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Reducing severity of inflammatory
bowel disease through colonization
of Lactiplantibacillus plantarum and its
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Abstract

Inflammatory bowel disease (IBD) is characterized by compromised intestinal barrier function and a lack of effective
treatments. Probiotics have shown promise in managing IBD due to their ability to modulate the gut microbiota,
enhance intestinal barrier function, and exert anti-inflammatory effects. However, the specific mechanisms through
which probiotics exert these therapeutic effects in IBD treatment remain poorly understood. Our research revealed
a significant reduction of Lactiplantibacillus plantarum (L. plantarum) in the gut microbiota of IBD patients. L.
plantarum is a well-known probiotic strain in the list of edible probiotics, recognized for its beneficial effects on

gut health, including its ability to strengthen the intestinal barrier and reduce inflammation. We demonstrated

that supplementation with L. plantarum could alleviate IBD symptoms in mice, primarily by inhibiting apoptosis in
intestinal epithelial cells through L. plantarum’s bacterial extracellular vesicles (L. plant-EVs). This protective effect is
dependent on the efficient uptake of L. plant-EVs by intestinal cells. Intriguingly, watermelon enhances L. plantarum
colonization and L. plant-EVs release, further promoting intestinal barrier repair. Our findings contribute to the
understanding of L. plant-EVs in the probiotic-based therapeutic approach for IBD, as they are promising candidates
for nanoparticle-based therapeutic methods that are enhanced by natural diets such as watermelon. This study
thereby offers a potential breakthrough in the management and treatment of IBD.
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Introduction
Inflammatory bowel disease (IBD), a chronic inflamma-
tory disorder affecting millions of people worldwide, has
a complex pathogenesis involving genetic, environmental,
and immunological factors [1]. These elements contrib-
ute to disrupt key processes such as epithelial cell func-
tion, intestinal permeability, immune response regulation,
and the gut microbiota balance, ultimately leading to
compromised intestinal dysfunction [2]. Despite existing
treatments, sustained removal or complete recovery in
IBD patients remains elusive, largely owing to the limited
understanding of its pathogenesis and the constraints of
current drugs [3, 4]. Probiotics have emerged as a prom-
ising approach to manage gut microbiota and maintain
internal barrier homeostasis [5, 6]. Strains such as Lac-
ticaseibacillus rhamnosus and Lactiplantibacillus reuteri
improve barrier function by upregulating tight junction
proteins, which are crucial for preventing the entry of
harmful substances into the bloodstream [7, 8]. How-
ever, the efficacy of specific probiotics in IBD treatment
remains uncertain, with challenges in achieving sustained
colonization and stable therapeutic outcomes. Moreover,
the key active components and mechanisms underlying
probiotics’ action in IBD are not fully understood.

Recent research has increasingly focused on bacte-
rial extracellular vesicles (BEVs) as crucial mediators
of bacterial-host interactions and the progression of

diseases [9—11]. These nanoscale particles, ranging from
30 to 200 nm in size, are carriers of bioactive molecules
like proteins and genetic material [12, 13]. Notably,
BEVs [14], owing to their specific structural properties,
exhibit enhanced stability within the human gastroin-
testinal tract, effectively resisting degradation by diges-
tive enzymes and being readily assimilated by host cells
[15, 16]. Moreover, probiotic-derived BEVs have been
identified to possess anti-inflammatory, antioxidant, and
immunomodulatory properties, marking them as prom-
ising candidates in the realm of nanoparticle drug for dis-
ease treatment [17-19]. Therefore, deciphering the role
of these nanoscale particles in probiotic-mediated gut
barrier regulation could lead to breakthrough BEV-based
IBD treatments, particularly in terms of enhancing BEV
production and nanoparticle-based therapeutic methods.

In this study, we report a significantly reduced presence
of L. plantarum in the gut microbiota of IBD patients,
and supplementation with L. plantarum could alleviate
IBD symptoms in a mouse model. We demonstrated that
L. plantarum is capable of inhibiting apoptosis in intes-
tinal epithelial cells via the mPTP-CytC-Caspase-9-Cas-
pase-3 pathway, which is mediated through the release
of its BEVs. Furthermore, watermelon was found to act
as a catalyst, enhancing the growth of L. plantarum and
the secretion of L. plant-EVs, which contributes to the
alleviation of IBD symptoms. This study underscored the
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clinical significance of L. plant-EVs in preserving intes-
tinal barrier integrity, positioning them as potential can-
didates for nanoparticle-based therapeutic strategies.
Crucially, the effectiveness of these vesicles is signifi-
cantly enhanced by watermelon, offering a unique and
synergistic approach to IBD therapy.

Method

Animals and the IBD model

All mouse experiments in this study were approved by the
Committee on the Use of Live Animals in Teaching and
Research at the Southern Medical University (approval
number: SMUL2022002) and were performed following
the Guidelines for Care and Use of Laboratory Animals of
Southern Medical University. Specific pathogen-free (SPF)
healthy male C57BL/6] mice (6—8 week-old) were procured
from Guangdong Zhiyuan Biomedical Technology Co., Ltd.
and housed in the SPF animal facility of Southern Medical
University. The mice were maintained under constant tem-
perature, humidity, and 12/12 h light/dark cycle conditions
and provided ad libitum access to food and water.

After 1 week of adaptation, the mice in the IBD model
group were allowed free access to a 3% DSS aqueous solu-
tion (MB5535, meilunbio) for 7 days. Mice were treated
with 300 pL of PBS or other interventions such as E. coli
(10° CFU/mL), E. coli-EVs (30 pg), L. plantarum (10°
CFU/mL), L. plant-EVs (30 pg) and watermelon superna-
tant each day as the control or experimental groups.

A mixture of vancomycin hydrochloride (10 mg/
mL, 200 pL, V820413, Macklin), metronitridin (10 mg/
mL, 200 pL, M813526, Macklin), neomycin (20 mg/mL,
200 pL, XY-K1226, X-Y Biotechnology) and ampicillin
(20 mg/mL, 200 uL, A830931, Macklin) was used for 7
days to clear the gut microbiota of the mice.

Cell culture

Human normal colonic epithelial (NCM 460) cells were
cultured in Dulbecco’s modified Eagle medium (DMEM,
C11995500BT, Gibco) supplemented with 10% fetal
bovine serum (FBS, 164210-50, Procell), 10 U/mL peni-
cillin (PB180120, Procell), and 0.1 mg/mL streptomycin
(PB180120, Procell). The cells were maintained at 37 °C
with 5% CO, in an incubator.

Cell scratching assay

NCM 460 cells were plated at 2.5 x 10°/well in a 12-well
plate. After the cells had adhered overnight, 2 scratches
per well were made with a 200 pL pipet tip. Then, the
cells were washed twice with PBS. Next, 1 mL of serum-
free medium containing 3% DSS and 10 pg/mL L. plant-
EVs or E. coli-EVs was added to each well. Cell migration
was evaluated at 0 h, 12 h and 24 h with a Nikon inverted
microscope, and the scratch areas were quantified with
Image] software.
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Western blot

NCM 460 cells were plated at 3.5 x 10°/well in a 6-well
plate. After they had allowed to adhere overnight, the
cells were washed twice with PBS. Subsequently, 2 mL
of serum-free medium containing 3% DSS and differ-
ent concentrations of L. plant-EVs (5, 10, 15, 20 pg/mL)
was added to each well. The cells were cultured with L.
plant-EVs for 0 h, 12 h and 24 h. Then, protein samples
from NCM 460 cells were obtained via RIPA lysis buffer
(WB3100, NCM Biotech) containing 1% protease and
phosphatase inhibitor cocktail phenylmethanesulfonyl
fluoride (P002, NCM Biotech). The total protein con-
centration was determined using the BCA Protein Assay
Kit (FD2001, Fdbio Science). Equal amounts of proteins
(30 pg per group) were loaded for 4-20% Protein Pre
made Gel (ET15420Gel, ACE Biotechnology) and sub-
jected to electrophoresis. After transferring protein to
polyvinylidene difluoride (PVDF) membranes, the blots
were blocked with 5% Bovine Serum Albumin (BSA,
FD0030, Fdbio Science) for 2 h at room temperature.
The membranes were incubated with primary antibodies
overnight at 4 °C, and then with the corresponding sec-
ondary antibodies for 2 h at room temperature. All pri-
mary antibodies were obtained from Affinity Biosciences.
All secondary antibodies were obtained from Fdbio sci-
ence. GAPDH (ab201822, Abcam) and -tublin (AF7011,
Affinity Biosciences) was used for normalization. The
bands were quantified using Image] software.

Bacterial DNA extraction

DNA extraction from all fecal samples was performed
via QIAamp Fast DNA Stool Mini Kit (51604, Qiagen)
with a modified protocol following the manufacturer’s
instructions specific for the fecal samples. The quantity
and purity of all the extracted DNA were checked with a
NanoDrop ND-1000 Spectrophotometer (Thermo Fisher
Scientific) and then stored at — 20 °C.

Quantitative real-time PCR (qRT-PCR)

The total cellular RNA was extracted by using TRIzol
agent (15596026, Invitrogen) and synthesized into cDNA
via a reverse transcription kit (RR036A, Takara). Subse-
quently, the SYBR® Green Pro Taq HS Premix (AG11701,
Accurate Biology) was added for gene expression anal-
ysis. The primers used for qRT-PCR are described
Table S1.

Annexin V/PI staining and cell cycle detection

NCM 460 cells were plated at 3.5 x 10°/well in a 6-well
plate. After they had allowed to adhere overnight, the
cells were washed twice with PBS. Subsequently, 2 mL of
serum-free medium containing 3% DSS, different con-
centrations of L. plant-EVs (5, 10, 15, 20 pg/mL) and PBS
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was added to each well. The cells were cocultured with L.
plant-EVs for 0 h, 12 h, 24 h.

An Annexin V-fluorescein isothiocyanate (FITC)/prop-
idium iodide (PI) Apoptosis Detection Kit (40302ES50,
Yeasen Biotechnology) was used to identify apoptotic
and necrotic cells. Following the manufacturer’s instruc-
tions, 1-5x 10° live cells were harvested and stained (10
pL PI and 5 pL Annexin V-FITC) for 15 min in the dark
at room temperature, before analysis via the BD Fortessa
multidimensional high-definition flow cytometer. In the
resulting dot plots, the X-axis represents the intensity
of green fluorescence (Annexin V), and the Y-axis rep-
resents the intensity of red fluorescence (PI). The cell
population distribution analysis was divided into four
quadrants: Annexin V-/PI-, Annexin V+/PI-, Annexin
V-/PI+, and Annexin V+/Pl+represented the nor-
mal state, early apoptosis, necrosis, and late apoptosis,
respectively.

Enzyme-linked immunosorbent assay

Protein samples from NCM 460 cells were obtained
using RIPA lysis buffer containing 1% protease and phos-
phatase inhibitors. MPTP protein levels were measured
by using the Human MPTP ELISA Kit (DG12601H,
Dogesce).

Bacterial growth condition

E. coli was grown at 37 C in Luria-Bertani (LB) Broth
(HB0128, Hopebio) with continuous shaking at 160 rpm
for 18 h. L. plantarum was grown anaerobically at 37 ‘C
in de Man, Rogosa and Sharpe (MRS) broth (HB0384-1,
Hopebio) supplemented with 1% D-(+)-Maltose monohy-
drate (D813131, Macklin) and 1% yeast extract (050090,
HuanKai Biology) for 12 h.

Fruits supernatant promoted bacterial growth

The MRS broth was supplemented with 1%o cysteine
and 1% PBS, or the supernatant of fruits such as pitaya,
peach, and watermelon. L. plantarum was inoculated
into the medium, and after 2, 4, 8, 12, and 24 h of cul-
ture, the bacterial culture was centrifuged at 3,000 x g for
10 min. After removing the supernatant, an equivalent
volume of PBS was added to resuspend the bacteria, and
the OD600 values were measured.

Watermelon supernatant promoted the release of BEVs
The MRS broth was supplemented with 1% cysteine,
1% PBS, or watermelon supernatant. L. plantarum was
then inoculated into the medium and cultured for 8 h. L.
plant-EVs were isolated by ultracentrifugation, and pro-
tein quantification was performed using the BCA Protein
Assay Kit.
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Isolation of BEVs

BEVs were isolated from the bacterial culture. The bac-
teria were first removed by centrifugation at 300 x g for
10 min, then 3,000 x g for 20 min, and finally 12,000 x
g for 30 min at 4 C. The supernatants were further fil-
tered with a 0.22 pm pore-sized filter, removing residual
bacteria and cellular debris. BEVs were isolated by ultra-
centrifugation of the filtrate at 135,000 x g for 70 min at 4
‘C and resuspended in PBS. BEV samples were stored at
-80 C for subsequent studies. The protein quantification
of BEVs was performed with the BCA Protein Assay Kit.

Characterization of BEVs

The morphology and the size distribution of L. plant-
EVs were observed by Transmission electron microscope
(H-7650, Hitachi) and Nanoparticles tracking analy-
sis (ZetaView PMX-120, Particle Metrix). The surface
marker LTA (MA1-7402, Thermo Fisher Scientific) of L.
plant-EVs was characterized by Western blot.

16 S rRNA gene sequencing

16S rRNA sequencing was performed at Novogene (Bei-
jing, China) using NovaSeq 6000 system. Total DNA was
extracted from human fecal samples and stored at — 80°C.
Later, the content of the extracted total DNA was quan-
tified by Nanodrop, and the quality was checked by 1%
agarose gel electrophoresis. For 16S amplicon sequenc-
ing, the variable V4 region of bacterial 16S rRNA was
amplified with the primers V4F (5-GTGTGYCAGC-
MGCCGCGGTAA-3) and V4R (5-CCGGACTAC-
NVGGGTWTCTAAT-3) and the PCR products were
purified with a GeneJET Gel Extraction Kit (K0691,
Thermo Scientific). Sequencing libraries were gener-
ated using Illumina TruSeq DNA PCR-Free Library
Preparation Kit (Illumina) and index codes were added.
At last, the library was sequenced on an Illumina Nova-
Seq platform and 250 bp paired-end reads were gener-
ated. Sequence denoising, or operational taxonomic
unit (OTU) clustering, was performed in line with the
QIIME2 dada2 analysis process or the analysis process
of Vsearch software. At the amplicon sequence vari-
ant (ASV)/OTU level, the distance matrix of each sam-
ple was calculated, and the differences in diversity and
the significance of differences among different samples
(groups) were measured by various unsupervised sorting
and clustering methods, combined with the correspond-
ing statistical tests such as PERMANOVA, ANOSIM,
and PERMDISP.

RNA sequencing and analysis

RNA samples from NCM 460 cells were obtained using
AG RNAex Pro Reagent (AG21102, Accurate Biotech-
nology). Total amounts and integrity of the RNA were
assessed using the RNA Nano 6000 Assay Kit of the
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Bioanalyzer 2100 system (Agilent Technologies, CA,
USA). After the library was qualified, the different librar-
ies were pooling according to the effective concentration
and the target amount of data off the machine, then being
sequenced by the Illumina NovaSeq 6000. The end read-
ing of 150 bp pairing was generated. The image data mea-
sured by the high-throughput sequencer were converted
into sequence data (reads) by CASAVA base recognition.
We downloaded the reference genome and gene model
annotation files from the GENCODE database (https://
www.gencodegenes.org). Index of the reference genome
was built via HISAT2 (v2.0.5) and paired-end clean
reads were aligned to the reference genome via HISAT2
(v2.0.5). FeatureCounts (v1.5.0-p3) was used to count the
reads numbers mapped to each gene. Differential expres-
sion analysis was performed using the DESeq2 R package
(1.20.0). Gene Ontology (GO) enrichment analysis of the
differentially expressed genes was implemented by the
clusterProfiler R package (3.8.1).

Clinical samples

Healthy donors and colitis patients

The sample collection protocol was approved by the Eth-
ics Committee of Nanfang Hospital, Southern Medical
University (approval number: NFEC-2022-001). Healthy
donors and colitis patients were selected from Nanfang
hospital according to standard guidelines [31]. All the
stool samples were stored at — 80 C.

Volunteers

Volunteers were asked to eat fast fruit for 3 days and
stool samples were collected. Then, they were assigned
to eat fresh watermelon for 7 days and stool samples
were collected again. The feces before and after water-
melon consumption were paired and stored at —80 C.
The sample collection was approved by the Ethics Com-
mittee of Nanfang Hospital, Southern Medical University
(approval number: NFEC-2022-001).

Statistical analysis

All data were presented as meant+standard deviation
(SD). One-way analysis of variance (ANOVA) was used
for comparisons among multiple groups. Student’s t-test
was used for comparisons between two groups. When
the data did not pass the normality and lognormality
tests, the Mann Whitney test was used for comparisons
between two groups, while the Kruskal-Wallis test was
used for comparisons among multiple groups. All the sta-
tistical analyses were conducted using GraphPad Prism
9.0. P value of <0.05 was considered statistically signifi-
cant. *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001.
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Results
Lactiplantibacillus plantarum supplementation reduced
symptoms of IBD
To investigate the potentially beneficial microbiota asso-
ciated with to IBD, we collected fecal samples from IBD
patients for 16 S rRNA sequencing to characterize the
composition of the intestinal microbiota (Fig. 1a). All
patients in the study diagnosed with IBD were confirmed
through colonoscopy and subsequent pathological anal-
ysis of tissue samples (Fig. 1b). To control for potential
confounding factors such as dietary differences and
regional variations, we conducted comparative analyses
using additional public databases (the Human Microbi-
ome Project (HMP) Database). Notably, we found a lower
abundance of L. plantarum in the feces of IBD patients
compared to healthy individuals (Fig. 1c), suggesting the
poor colonization by L. plantarum under IBD conditions.
To assess the effects of L. plantarum supplementation
on IBD, 6-8 week-old mice were allowed free access to a
3% DSS aqueous solution for 7 days to construct an IBD
mouse model (Fig. 1d). The mice were then divided into
three groups: the first group received only PBS (blank
group), the second group was administered Escherichia
coli (E. coli), a common gut bacterium (control group),
and the third group was treated with L. plantarum
(Fig. 1d). L. plantarum supplementation effectively alle-
viated DSS-induced weight loss (Fig. 1e and f) and colon
shortening (Fig. 1g) compared with those in PBS group,
whereas E. coli supplementation did not produce similar
benefits. Hematoxyli-eosin (H&E) staining indicated that
L. plantarum treatment reduced inflammatory cell infil-
tration and mucosal damage in the colon (Fig. 1h). These
findings were corroborated by Alcian blue-periodic acid-
Schiff (AB-PAS) staining, which showed that L. planta-
rum markedly restored mucus secretion in goblet cells,
diminished by DSS, an effect not seen with E. coli treat-
ment (Fig. 1h and i). Additionally, immunofluorescence
analysis of mucosal barrier protein expression in tissue
samples revealed that L. plantarum stabilized the expres-
sion of tight junction proteins, including ZO-1 (Fig. 1h
and j), Occludin (Fig. 1h and k) and E-cadherin (Fig. 1h
and 1). L. plantarum increased E-cadherin and ZO-1
levels, as determined by Western blot (Fig. 1m and Fig-
ure Sla-c) and qPCR (Figure Sle-g) while L. plantarum
had a substantial effect on gene expression with notable
increases in Ecadherin, Occludin, and ZO-1 expression.
Collectively, these findings indicate that the administra-
tion of L. plantarum significantly reduces inflammatory
responses, and mucosal damage in a mouse model of
IBD.

L. plant-EVs alleviated IBD symptoms in mice
EVs derived from bacteria have emerged as a promis-
ing approach to modulate human pathophysiology in
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Fig. 1 Alleviation of Intestinal Barrier Dysfunction by L. plantarum. (a) Collection of fecal samples from patients. (b) Colonoscopy and histological exami-
nation of patient tissue samples. (c) Measurement of the relative abundance of L. plantarum in the human gut via 16 S rRNA sequencing (IBD n=20, NC
n=20). (d) Flow chart illustrating the protocol for treating colitis mice with L. plantarum. (e, f) Daily weight changes and area under the curve analyses in
mice (n=5). (g) Measurement of colon length in each experimental group (n=>5). (h) H&E stained colon sections, AB-PAS stained inner mucus layers of
colon sections, and immunofluorescence staining for intestinal epithelial tight junction proteins. (i-l) Quantitative analyses of the mucus content secreted
by goblet cells and the expression levels of the tight junction proteins Occludin, ZO-1, and E-cadherin (n=3). (m) Expression of the gut barrier-associ-
ated proteins Ecadherin, Occludin, and ZO-1 in colon tissues of control, £. coli-treated and L. plantarum-treated mice by Western blot in a mouse model
of IBD. Student’s t test was used to calculate the P values in (c). One-way ANOVA was used to calculate the P values in (f-g) and (i-1). *P <0.05, **P<0.01,

***¥P<0.001, and ****P <0.0001

recent years [20]. These nano-particles derived from
intestinal commensal bacteria display remarkable stabil-
ity and resistance to digestive enzymes in the gut [21].
Furthermore, they are readily taken up by host cells [22].
Therefore, these vesicles may play crucial roles as key
mediators in the beneficial effects of probiotics [23]. We
aimed to investigate the role of L. plant-EVs in IBD. L.
plant-EVs were isolated from the culture media via by
ultracentrifugation and characterized by Nanoparticle
tracking analysis (NTA),Western blot (WB) and Trans-
mission electron microscopy (TEM) (Figure S2a-c). The
collected particles ranged from 40 nm to 500 nm in size
(Figure S2a) and expressed lipoteichoicacid (LTA), the
marker substance of gram-positive bacteria (Figure S2b).
Moreover, their spherical shape was illustrated by TEM
(Figure S2c), which suggested the successful separation of
high-purity L. plant-EVs.

To delve deeper into the role of L. plant-EVs in
microbe-host interactions (Fig. 2a), we explored their
uptake by host cells. We incubated the EVs with NCM
460 cells for 3 h. The absorption of the fluorescence sig-
nal by these cells, particularly its accumulation around
the perinuclear region, implies that L. plant-EVs could
influence cell function (Fig. 2b). To evaluate the effect
of L. plant-EVs, we conducted scratch tests using NCM
460 cells incubated with L. plant-EVs or E. coli-EVs. IBD
cell models were induced using 3% DSS and divided into
three groups: a blank control with PBS, a negative control
with E. coli-EVs, and a treatment group with L. plant-
EVs. The results confirmed the migration potential of
NCM 460 cells treated with L. plant-EVs was greater than
that of cells treated with E. coli-EVs or PBS after 12-24 h
of co-culture (Fig. 2c and d). Subsequently, the effects of
L. plant-EVs were also observed in vivo (Fig. 2e). Com-
pared with the other groups, L. plant-EVs showed a trend
of alleviating body weight loss (Fig. 2f and g) and improv-
ing colon shortening (Fig. 2h) in the IBD mouse model,
although without reaching statistical significance. H&E
and AB-PAS staining revealed that pathological features
induced by DSS were restored by L. plant-EVs (Fig. 2i and
j). In contrast, the E. coli-EVs group still exhibited mod-
erate inflammatory cell infiltration and decreased mucus
secretion (Fig. 2i and j). Immunofluorescence analysis
further revealed significantly increased in expression
of Occludin and E-cadherin in the L. plant-EVs group

compared to the other two groups (Fig. 2i, I-m), even
though the expression of ZO-1 remained unchanged sig-
nificantly (Fig. 2i, k). Additionally, L. plant-EVs markedly
elevated the levels of E-cadherin, occludin, and ZO-1, as
confirmed by Western blot (Fig. 2n and Figure S3a-c) and
qPCR (Figure S3d-f), indicating that L. plant-EVs pro-
mote intestinal barrier function. Overall, the data sug-
gested that L. plant-EVs were the key component in the
effect of L. plantarum to alleviate IBD.

L. plant-EVs inhibited intestinal epithelial cell apoptosis via
mPTP-CytC -caspase-9-caspase-3 axis

After confirming the ability of L. plant-EVs to mitigate
IBD, we aimed to further investigate the underlying
mechanism. Transcriptomic analysis was performed on
extracted RNAs from 3% DSS treated intestinal epithe-
lial cells after 24 h of incubation with L. plant-EVs. The
results showed the main differentially expressed genes
(DEGs), with 483 genes whose expression was altered in
the control group, 425 genes in the L. plant-EVs treat-
ment group, and a total of 11,694 genes whose expression
changed between the two groups (Fig. 3a). The volcano
plot results indicated that among the analyzed genes,
1708 genes showed significant upregulation, while 2081
genes demonstrated significant downregulation (Fig. 3b).
Additionally, the distinction between the control and L.
plant-EVs treatments was evident in an unsupervised
hierarchical clustering analysis (Fig. 3c). Analysis of dif-
ferentially expressed genes associated with apoptosis
revealed a distinct pattern, indicating that L. plant-EVs
treatment may contribute to the amelioration of apop-
tosis (Fig. 3d). This evidence indicated that L. plant-EVs
treatment may reduce apoptosis, potentially through
transcriptional remodeling. We observed a notable
decrease in the expression levels of mPTP in the colon
of the L. plant-EVs group, corroborating our hypothesis
(Fig. 3e). To investigate whether L. plant-EVs regulate
apoptosis through the mPTP-CytC-Caspase pathway, we
evaluated the expression levels of key apoptotic proteins
in cells treated with increasing concentrations (5, 10, 15,
and 20 ug/mL) of L. plant-EVs. As the concentration of
L. plant-EVs increased, the expression of cytochrome
C (CytC), Cleaved-Caspase 3, and Cleaved-Caspase 9
showed a decreasing trend, providing further evidence
that L. plant-EVs effectively alleviate apoptosis via the
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Fig. 3 Inhibition of Intestinal Epithelial Cell Apoptosis by L. plant-EVs via the mPTP-CytC-Caspase-9-Caspase-3 Axis. (a) Venn diagram showing differen-
tially expressed genes (DEGs) in DSS-induced NCM 460 cells treated with L. plant-EVs compared to control cells. (b) Analysis of DEGs between the two
groups using a volcano plot. (¢, d) Gene Ontology (GO) enrichment analysis of the DEGs, with a heatmap displaying some DEGs associated with Hun-
tington’s disease. Differences in abundance were detected by using a multivariate statistical model (p < 0.05 [false-discovery rate-corrected], fold-change
[FC1>1.5, MaAsLin2). (e) Measurement of mitochondrial permeability transition pore (mPTP) levels via enzyme-linked immunosorbent assay (ELISA). (f)
Analysis of the apoptotic mechanisms in NCM 460 cells treated with 3% DSS and varying concentrations of L. plant-EVs for 24 h (left plot). Analysis of the
apoptotic mechanisms in NCM 460 cells treated with 3% DSS and 20 pug/mL L. plant- EVs at time points of 0, 12, and 24 h (right plot). (g) Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) analysis of the targeted pathway. One-way ANOVA was used to calculate the P values in (e). *P<0.05, **P<0.01,

***¥P<0.001, and ****P <0.0001

mPTP-CytC-Caspase pathway (Fig. 3f). To gain a deeper
understanding of the dynamic changes in apoptotic pro-
tein expression, we analyzed these proteins at different
time points (0, 12, and 24 h) following treatment with
L. plant-EVs at a concentration of 20 pg/mL. The time-
course analysis revealed a gradual reduction in CytC
release and the expression levels of Cleaved-Caspase 3
and Cleaved-Caspase 9 over time (Fig. 3f). These findings
provide additional evidence supporting the mechanistic
involvement of the mPTP-CytC-Caspase pathway in L.
plant-EVs-mediated alleviation of apoptosis. Comple-
menting the biochemical analyses, we employed Annexin
V-FITC/PI staining and flow cytometry to quantify
apoptosis rates under different concentrations and time
points. A significant dose-dependent decrease in apop-
tosis was observed with increasing concentrations of L.
plant-EVs (Figure S4a, S4b). Similarly, the time-depen-
dent analysis showed the lowest apoptosis rate at 24 h,
corroborating the findings from the protein expression
analysis (Figure S4c, S4d). The finding suggested that L.
plant-EVs might inhibit the apoptosis of normal intesti-
nal epithelial cells by downregulating the mPTP-CytC-
Caspase-9-Caspase-3 signaling pathway. Such an action
contributes to the maintenance of the intestinal barrier,
offering therapeutic benefits for the treatment of IBD

(Fig. 3g).

Watermelon increased L. plantarum colonization and BEVs
release

Building on the findings, we delved deeper into the
potential of dietary interventions in promoting coloni-
zation and the release of BEVs, with the ultimate goal of
effectively managing IBD. Given that fruit is esteemed as
a valuable source of prebiotics known to modulate the
gut microbiota and enhance the colonization of probiot-
ics [23, 24], we aimed to determine the most beneficial
fruits for L. plantarum. For this purpose, pitaya, peach,
and watermelon were chosen and incorporated into
broth cultures for incubation. We selected pitaya, peeled
peaches, and watermelon because they are commonly
available and may offer varying benefits for managing
colitis, with different levels of dietary fiber potentially
influencing gut health and being suitable for IBD patients
during remission [24]. Significantly, the watermelon
supernatant accelerated the entry of L. plantarum into

the stationary phase of growth, whereas the other two
groups did not have similar phenomena (Fig. 4a-c). The
watermelon supernatant appeared to increase the pro-
liferation of L. plantarum (Fig. 4d-f). In addition, the
release of L. plant-EVs in the media containing water-
melon supernatant also increased (Fig. 4g). These find-
ings suggested that watermelon supernatant, distinctively
compared to other fruits, had the ability to accelerate the
growth of L. plantarum and the release of L. plant-EVs
in vitro. To further explore whether watermelon can
enhance the colonization in the host, volunteers were
recruited and paired fecal samples were collected before
and after watermelon consumption (Fig. 4h). While
PCoA analysis revealed slight differences in microbial
community structure between the pre-treatment and
post-treatment groups (Fig. 4i), these changes were not
accompanied by statistically significant shifts in diversity
or richness, as indicated by the Shannon index, Simpson
index, and Chao rishness (Fig. 4j-1). Therefore, we found
that while watermelon consumption may have caused
changes in the abundance of specific bacteria, it did not
significantly alter overall microbial diversity. Notably,
the findings revealed an enrichment of L. plantarum in
the human gut after watermelon consumption (Fig. 4m).
In summary, our study demonstrated that watermelon
could promote the colonization of L. plantarum.

Watermelon relieved IBD symptoms via the gut microbiota
Subsequently, we further explored whether water-
melon could mitigate IBD by fostering the colonization
of probiotics. Mice, following the depletion of their gut
microbiota via antibiotics (Abx), received watermelon
supernatant treatments (Fig. 5a). The outcomes revealed
that, in DSS mice with an intact gut microbiota, there
was a noticeable decline in both weight loss (Fig. 5b and
¢) and colonic shortening (Fig. 5d) after watermelon
supernatant administration. Moreover, mice treated with
watermelon supernatant, without prior gut microbiota
clearance, displayed a normalization of goblet cell num-
bers and a decrease in inflammatory cell infiltration, cul-
minating in augmented mucus production (Fig. 5e and f).
However, in the mice pre-treated with antibiotics, DSS
disrupted the intestinal barrier’s tight junction proteins,
and watermelon supernatant supplementation did not
reverse this effect (Fig. 5e and f). Importantly, increases
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in the expression of Occludin, ZO-1, and E-cadherin
were observed only in the group treated with watermelon
supernatant that possessed intact intestinal flora, sug-
gesting that the efficacy of watermelon supernatant in
IBD treatment is contingent upon the modulation of the
gut microbiota (Fig. 5g-i). This conclusion was confirmed
by Western blot (Fig. 5j and Figure S5a-c) and qPCR
(Figure S5e-f). Additionally, we found that the combi-
nation of watermelon supernatant and L. plantarum
(Figure S6a) enhanced the number of intestinal mucus-
producing cells (Figure S6¢c and S6d) and the expression
of tight junction proteins (Figure S6e-k) more effectively
than watermelon supernatant alone in colon of DSS mice,
despite no significant differences in colon length (Figure
S6b). Collectively, these findings suggest that the thera-
peutic potential of watermelon in treating IBD is closely
associated with its impact on the gut microbiota.

Discussion

Intestinal barrier dysfunction is a hallmark feature of
IBD, referring to a disruption in the intestinal barrier
structure that usually prevents harmful substances like
bacteria, toxins, and undigested food particles from
breaching the intestinal barrier and entering the blood-
stream [25, 26], triggering inflammation and exacerbat-
ing the disease. Therefore, maintaining the integrity of
the intestinal barrier is a critical therapeutic goal in IBD.
Probiotics, defined as live microbes that confer health
benefits when administered in adequate amounts, have
gained considerable attention as a therapeutic approach
to restore gut health and protect the intestinal barrier in
IBD patients [27].

Probiotics have emerged as a multifaceted approach
for protecting the intestinal mucosa, employing mecha-
nisms such as inhibiting pathogenic bacteria, augmenting
mucus secretion, upregulating tight junction proteins,
modulating intestinal immune cells, and preventing epi-
thelial cell apoptosis [28]. These mechanisms directly tar-
get the core pathological features of IBD. Consequently,
regulating the intestinal environment through these
mechanisms not only alleviates the symptoms of IBD
but also potentially prevents disease recurrence or pro-
gression. By restoring the microbial balance, probiotics
help suppress the growth of harmful microbes, including
enteric pathogens such as Escherichia coli and Clostrid-
ium difficile [29]. Lactobacillus reuteri has been shown to
protect the intestinal mucosal barrier integrity by mod-
erately modulating the Wnt/pB-catenin signaling pathway,
which is crucial for cell growth and repair, helping to
avoid overactivation that could lead to inflammation [6].
Similarly, Faecalibacterium prausnitzii has been dem-
onstrated to improved the tightness of the gut barrier
among mice with DSS-induced colitis [30]. Lactobacillus
rhamnosus has been shown to increase the expression of
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both occludin and E-cadherin, further strengthening the
epithelial barrier [31]. Administration of Lactobacillus
fermentum among UC patients resulted in NF-kB lower-
ing regulation and additionally decreased the IL-6 and
TNF-alpha levels [32].

Despite these promising effects, the exact molecular
mechanisms and key components responsible for pro-
biotics” efficacy remain to be fully elucidated. Emerging
research underscores the significance of probiotics’ active
byproducts, including exopolysaccharides, short-chain
fatty acids (SCFAs) [33], and BEVs [34, 35]. For instance,
Bifidobacterium longum produce butyrate, which serves
as an energy source for colonocytes, enhances epithelial
cell integrity, and promotes anti-inflammatory responses
[36]. These components exhibit an array of therapeu-
tic properties, including anti-inflammatory, antitumor,
antioxidant, and immunoregulatory effects. Our study
investigated the therapeutic role of probiotic-BEVs on
intestinal barrier function, particularly with respect to
focusing on the reparative effect of L. plant-EVs.

The stability of the intestinal mucosal epithelium is
contingent upon the equilibrium between cell prolifera-
tion and apoptosis. Disrupted balance, marked by accel-
erated apoptosis in colonic epithelial cells [37, 38], can
severely impair intestinal barrier integrity, thus exac-
erbating IBD [39]. mPTD, residing between mitochon-
drial membranes, play a pivotal role in cell survival and
apoptosis. Dysfunction in mitochondrial activity leads to
mPTP opening, the subsequent release of CytC into the
cytoplasm, and the activation of Caspase-9. This triggers
a cascade involving Caspase-3, culminating in apoptosis
[40, 41]. Our findings, derived from transcriptomic anal-
yses and validated through western blotting and ELISA,
revealed that L. plant-EVs downregulated the expres-
sion of apoptosis-related proteins such as mPTP, CytC,
Caspase-9, and Caspase-3, suggesting their potential to
increase in bolstering intestinal barrier integrity by curb-
ing excessive epithelial cell apoptosis.

Moreover, the stable colonization of probiotics is inte-
gral to their functional efficacy. Dietary factors, particu-
larly certain fruits, can significantly enhance probiotic
colonization, thereby influencing disease management.
Our comparative analysis of fecal samples from IBD
patients, healthy individuals, and volunteers consuming
watermelon daily, indicated that L. plantarum, poten-
tially augmented by watermelon consumption, may play
a crucial role in treating IBD. Additionally, watermelon
supernatant was found to promote L. plantarum growth
and L. plant-EVs release. These findings propose that
dietary intervention, specifically through watermelon
consumption, may foster an environment conducive to L.
plantarum proliferation, thereby enhancing L. plant-EVs
suggesting a novel approach to ameliorate intestinal bar-
rier dysfunction.
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In conclusion, our research investigated the protective
effect of L. plantarum protective effect on the intestinal
barrier and explored dietary interventions as a means
of regulating the gut flora for intestinal repair. We dem-
onstrated that watermelon consumption can increase
L. plantarum proliferation and L. plant-EVs release,
effectively protecting the intestinal barrier by mitigating
apoptosis through the mPTP-CytC-Caspase-9-Caspase-3
pathway. These insights opened new avenues for adjunc-
tive IBD therapies, spotlighting the potential of integrat-
ing probiotics and dietary modifications in treatment
strategies.
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