fluorescence
quencher, and photos were taken by fluorescence microscope
(400857, NiKon, Tokyo, Japan) using a 20× objective. For each
sample, three microscope fields were considered. Negative con-
trols were included where cells were incubated without the prima-
ry antibody but with all other reagents. The relative fluorescence
density was calculated to evaluate the immunolabelling. We used
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ImageJ software to accurately measure the fluorescence intensity
and perform calculations for relative fluorescence density.

Rat ADSC culture and labeling
ADSCs extracted from rat groin fat were purchased from

Cyagen Biotechnology (Yangzhou, China). The cells were cultured
according to the manufacturer’s instructions. Flow cytometry anal-
ysis revealed that CD29, CD90, and CD44 were positively
expressed, while CD45 was negatively expressed in the ADSCs.

Establishment of a rat model of intestinal barrier
damage

Six- to eight-week-old SD rats were provided and approved for
use by the Experimental Animal Center of Kunming Medical
University. The animals were maintained on a 12 h light-dark cycle
and given enough food. The animal model was established by gav-
age administration of LPS dissolved in normal saline every 48 h
for 2 days (2 times in total, 4 mg/kg). ADSC-treated rats were
injected with 1×106 ADSCs through the tail vein on the 3rd day.
HY-N0674A and SB203580 were injected intraperitoneally
according to the manufacturer’s instructions when the ADSCs
were injected. On the 6th day, the rats were euthanized, and serum
and intestinal tissue were collected for subsequent experiments.
This study was approved by the Animal Ethics Committee of
Kunming Medical University Animal Center (Approval no.
SYXK-K2020-0006).

Measurement of D-lactate, DAO and endotoxin
levels in the serum

The serum was collected at the end of the experiment and then
stored at −80°C. The serum levels of D-lactate (AF7304-SP) and
DAO (8298-AO-010) were determined using an enzymatic spec-
trophotometric assay with reagent kits according to the manufac-
turer’s protocols (Sigma‒Aldrich, St. Louis, MO, USA). The
serum levels of endotoxin (YX1214) were determined using a
Limulus Amebocyte Lysate Assay kit (Shanghai Biochemical Co.,
Ltd., Shanghai, China) according to the manufacturer’s protocols.

Analysis of indicators related to oxidative stress
and inflammatory factors

Cell lysates, rat intestinal tissue lysates and serum were col-
lected after different treatments according to the experimental
requirements. Inflammatory cytokines (TNF-α, HMGB1, IL-1β
and IL-6) were detected using ELISA kits (Solarbio, Beijing,
China). The activities of antioxidant enzymes (iNOS, SOD and
CAT) and oxidative products (MDA and 8-iso-PGF2α) were
detected using related reagent kits (COIBO BIO, Shanghai, China)
according to the manufacturer’s protocols.

Western blot analysis
Total protein was extracted from cells and rat intestinal tissue.

Total protein was separated by SDS-PAGE and transferred to a
PVDF membrane (Bio-Rad, Hercules, CA, USA). After blocking
in 2% BSA, the membranes were incubated with primary antibod-
ies (Abcam, UK): p38 MAPK (1:1000), JNK (1:1000), ERK
(1:1000), MYPT-1 (1:1000), ZO-1 (1:2000), Occludin (1:2000), E-
Cadherin (1:1000), Claudin-1 (1:2000), Bcl-2 (1:1000), Bax
(1:2000), Caspase-3 (1:2000), Caspase-9 (1:2000) at 4°C
overnight and then with the corresponding HRP-conjugated sec-
ondary antibodies for 1 h at room temperature. The results were
then visualized with an enhanced chemiluminescence detection
system, and GAPDH served as the loading control. The band inten-
sity was quantified by ImageJ. All antibodies were obtained from
Abcam and used according to the manufacturer’s instructions.

Detection of ADSC homing
ADSCs in the logarithmic growth phase were made into sin-

gle-cell suspensions, and the prepared dye solution (CFSE) was
added to the cell suspension for incubation at an appropriate tem-
perature. The CFSE (Lianke Biology, Hefei, China) reagents were
used according to the manufacturer’s instructions. The stained
cells were then stored for subsequent experiments. The rats were
injected with 1×106 ADSCs stained with CFSE through the tail
vein. Liver, kidney and intestinal tissues were collected and cut
into tissue sections after fixation for 48 h. After the slices were
rinsed with PBS, the sections were counterstained with DAPI at
room temperature. Finally, seal the slide with a coverslip. The dis-
tribution of the stained ADSCs in the tissue was analyzed under a
fluorescence microscope (400857, Nikon) using a 20× objective
lens. For each sample, five random microscope fields were select-
ed. Immunolabeling is assessed by measuring the fluorescence
intensity of the ADSC-specific immunofluorescence signal in each
selected microscope field of view using ImageJ software.

Hematoxylin and eosin (H&E) staining
Intestinal tissue samples were isolated and treated with 4%

paraformaldehyde for one day at 4°C. Tissues were rinsed with
running water, dehydrated with 70%, 80%, and 95% ethanol, and
treated with 100% ethanol. Then, the ethanol was removed with
xylene. The tissue samples were routinely embedded, sectioned
and stained with H&E (Merck, Germany), sealed with a coverslip,
and observed with an optical microscope to record the images.

Statistical analysis
The experimental data were statistically analyzed using

GraphPad Prism 7.0 (La Jolla, CA, USA). The cell experiments
were performed in triplicate, with each parallel experiment repeat-
ed at least 3 times. The animal experiments included 5 parallel
experiments, each of which was repeated at least 3 times. The data
are expressed as the mean ± SD. ANOVA was used to measure dif-
ferences between groups. A p-value <0.05 was considered to indi-
cate statistical significance.

Results

Identification of ADSCs
ADSCs were cultured for 2-3 generations, and their cell sur-

face markers were detected by flow cytometry. The results showed
that the cell surface contained CD29, CD44 and CD90, which were
typical ADSCs surface markers, and no CD45 antibody was found
(Figure 1A). Then, the cells were subjected to three-line differen-
tiation culture, and the results showed that the ADSCs could be
stained with red oil drops by oil red O staining solution. Second,
the cells were stained with Alizarin red to form red calcium nod-
ules under a microscope. In addition, patches of blue cartilage
lacunae were observed under a microscope after staining with
Alcian blue (Figure 1B). It was confirmed that the above cells met
the experimental requirements and could be used for subsequent
experiments.

Effects of ADSCs on proliferation and apoptosis of
intestinal barrier injury model cell Caco-2 

ADSCs also have special functions in regulating cell prolifer-
ation and apoptosis. To verify the complex relationship between
intestinal barrier damage and abnormal cell apoptosis, Caco-2 cells
treated with LPS were used to establish a cell model of intestinal
barrier damage. LPS inhibited cell viability and promoted cell
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apoptosis in Caco-2 cells; after the addition of ADSCs, cell apop-
tosis decreased, and cell viability increased (Figure 2 A,B). In
addition, LPS increased the expression of Bax, Caspase-3 and
Caspase-9 but not Bcl-2. The addition of ADSCs reversed the
changes in the expression of the above proteins, suggesting that
ADSCs protect Caco-2 cells from LPS-induced cell apoptosis
(Figure 2C). Furthermore, the influence of ADSCs on intestinal
barrier integrity was investigated. TEER and permeability detec-
tion revealed that treatment with LPS inhibited the TEER (Figure
2D) and increased the flux of FITC-dextran (Figure 2E). ADSCs
increased the TEER and restrained the flux of FITC-dextran.
Furthermore, Western blot and immunofluorescence assays
revealed that the levels of the tight junction-associated proteins
ZO-1, Occludin, E-cadherin, and Claudin-1 were obviously
decreased in the LPS groups. Compared with those in the LPS
group, the addition of ADSCs promoted ZO1, Occludin, E-cad-
herin, and Claudin-1 expression (Figure 2 F,G). Therefore, the
application of ADSCs relieved the intestinal barrier damage in
LPS-stimulated Caco-2 cells.

Effects of ADSCs on oxidative stress and inflam-
mation in Caco-2 cells

Oxidative stress and the inflammatory response are also con-
sidered important triggers of intestinal barrier damage. To deter-
mine whether ADSCs are involved in these processes, inflammato-
ry cytokines (TNF-α, HMGB1, IL-1β and IL-6) and the activities
of antioxidant enzymes (iNOS, SOD and CAT) and oxidative prod-
ucts (MDA and 8-iso-PGF2α) were detected using ELISA kits and
related reagent kits. Compared with those in the NC group, 
TNF-α, HMGB1, IL-1β, IL-6, MDA and 8-iso-PGF2α were upreg-
ulated, while iNOS, SOD and CAT were significantly inhibited in
LPS-induced Caco-2 cells, suggesting that oxidative stress and the
inflammatory response are closely related to intestinal barrier dam-

age. After coculture with ADSCs, TNF-α, HMGB1, IL-1β, IL-6,
MDA and 8-iso-PGF2α were suppressed, while the levels of iNOS,
SOD and CAT were significantly increased (Figure 3 A-I). The
above results indicated that ADSCs participate in and regulate
oxidative stress and inflammation in the intestinal barrier.

Effects of ADSCs on different signaling pathways
in Caco-2 cells

Signaling pathways play important roles in cellular
metabolism. To explore which signaling pathway has a regulatory
function in intestinal barrier damage, several common signaling
pathway-related genes, including p38 MAPK, JNK, ERK and
MYPT-1, were screened and detected. Analysis of the resulting
data revealed that the levels of the phosphorylated proteins p38
MAPK, JNK, ERK and MYPT-1 tended to increase in the LPS
group. After coculture with ADSCs, only the levels of the phos-
phorylated proteins p38 MAPK and ERK were decreased, while
the decrease in the p-p38 MAPK level was more obvious (Figure
4). Therefore, the p38 MAPK signaling pathway was selected for
subsequent experimental research.

ADSCs inhibited cell apoptosis and restored intes-
tinal barrier integrity by suppressing p38 MAPK

To verify the complex relationship between intestinal barrier
damage and p38 MAPK, p38 MAPK activator and p38 MAPK
inhibitor were used in Caco-2 cells cultured with ADSCs. ADSCs
increased cell viability and inhibited cell apoptosis in LPS-stimu-
lated Caco-2 cells. Compared with those in the LPS+ADSC group,
the p38 MAPK activator promoted cell apoptosis while the p38
MAPK inhibitor further inhibited cell apoptosis (Figure 5 A,B). In
addition, the p38 MAPK activator increased the expression of Bax,
Caspase-3 and Caspase-9 but not Bcl-2 in comparison to that in the
LPS+ADSC group. The p38 MAPK inhibitor reversed the decreas-
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Figure 1. Identification of ADSCs. A) ADSC surface markers determined by flow cytometry. B) A three-line differentiation test was used
to verify ADSCs. (n=3).
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Figure 2. Effect of ADSCs on Caco-2 cell apoptosis and intestinal barrier integrity. A) Cell viability was measured by a CCK-8 kit. B)
Cell apoptosis was tested by flow cytometry. C) Apoptosis-related proteins (Bcl-2, Bax, Caspase-3 and Caspase-9) were detected by
Western blot. D) TEER was detected using a microcellular resistance system. E) Cell permeability was assayed by FITC-dextran. F) Tight
junction proteins (ZO-1, Occludin, E-cadherin, and Claudin-1) were detected by Western blot. G) ZO-1 was observed by immunofluores-
cence. ***p<0.001 vs NC group; ##p<0.01 vs LPS group. (n=3). The full-length gel and blot images are available in the Supplementary
Figure.
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es in the expression of Bax, Caspase-3 and Caspase-9 but not Bcl-
2, suggesting that ADSCs protect Caco-2 cells from LPS-induced
cell apoptosis by inhibiting p38 MAPK (Figure 5C). Furthermore,
the influence of ADSCs and p38 on intestinal barrier integrity was
investigated. TEER and permeability detection revealed that
ADSCs increased the TEER and restrained the flux of FITC-dex-
tran. The p38 MAPK activator inhibited the TEER values and
increased the flux of FITC-dextran, while the p38 MAPK inhibitor
further elevated the TEER and restrained the flux of FITC-dextran
(Figure 5 D,E). Furthermore, Western blot analysis revealed that
the ZO-1, Occludin, E-cadherin, and Claudin-1 levels were obvi-
ously increased in the LPS+ADSC group. Compared with those in
the LPS+ADSC group, the addition of the p38 MAPK activator
inhibited the expression of ZO1, Occludin, E-cadherin, and
Claudin-1, while the p38 MAPK inhibitor promoted the expression
of the above proteins (Figure 5 F,G). Therefore, the application of
ADSCs relieved intestinal barrier damage by suppressing p38
MAPK.

ADSCs inhibited inflammatory and oxidative
stress by restraining p38 MAPK

To determine whether ADSCs are involved in oxidative stress
and the inflammatory response by p38 MAPK, inflammatory
cytokines (TNF-α, HMGB1, IL-1β and IL-6), activities of antiox-
idant enzymes (iNOS, SOD and CAT) and oxidative products
(MDA and 8-iso-PGF2α) were detected using ELISA kits and
related reagent kits. Compared with those in the LPS group, the
levels of TNF-α, HMGB1, IL-1β, IL-6, MDA and 8-iso-PGF2α
were decreased, while the levels of iNOS, SOD and CAT were sig-
nificantly increased after coculture with ADSCs. After the addition
of the p38 MAPK activator, TNF-α, HMGB1, IL-1β, IL-6, MDA
and 8-iso-PGF2α were increased, while the levels of iNOS, SOD
and CAT were significantly decreased. The p38 MAPK inhibitor
and p38 MAPK activator had opposite effects (Figure 6). The
above results indicated that ADSCs participate in and regulate
oxidative stress and inflammation by restraining p38 MAPK acti-
vation in the intestinal barrier.

Figure 3. Effects of ADSCs on oxidative stress and inflammation in Caco-2 cells. A-D) Inflammatory cytokines (TNF-α, HMGB1, IL-1β
and IL-6) were measured by ELISA. E-G) Antioxidation enzymes (iNOS, SOD and CAT) were measured by kits. H-I) Oxidative products
(MDA and 8-iso-PGF2α) were detected by kits. ***p<0.001 vs NC group; ##p<0.01 vs LPS group. (n=3).
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The recruitment of ADSCs to intestinal tissue alle-
viates intestinal barrier damage by suppressing
p38 MAPK

First, ADSCs were injected into rats (the control group was
injected with physiological saline) to detect their localization in
different tissues. The results indicated that ADSCs effectively
transferred to intestinal tissue rather than to the kidneys or liver
(Figure 7A). This, to some extent, confirms the characteristic role
of ADSCs in intestinal barrier damage. Next, we constructed a rat
model of intestinal barrier damage, and a p38 MAPK activator or
inhibitor was used to observe the role of p38 in intestinal barrier
repair. The intestinal mucosa of the NC and Sham groups of rats
was intact in morphology, with clear villous structures and slightly
widened subepithelial spaces at the tips of some villi. However, in
the model group, the intestinal mucosal structure was disrupted,
with damaged villi and a large amount of epithelial cell shedding.
The injection of ADSCs alleviated the intestinal barrier damage,
and the p38 MAPK activator weakened the function of the ADSCs.
The p38 MAPK inhibitor and p38 MAPK activator had opposite
effects (Figure 7B). The levels of D-lactate, DAO and endotoxin
were determined in intestinal samples obtained from the portal
vein. The levels of D-lactate, DAO and FITC-dextran were signif-
icantly greater in the Model group than in the Sham group, indicat-
ing that LPS disrupted the integrity of the intestinal mucosal barri-
er. Treatment with ADSCs significantly decreased the levels of D-
lactate, DAO and FITC-dextran. At the same time, treatment with
p38 MAPK activators reversed the effects of ADSCs and promoted
the levels of these factors, and p38 MAPK inhibitors exhibited the
opposite effect of p38 MAPK activators (Figure 7 C-E). In addi-
tion, ADSCs promoted ZO-1, Occludin, E-cadherin, and Claudin-
1 expression in the model group. The p38 MAPK activator inhib-
ited the increase in these proteins, while the p38 MAPK inhibitor
further increased the expression of these proteins (Figure 7F). In
addition, ADSCs inhibited the levels of TNF-α, IL-1β and IL-6 in
the serum. ADSCs promoted the levels of iNOS, SOD and CAT,
suggesting that ADSCs inhibited inflammation and oxidative
stress. Furthermore, the p38 MAPK activator reversed the effects
of ADSCs on oxidative stress and inflammation, and p38 MAPK

inhibitors exhibited the opposite effect of p38 MAPK activators
(Figure 7 G-L). These results suggested that the effects of LPS on
intestinal injury and mucosal permeability were attenuated by
ADSCs, whereas activation of the p38 MAPK signaling pathway
promoted further damage to the intestinal mucosa.

Discussion
The intestinal tract is the site with the greatest enrichment of

bacteria in the human body.19 Maintaining the microecological bal-
ance and a normal intestinal mucosal mechanical and immune bar-
rier are important conditions for the intestinal mucosa to protect
the body from the intestinal contents.20 However, when the intesti-
nal tract suffers severe pathogenic bacterial invasion or mechanical
trauma, the intestinal mucosal barrier will be destroyed, and the
body will experience severe adverse reactions, such as inflamma-
tory reactions, multiple organ failure and other common clinical
symptoms.21,22 Therefore, preventing and treating intestinal barrier
dysfunction is of great practical significance.

ADSCs are adult stem cells that reside in adipose tissue. They
can be recruited in a homing manner to sites of inflammation,
where they exhibit powerful immunomodulatory capabilities to
promote wound healing and regeneration.23 ADSCs have been used
to treat many diseases. NI et al. reported that ADSCs can differen-
tiate into vascular lineages in vitro and in vivo, participate in vas-
cular remodeling, and can be used to treat cardiovascular dis-
eases.24 They are also considered to be an important seed cell for
bone repair. Second, they can be used for wound repair and regen-
eration and participate in immune regulation of the body.25-27

ADSCs are directionally recruited to intestinal tissue through their
homing ability and can alleviate inflammatory symptoms in ulcer-
ative colitis model mice.28 Due to their multiple cellular functions
and therapeutic potential in different diseases, ADSCs also have
great potential in the repair of intestinal barrier injury. ADSCs also
have potential clinical applications in the treatment of intestinal
injury. The homing ability of ADSCs to intestinal tissue and its
immunomodulatory ability are key factors for their potential clini-
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Figure 4. Effects of ADSCs on different signaling pathways in Caco-2 cells. p38 MAPK, JNK, ERK and MYPT-1 were detected by
Western blot. *p<0.05, ***p<0.001 vs NC group; ##p<0.01 vs LPS group. (n=3). The full-length gel and blot images are available in the
Supplementary Figure.
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Figure 5. ADSCs inhibited cell apoptosis and restored intestinal barrier integrity by suppressing p38 MAPK. A) Cell viability was meas-
ured by a CCK-8 kit. B) Cell apoptosis was tested by flow cytometry. C) Apoptosis-related proteins (Bcl-2, Bax, Caspase-3 and Caspase-
9) were detected by Western blot. D) TEER was detected using a microcellular resistance system. E) Cell permeability was assayed by
FITC-dextran. F) Tight junction proteins (ZO-1, Occludin, E-cadherin, and Claudin-1) were detected by Western blot. G) ZO-1 was
observed by immunofluorescence. ***p<0.001 vs NC group; ##p<0.01, ###p<0.001 vs LPS group; &p<0.05, &&p<0.01 vs ADSCs group.
(n=3). The full-length gel and blot images are available in the Supplementary Figure.
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cal applications. Oxidative stress has been proven to be the key
pathogenesis of intestinal mucosal dysfunction.29 In one study, the
levels of inflammatory factors, malondialdehyde and oxidative
stress-related enzymes in the intestine of uremic rats were detect-
ed. The upregulation of the above physiological parameters sug-
gests that kidney diseases can induce intestinal barrier injury and
cause systemic inflammation.30 Apoptosis is another key factor in
intestinal mucosal dysfunction. It has been reported that the apop-
tosis of porcine intestinal epithelial cells exacerbates oxidative
damage.31 Severe acute pancreatitis can cause intestinal barrier
damage and then lead to a sudden increase in the expression of
Bax/Bcl-2 and other apoptosis-related proteins.32 In this study,
Caco-2 cells treated with LPS were used to establish a cell model
of intestinal barrier damage to verify the relationship between
intestinal barrier damage and abnormal cell apoptosis or oxidative
stress. The results indicated that LPS inhibited cell viability and
promoted cell apoptosis. In addition, TNF-α, HMGB1, IL-1β, IL-
6, MDA and 8-iso-PGF2α were upregulated, while the levels of
iNOS, SOD and CAT were significantly inhibited in LPS-induced
Caco-2 cells, suggesting that LPS activated oxidative stress and the
inflammatory response. After co-culture with ADSCs, the ADSCs
protected Caco-2 cells from LPS-induced cell apoptosis, oxidative
stress and inflammation.

Changes in intestinal barrier permeability are one of the major

causes of intestinal mucosal barrier damage. Tight junction pro-
teins, including ZO-1, Claudin-1, and Occludin, are important pro-
teins involved in maintaining intestinal mucosal integrity.
Decreased expression of these proteins is often a significant mark-
er of intestinal mucosal barrier damage.33,34 In one study, in a
mouse model of intestinal mucosal injury induced by a high-fat
diet, intestinal mucosal injury in mice recovered after the expres-
sion of ZO-1 was induced by butyrate.35 The levels of ZO-1,
Occludin and Claudin-1 proteins in the ileum of mice with intesti-
nal barrier damage were increased after arbutin treatment, and the
expression of p38MAPK signaling pathway proteins was
changed.36 In this work, LPS inhibited the TEER and increased the
flux of FITC-dextran. In addition, ZO-1, Occludin, E-cadherin,
and Claudin-1 levels were obviously decreased in the LPS groups.
The addition of ADSCs reversed the above results, as ADSCs can
reshape the healthy intestinal barrier by upregulating the expres-
sion of tight junction proteins and mediating intestinal barrier
integrity. The activation of the p38 MAPK signaling pathway con-
tributes to the occurrence of inflammation and apoptosis, and it has
significant regulatory functions not only in tumor-related diseases
but also in the development of inflammatory diseases.37,38 It has
been proven that activation of the p38 MAPK signaling pathway
promotes intestinal barrier dysfunction by inducing inflammatory
and apoptotic responses.39 In the intestinal tissue of ulcerative col-

Figure 6. ADSCs inhibited inflammatory and oxidative stress by restraining p38 MAPK. A-D) Inflammatory cytokines (TNF-α, HMGB1,
IL-1β and IL-6) were measured by ELISA. E-G) Antioxidation enzymes (iNOS, SOD and CAT) were measured by kits. H-I) Oxidative
products (MDA and 8-iso-PGF2α) were detected by kits. ***p<0.001 vs NC group; ##p<0.01 vs LPS group; &p<0.05, &&p<0.01 vs ADSCs
group. (n=3).
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Figure 7. The recruitment of ADSCs to intestinal tissue alleviates intestinal barrier damage by suppressing p38 MAPK. A) The homing
effect of ADSCs was observed by fluorescence localization. B) Intestinal barrier tissue was observed by H&E staining. C-E) The levels
of D-lactate, DAO and endotoxin were determined by kits. F) Tight junction proteins (ZO-1, Occludin, E-cadherin, and Claudin-1) were
detected by Western blot. G-I) Inflammatory cytokines (TNF-α, IL-1β and IL-6) were measured by ELISA. J-L) Antioxidant enzymes
(iNOS, SOD and CAT) were measured by kits. ***p<0.001 vs Sham group; ##p<0.01 vs Model group; &p<0.05, &&p<0.01 vs ADSCs
group. (n=5). The full-length gel and blot images are available in the Supplementary Figure.
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itis rats, tyrosine and threonine residues in p38 MAPK are phos-
phorylated, and the levels of LPS and some inflammatory factors
increase, further aggravating the inflammatory reaction.40 In this
study, the levels of phosphorylated p38 MAPK in LPS-stimulated
cells were significantly greater than those in normal cells, while
ADSCs effectively inhibited the phosphorylation of p38 MAPK.
This inhibition of p38 MAPK phosphorylation by ADSCs has a
profound impact on other proteins and physiological functions. For
example, phosphorylated p38 MAPK is known to upregulate the
expression of certain pro-inflammatory factors. When ADSCs
inhibit p38 MAPK phosphorylation, this leads to a subsequent
decrease in the levels of these pro-inflammatory factors. 

Furthermore, a p38 MAPK activator and p38 MAPK inhibitor
were used to verify the effect of ADSCs on intestinal barrier dam-
age. These results indicate that the p38 MAPK inhibitor restrained
the expression of inflammatory cytokines and oxidative stress-
related proteins and inhibited apoptosis in Caco-2 cells treated
with LPS. Finally, a rat model of intestinal barrier damage was
constructed, and p38 MAPK activators and inhibitors were used to
observe the role of p38 MAPK in intestinal barrier repair. ADSCs
are more effectively transferred to intestinal tissue than to the kid-
neys or liver. The levels of D-lactate, DAO and FITC-dextran were
significantly increased in the model group, indicating that LPS dis-
rupted the integrity of the intestinal mucosal barrier. In addition,
LPS induced fewer tight junction proteins and increased the levels
of oxidative stress and inflammation. The effects of LPS on intesti-
nal injury and mucosal permeability were attenuated by ADSCs,
whereas activation of the p38 MAPK signaling pathway promoted
further damage to the intestinal mucosa.

This study revealed that ADSCs can be recruited to intestinal
tissue, where they suppress inflammatory cytokines, oxidative
stress and cell apoptosis by limiting p38 MAPK and promoting the
expression of tight junction proteins. However, this study has sev-
eral limitations. Firstly, this work only examined intestinal barrier
damage induced by LPS. The mechanisms involved in intestinal
barrier damage are complex and varied, and the development and
occurrence of other mechanisms should be explored. Secondly, our
study primarily explored the inhibitory effects of ADSCs on the
p38 MAPK signaling pathway. However, it is important to recog-
nize that ADSCs may influence other pathways, such as the ERK
and NF-κB signaling pathways. Previous research suggests that
ERK signaling may contribute to intestinal epithelial repair by pro-
moting cell proliferation and survival. Similarly, NF-κB has been
identified as a critical regulator of the inflammatory response.
Future studies should examine whether ADSCs modulate these or
other pathways, potentially providing a more comprehensive
understanding of their therapeutic effects. Additionally, our study
was limited to LPS-induced models; therefore, broader investiga-
tions involving other models of intestinal barrier damage are war-
ranted to validate these findings. Our study focused on investigat-
ing the mechanisms by which ADSCs promote intestinal barrier
repair through the inhibition of the p38 MAPK signaling pathway.
While ADSCs have demonstrated significant therapeutic potential,
this study did not include a direct comparison of ADSC efficacy
with other treatment modalities for intestinal barrier damage, such
as pharmacological agents, nutritional interventions, or other cell-
based therapies. At present, we could not identify reports compar-
ing ADSCs with other therapeutic approaches in this specific con-
text. This represents a limitation of the current study and an impor-
tant area for future research, where a comparative analysis could
provide valuable insights into the relative efficacy and mecha-
nisms of different therapeutic strategies. Moreover, further valida-
tion is needed for the clinical application of gene-targeted thera-
peutics in the treatment of intestinal barrier damage.
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Full-length gel and blot images.
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