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Abstract: PepT1, a proton-coupled oligopeptide transporter, is crucial for intestinal homeostasis.
It is mainly expressed in small intestine enterocytes, facilitating the absorption of di/tri-peptides
from dietary proteins. In the colon, PepT1 expression is minimal to prevent excessive responses to
proinflammatory peptides from the gut microbiota. However, increased colonic PepT1 is linked to
chronic inflammatory diseases and colitis-associated cancer. Despite promising results from animal
studies on the benefits of extracellular vesicles (EVs) from beneficial gut commensals in treating
IBD, applying probiotic EVs as a postbiotic strategy in humans requires a thorough understanding
of their mechanisms. Here, we investigate the potential of EVs of the probiotic Nissle 1917 (EcN)
and the commensal EcoR12 in preventing altered PepT1 expression under inflammatory conditions,
using an interleukin (IL)-1-induced inflammation model in Caco-2 cells. The effects are evaluated
by analyzing the expression of PepT1 (mRNA and protein) and miR-193a-3p and miR-92b, which
regulate, respectively, PepT1 mRNA translation and degradation. The influence of microbiota EVs on
PepT1 expression is also analyzed in the presence of bacterial peptides that are natural substrates
of colonic PepT1 to clarify how the regulatory mechanisms function under both physiological and
pathological conditions. The main finding is that EcN EVs significantly decreases PepT1 protein via
upregulation of miR-193a-3p. Importantly, this regulatory effect is strain-specific and only activates
in cells exposed to IL-1β, suggesting that EcN EVs does not control PepT1 expression under basal
conditions but can play a pivotal role in response to inflammation as a stressor. By this mechanism,
EcN EVs may reduce inflammation in response to microbiota in chronic intestinal disorders by
limiting the uptake of bacterial proinflammatory peptides.

Keywords: gut microbiota; postbiotics; extracellular vesicles; inflammatory bowel disease; PepT1;
miR-92b; miR-193a-3p

1. Introduction

Inflammatory bowel disease (IBD) is a group of multifactorial and chronic inflamma-
tory disorders that affect the gastrointestinal tract of genetically susceptible individuals.
The two main forms of IBD are Crohn’s disease (CD) and ulcerative colitis (UC) [1,2].
Intestinal dysbiosis and altered immune responses to the gut microbiota are common traits
in both IBD subtypes. The loss of immunological tolerance towards commensal bacteria
in the intestine leads to a continuous activation of the intestinal immune system with
the subsequent release of proinflammatory cytokines that promote tissue damage, thus
exacerbating the inflammatory response.
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Intestinal inflammation is a complex process that depends on multiple factors, in-
cluding the dysregulation of specific transporters such as PepT1 (SLC15A1). PepT1 is a
member of the proton-coupled oligopeptide transporter family that plays a relevant role in
the maintenance of intestinal homeostasis. In the normal gut, PepT1 is primarily expressed
in the enterocytes of the small intestine, where it mediates the absorption of di/tri-peptides
derived from the digestion of dietary proteins. However, the expression of this transporter
is minimal or practically undetectable in the colon [3,4]. Importantly, chronic inflammation
leads to a significant increase in colonic PepT1 expression. Upregulation of PepT1 in colonic
samples of IBD patients points to its role in the disease pathogenesis [1,5,6].

PepT1 exhibits a broad substrate specificity, able to transport structurally related
peptide drugs such as β-lactam antibiotics, L-DOPA, and acetylcholine esterase inhibitors,
among others [7,8]. In addition to its role in bioavailability of dietary peptides, PepT1
regulates the expression of specific miRNAs and regulates proteins along the crypt-villi axis
of jejunum absorptive cells, contributing to important intestinal functions such as apoptosis
and proliferation of intestinal epithelial cells [9]. Due to the essential role of the transporter,
PepT1 expression and function are regulated by multiple mechanisms acting at different
levels [10].

Regulation of colonic PepT1 expression occurs mainly at the transcriptional level
in response to bacterial metabolites and derived peptides. In the colon, PepT1 medi-
ates the uptake of bacterial peptides, including the proinflammatory peptide N-formyl-
methionyl-leucyl-phenylalanine (fMLP) and peptidoglycan degradation products such as
muramyl dipeptide (MDP) and L-Ala-γ-D-Glu-meso-diaminopimelic acid (Tri-DAP) [11].
The transport activity of PepT1 is closely related to the activation of intracellular im-
mune receptors, in particular nucleotide-binding site–leucine-rich repeat (NOD) receptors,
which recognize bacterial peptidoglycan fragments. NOD1 detects peptides containing
meso-diaminopimelic acid (DAP) present in peptidoglycan of Gram-negative bacteria,
while NOD2 senses MDP, which is common to all groups of bacteria. Interaction of
NOD with the specific ligand initiates the signaling cascade that activates the NF-kB and
mitogen-activated protein kinase (MAPK) pathways, leading to the subsequent expression
of inflammatory genes. Therefore, the transport function of PepT1 plays a crucial role
in determining the intracellular levels of NOD ligands and the consequent activation of
inflammatory pathways [12–15]. In addition to peptide substrates, the expression of PepT1
is upregulated by proinflammatory cytokines IL-1β, IFN-γ, and TNF-α [5], as well as
oxidative stress through the activation of the transcription factor nuclear factor erythroid
2-related factor 2 (Nrf2) [3]. Additionally, bacterial pathogens such as enteropathogenic
Escherichia coli and Citrobacter rodentium can also upregulate PepT1 expression [5]. At the
posttranscriptional level, mRNA degradation and translation are inhibited by miR-92b and
miR-193a-3p, respectively [11,16]. Moreover, protein activity is regulated by phosphoryla-
tion through several kinases such as the AMP-kinase and also by interaction with other
proteins involved in maintaining the proton gradient across the cell membrane (Na+/H+
exchanger, NHE3) or in the intracellular trafficking and proper location of PepT1 in the
apical side of the enterocyte cell membrane [4,7].

Dysregulation of PepT1 expression has important implications in intestinal inflam-
mation. Under pathophysiological conditions, bacteria present in the colon can generate
significant amounts of MDP and Tri-DAP, which activate the expression of PepT1. The in-
creased uptake of these peptidoglycan fragments triggers an inflammatory response in the
intestinal epithelium through NOD downstream pathways [5]. In addition, uptake of fMLP
by colonic epithelial activates the expression of major histocompatibility complex (MHC)
class I molecules, making these cells more sensitive to bacterial peptides and prone to trig-
gering an inflammatory response [2]. Indeed, treatment of Caco-2 cells with fMLP results
in the activation of the proinflammatory transcription factors NF-κB and activator protein-1
(AP-1) [17]. Altered expression of miR-92b and miR-193a-3p has also been associated with
PepT1 dysregulation and intestinal inflammation. The miR-92b inhibits PepT1 expression
by binding to the 3′-unstranslated region of PepT1 mRNA and promoting its degradation.
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This finding points to miR-92b as a suppressor of proinflammatory responses induced
by bacterial peptides in intestinal epithelial cells [11]. Moreover, an inverse correlation
between PepT1 and miR-193a-3p levels has been reported in inflamed colon tissues with
active UC. This miRNA inhibits PepT1 mRNA translation without affecting the mRNA
levels. Consequently, miR-193a-3p reduces PepT1 protein levels and activity, thus suppress-
ing the subsequent activation of inflammatory transcription factors [16]. Both miRNAs,
miR92b and miR-193a-3p, are regulators of colonic PepT1 and contribute to maintaining
intestinal homeostasis.

The relevant role of PepT1 overexpression on the inflammatory response against gut
microbiota peptides opens new avenues for understanding and developing novel treatment
strategies for IBD. Among microbiome-based strategies, manipulating the composition
and function of the gut microbiota through probiotic interventions stands out. Currently,
Escherichia coli Nissle 1917 (EcN) is among the probiotics approved for the management of
gastrointestinal diseases, including UC. In addition, EcN is one of the best-studied probiotic
strains due to its immunomodulatory and anti-inflammatory properties [18–20]. Despite
the benefits and safety of probiotics, consuming viable bacteria may cause adverse events,
particularly in patients with underlying medical conditions and weakened immune system.
In these patients, probiotic therapy could aggravate inflammatory responses and convert
the probiotic bacteria into harmful microbes. In this scenario, the newest microbiota-
based therapies targeting the gut include the use of postbiotics [21]. According to the
definition provided by International Scientific Association for Probiotics and Prebiotics
(ISAPP), postbiotics are non-viable bacterial components and products produced by bene-
ficial microbes that confer a health benefit on the host. This group includes bacterial cell
fragments, biomolecules, and secreted bioactive compounds [22]. In this field, extracellular
vesicles (EVs) released by probiotic and microbiota strains are emerging as potential new
postbiotics [23–25].

Previous studies of our group have provided evidence on the role of microbiota EVs
as crucial players in the interkingdom communication in the gut, acting as mediators of
the microbiota functions on the host [26]. The EVs from the probiotic EcN and commensal
E. coli strains regulate epithelial barrier integrity and function [27] and elicit regulatory
mechanisms to preserve balanced anti- and pro-inflammatory responses in a strain-specific
manner [28]. In intestinal epithelial cells, internalized EVs trigger an innate immune
response through the activation of the NOD1 signaling pathway. Continuous stimulation
of NOD1 by microbiota EVs leads to controlled inflammatory responses, essential for
immune training and intestinal homeostasis [29]. In experimental models of IBD and
rotavirus-induced diarrhea, oral administration of EVs from the probiotic EcN alleviates
disease progression by counteracting the altered expression of inflammatory mediators
and proteins involved in the epithelial barrier integrity and repair [30,31]. Moreover, in
in vitro models of intestinal epithelial cells (goblet cells and enterocytes), EcN EVs modulate
the expression of miRNAs dysregulated in IBD, particularly those that control the trefoil
factor 3 (TFF3) and serotonergic genes [32,33]. In goblet cells, EcN EVs increased TFF3
expression by promoting downregulation of miR-7-5p through the phosphatidyl-inositol-
3-kinase (PI3K) signaling pathway. By this mechanism, EcN EVs can improve barrier
function and repair [32]. Also, in the IL-1β-induced inflammation model, EVs from this
probiotic promoted downregulation of miR-24 and miR-200a, which indirectly control
free serotonin levels by regulating the serotonin reuptake transporter SERT [33]. The
comparison with EVs isolated from the commensal EcoR12 revealed that the regulatory
effects were strain-specific.

This study aims to evaluate whether EVs isolated from the probiotic EcN and the
commensal EcoR12 could prevent altered PepT1 expression under inflammatory conditions
through the regulation of miR92b and miR-193a-3p. We used the interleukin (IL)-1β-
induced inflammation model in Caco-2 cells. The effects of bacterial EVs were evaluated by
analyzing the relative levels of PepT1 mRNA and the two regulatory miRNAs by RT-qPCR,
as well as the PepT1 protein levels by ELISA and immunofluorescence confocal microscopy.
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The influence of microbiota EVs on PepT1 expression was also analyzed under conditions
of normal induction by the natural transporter substrate Tri-DAP to elucidate the regulatory
mechanisms functioning under both physiological and pathological conditions.

2. Materials and Methods
2.1. Bacterial Strains and Isolation of EVs

The probiotic E. coli Nissle 1917 (EcN) strain was obtained from Ardeypharm (GmbH,
Herdecke, Germany). The commensal EcoR12 belongs to the ECOR reference collection.
This E. coli strain was isolated from a stool sample of a healthy human adult [34].

Bacterial EVs were isolated as described previously [32]. Briefly, EcN and EcoR12
were grown overnight in Luria–Bertani broth. The bacterial cells were removed from
the supernatants by centrifugation and subsequent sterile filtration (0.22 µm pore size
filter, Merck, Millipore, MA, USA). The filtrate was concentrated using Centricon Plus-70
centrifugal filters 100 kDa cutoff (Merck, Millipore, MA, USA), and the EVs were pelleted
by ultracentrifugation at 150,000× g for 1 h at 4 ◦C, washed and resuspended in phosphate-
buffered saline (PBS). Sterility was confirmed by the absence of colonies on LB agar plates.
Quantification of the protein concentration of EV samples was carried out with the Pierce
BCA method. In addition, to assess equivalent EV amounts, samples were quantified
using the lipophilic fluorescent dye FM4-64 (Thermo Fisher Scientific, Barcelona, Spain)
as previously described [31]. This fluorescent dye intercalates into the vesicle membrane.
EcN and EcoR12 EV samples with equal protein concentration (µg protein/mL) yielded
comparable fluorescence intensity values. At 10 µg/mL, the mean fluorescence intensity
values were 1.19 ± 0.04 for EcN EVs and 1.15 ± 0.03 for EcoR12 EVs. The integrity
and homogeneity of the EVs from EcN and EcoR12 isolated following this protocol was
verified by Cryo-Transmission Electron Microscopy (Cryo-TEM) performed as described
previously [35] (Figure S1). Aliquots of the EVs were stored at −20 ◦C.

2.2. Cell Culture and Stimulation Conditions

Human colonic epithelial Caco-2 cells (ATCC HTB37) were grown in Dulbecco’s
modified essential medium (DMEM), supplemented with 10% fetal bovine serum, 25 mM
HEPES, 1% non-essential amino acids, and 1× penicillin–streptomycin (Corning, Fisher
Scientific Inc., Barcelona, Spain, Catalogue # 30-002-CI). The cultures were maintained
at 37 ◦C in a humidified incubator with 5% CO2. Routinely, cells were subcultured with
trypsin-EDTA (Gibco-BRL, Fisher Scientific Inc., Barcelona, Spain) when they reached
80% confluency.

To analyze the regulation of PepT1 expression by microbiota EVs, two stimulation
conditions were stablished in Caco-2 cells: (i) Polarized cell monolayers treated with IL-1β
as a model of intestinal inflammation. (ii) Polarized cell monolayers exposed to Tri-DAP
(L-Ala-γ-D-Glu-meso-diamino-pimelic acid) as a model of PepT1 regulation by substrate
bacterial peptides.

The cellular model of intestinal inflammation used in this study was performed as
previously described [32]. Briefly, Caco-2 cells were seeded (2 × 105 cells/mL) in 12-well
plates and cultured for 14 days. The medium was changed every two days. The cell mono-
layers were incubated with EcN EVs or EcoR12 EVs (60 µg/mL) for 3 h, and afterwards
treated with IL-1β (10 ng/mL) for 48 h. In the Tri-DAP model, the experimental set up
was the same, except that after incubation with EcN EVs or EcoR12 EVs (60 µg/mL, 3 h),
the cell monolayers were treated with Tri-DAP at 5 µg/mL (InvivoGen, Ibian Technolo-
gies, Zaragoza, Spain) for 8 h. Stock solutions of IL-1β and Tri-DAP were prepared in
PBS. During the experiments, the EVs, Tri-DAP, and IL-1β were maintained in the culture
medium. In both models, non-treated cell monolayers incubated in the absence or pres-
ence of EVs were processed as control. Cells were collected for RNA extraction, and the
culture supernatants were centrifuged (10,000× g for 20 min at 4 ◦C) and stored at −80 ◦C
until analysis.
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2.3. Cell Viability Assays

Cell viability was estimated by the MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) assay as described previously [33]. The results were expressed as the
percentage of cell survival relative to untreated control cells.

2.4. RNA Extraction and Quantitative Reverse Transcription-Polymerase Chain Reaction (RT-qPCR)

Total RNA was isolated from Caco-2 cells using the miRNeasy mini-Kit (Qiagen,
Crawley, UK). Single-stranded cDNA was synthesized from 1 µg total using the High-
Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA).
The reaction mixture (total volume 20 µL) was incubated according to the manufacturer’s
instructions. Quantitative PCR reactions were carried out on a QuantstudioTM3 real-
time PCR system (Applied Biosystems, Foster City, CA, USA) using SYBR® Green PCR
Master Mix (Applied Biosystems, Foster City, CA, USA) as previously described [32].
The primers for PepT1 were sense 5′-CGTGCACGTAGCACTGTCCAT-3′ and antisense
5′-GGCTTGATTCCTCCTGTACCA-3. The primers used to analyze the proinflammatory
cytokines IL-8 and TNF-α were already published [33]. The housekeeping GAPDH gene
was used as the reference gene (primers sense 5′-GAGTCAACGGATTTGGTCGT-3′ and
antisense 5′- GACAAGCTTCCCGTTCTCAG-3′). A control reaction was carried out in
the absence of RNA. The expression stability of the reference gene under the different
experimental conditions was verified (Figure S2). The relative gene expression was calcu-
lated using the 2−∆∆Ct formula. The data were presented as the fold change relative to the
experimental control (untreated cells).

2.5. Quantification of Mature miRNA Expression

For microRNA expression analysis, extracted RNA (5 ng/µL) was reverse transcribed
using the miRCURY LNA RT kit (Qiagen, Crawley, UK), followed by quantitative PCR
using the miRCURY LNA PCR Assay (Qiagen) applying the PCR program described
previously [32]. U6 snRNA was used as the reference gene for normalization. The ex-
pression stability of the reference gene under the different experimental conditions was
verified (Figure S2).

The specific primers used were hsa-miR-193-a3p miRCURY LNA primer (Qiagen,
Crawley, UK) (MiRBase accession # MIMAT0000459), hsa-miR-92b-3p miRCURY LNA
primer (Qiagen, Crawley, UK) (MiRBase accession # MIMAT0003218), and the U6 snRNA
control primer set (Qiagen, Crawley, UK). The relative gene expression was calculated
using the 2−∆∆Ct formula. The data were presented as the fold change relative to the
experimental control (untreated cells).

2.6. Quantification of Cytokines by ELISA

The secreted levels of IL-8 and TNF-α were quantified in the culture supernatants using
enzyme-linked immunosorbent assay (ELISA) sets (BD Biosciences, San Jose, CA, USA).
The results were expressed as pg/mL.

2.7. Quantification of PepT1 by ELISA

Caco-2 cells were grown for 14 days as indicated in the previous section. Following
the indicated treatments, adherent cells were rinsed in cold PBS, detached with trypsin and
collected by centrifugation (1000× g for 5 min). The cells were resuspended in fresh lysis
buffer (Cloud-Clone Corp., Katy, TX, USA, Catalogue # CC-IS007-1) at a final concentration
of 107 cells/mL and incubated until the solution was clarified. The cell lysate was then
centrifuged at 1500× g for 10 min at 2–8 ◦C and stored at −20 ◦C until use. PepT1 levels
were quantified by the enzyme-linked immunosorbent assay Kit for Hydrogen Ion/Peptide
Transporter 1 (HPEPT1) (Cloud-Clone Corp., TX, USA, Catalogue # SEE429Hu), according
to the manufacturer’s instructions. The results were expressed as ng/mL.
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2.8. Immunofluorescence, Confocal Microscopy, and Image Analysis

Caco-2 cells were cultured in an 8-well chamber slide (µ-Slide 8-well glass bottom,
Ibidi, Inycom, Zaragoza, Spain). After the indicated treatments, cells were rinsed, fixed,
permeabilized, and blocked as previously described [32]. Immunostaining of PepT1 was
performed using anti-hPepT1 Recombinant Rabbit Polyclonal Antibody (1:500, Catalogue
# BS-10588R, Fisher Scientific, Inc., Barcelona, Spain) for 4 h at room temperature and Goat
anti-Rabbit IgG (H + L) Superclonal™ Secondary Antibody, Alexa Fluor® 488 conjugate
(1:200, Catalogue # A27034, Fisher Scientific Inc., Barcelona, Spain) for 2 h at room tempera-
ture. Nuclei were labeled with DAPI (Sigma Aldrich, Chemical Co., St. Louis, MO, USA) at
a final concentration of 0.125 µg/mL for 20 min.

Images were taken using a Zeiss LSM880 confocal microscope (Carl Zeiss Iberia
S.L., Jena, Germany) equipped with a 63×/1.4 objective, an Argon laser, and a 405 nm
laser diode available at the Advanced Optical Microscopy Unit from the Scientific and
Technological Centers (CCiT-UB), University of Barcelona. Fluorescence was recorded at
488 nm (green, PepT1) and at 405 nm (blue, nuclei). Images were acquired with a voxel size
of 0.13 µm × 0.13 µm × 0.37 µm (x, y, z, respectively). For each experimental condition
and replicate (n = 3), 5 different fields of view with 50–100 cells each were acquired. Images
were processed and analyzed using the Fiji software v1.53t [36]. To analyze the mean
intensity of PepT1 staining, images were first filtered with a median filter (radius = 1) and
then segmented using the Huang algorithm [37]. Measurements were performed on all
focal planes of the original images masked with the previously obtained binary stacks.

2.9. Statistical Analysis

All data were obtained from three independent experiments, each conducted in tripli-
cate. The GraphPad Prism 7.0 software (GraphPad Software, Inc., La Jolla, CA, USA) was
used for statistical analysis and graph creation. Data were analyzed for normal distribu-
tion using the Shapiro–Wilk test. The one-way analysis of variance (ANOVA) followed
by Tukey’s post-test was applied to determine differences between treatments. Differ-
ences were considered as statistically significant at p < 0.05. Data are expressed as the
mean ± standard error (SEM).

3. Results
3.1. Modulation of PepT1 by EcN or EcoR12 EVs Under Conditions of IL-1β-Induced Inflammation

Overexpression of PepT1 in the colonic epithelium of patients with IBD provides
an entry route for bacteria-derived peptides such as MDP, fMLP, and Tri-DAP, which
activate NOD signaling cascades and contribute to chronic inflammation [13]. Here, we
investigated the ability of EVs from the probiotic EcN or the commensal EcoR12 to modulate
PepT1 expression in the IL-1β inflammation model. For this assay, polarized Caco-2 cells
were pre-treated with EVs (60 µg/mL) for 3 h and then exposed to IL-1β (10 ng/mL)
for additional 48 h. In parallel, modulation of PepT1 expression by EcN or EcoR12 EVs
was evaluated in Caco-2 cell monolayers in the absence of IL-β treatment as a control of
physiological conditions.

In the absence of inflammatory signals (conditions that mimic the intact intestinal
epithelium), the PepT1 mRNA expression levels were not altered by treatment with EcN
EVs or EcoR12 EVs compared to untreated control cells (Figure 1A). In the intestinal inflam-
mation model, exposure to IL-1β significantly upregulated PepT1 expression (p ≤ 0.05).
Incubation with EcN or EcoR12 EVs prevented the IL-1β-mediated upregulation of PepT1,
resulting in mRNA levels similar to those of untreated control cells (Figure 1A). The
expression of PepT1 was also analyzed at the protein level by ELISA and immunofluores-
cence confocal microscopy in Caco-2 cells under both established experimental conditions
(Figure 1B,C).
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Figure 1. Regulation of PepT1 expression by EcN or EcoR12 EVs in the in vitro IL-1β-Inflammation
model. Caco-2 cells were incubated with EVs (60 µg/mL) from EcN or EcoR12 for 3 h and then
challenged with IL-1β (10 ng/mL) or the vehicle (PBS) for 48 h. In parallel, cells treated with EVs
(60 µg/mL) from EcN or EcoR12 were incubated in the absence of IL-1β as a control. (A) Relative
mRNA levels of PepT1 were assessed by RT-qPCR using GAPDH as the reference gene. Data are
presented as mean ± SEM from 3 independent experiments. (B,C) Quantification of PepT1 protein
levels by ELISA (B) and by immunofluorescence confocal microscopy (C). Representative confocal
maximal projection images of cells treated as indicated are shown in Fire LUT after image processing.
The calibration bar of Fire LUT intensity is shown in the left. Scale bar: 20 µm. Quantification of the
PepT1 mean intensity is shown for each treatment on the right side. Data are given as mean ± SEM
of arbitrary intensity units (AU) (n = 3 independent biological replicates). Statistical differences were
assessed with one-way ANOVA, followed by post hoc Tukey’s. * p ≤ 0.05, ** p ≤ 0.01 vs. control
untreated cells (white bars), # p ≤ 0.05, ## p ≤ 0.01, ### p ≤ 0.001 vs. IL-1β treated cells (black bars),
$ p ≤ 0.05 between cells stimulated with EcN or EcoR12 EVs.

In the model that mimics the intact intestinal epithelium, values of PepT1 protein
were consistent with the mRNA expression levels assessed by RT-qPCR. Regardless of the
methodology used for quantification, no significant differences in the PepT1 protein levels
were detected between untreated or EV-treated cells (Figure 1B,C). However, no correlation
between PepT1 mRNA and protein levels were observed in the IL-1β inflammation model,
especially in cells treated with EcN EVs. As expected, IL-1β-treated cells exhibited higher
PepT1 levels than untreated control cells (p ≤ 0.01). Remarkably, this increase in PepT1
protein was significantly counteracted by EcN EVs (p ≤ 0.01). EcoR12 EVs displayed a
minor compensatory effect. Indeed, both PepT1 quantification methods yielded significant
differences between cells treated with EVs from the probiotic or the commensal strain
(Figure 1B,C).
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3.2. Regulation of miRNAs That Target PepT1 mRNA by EcN and EcoR12 EVs under Conditions
of IL-1β-Induced Inflammation

We next analyzed the ability of probiotic/microbiota EVs to modulate the expression
of miRNAs known to regulate PepT1 mRNA by different mechanisms, particularly miR-
193a-3p that inhibits PepT1 mRNA translation without altering the mRNA levels [16] and
miR-92b that promotes PepT1 mRNA degradation [38].

In the intact intestinal epithelium model, the expression of both miRNAs did not
significantly differ between untreated and EV-treated cells (Figure 2). In the inflammation
model, treatment of Caco-2 cells with IL-1β resulted in the downregulation of miR-193a-
3p (near significance, p = 0.056) and miR-92b (p ≤ 0.05) (Figure 2A). These results were
consistent with the higher PepT1 mRNA and protein levels quantified in IL-1β-treated
cells. Under these inflammatory conditions, the results showed differential regulation by
EcN and EcoR12 EVs. The incubation with EcN EVs led to a nearly three-fold increase
in the expression of miR-193a-3p compared to both untreated control cells (p ≤ 0.05) and
cells treated with IL-1β in the absence of EVs (p ≤ 0.01) (Figure 2A). In contrast, incubation
with EcoR12 EVs resulted in miR-193a-3p expression levels similar to those of untreated
control cells. The overexpression of miR-193a-3p by EVs from the probiotic EcN under
inflammatory conditions may account for the reduced PepT1 protein levels detected in
this model. Concerning miR-92b, the results showed that EVs from both EcN and EcoR12
strains were able to prevent the IL-1β-mediated downregulation of miR-92b and preserve
the basal expression levels of the untreated control cells (Figure 2B).
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Figure 2. Regulation of miR-193a-3p (A) and miR-92b (B) by EcN or EcoR12 EVs in the IL-1β-
Inflammation model. Caco-2 cells were incubated with EVs (60 µg/mL) from EcN or EcoR12 for 3 h
and then challenged with IL-1β (10 ng/mL) or the vehicle (PBS) for 48 h. In parallel, cells treated with
EVs (60 µg/mL) from EcN or EcoR12 were incubated in the absence of IL-1β as a control. Relative
expression levels of the indicated miRNAs were quantified by RT-qPCR and normalized to the U6
reference gene. Data are expressed as mean ± SEM from three independent experiments. Differences
were evaluated with one-way ANOVA, followed by post hoc Tukey’s. * p ≤ 0.05 vs. untreated control
cells (white bars); ## p ≤ 0.01 vs. IL-1β treated cells (black bars), and $$ p ≤ 0.01 between cells
stimulated with EcN or EcoR12 EVs.

3.3. Effects of EcN and EcoR12 EVs on the Regulation of Tri-DAP Expression by Peptide Substrates

In the colon, bacterial peptides derived from peptidoglycan degradation (MDP, Tri-
DAP) are internalized by the PepT1 transporter [13]. Moreover, di/tripeptide substrates
are inducers of PepT1 expression in intestinal epithelial cells [10]. In this scenario, we
decided to analyze whether EVs from probiotic and commensal strains could influence
the activation of PepT1 expression by natural substrates, such as Tri-DAP. Prior to the
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study, we stablished the experimental conditions to select the Tri-DAP dose and the optimal
incubation time to achieve a response. To this end, Caco-2 cell monolayers were incubated
with two different concentrations of Tri-DAP (1 or 5 µg/mL) for 8 and 24 h. The MTT assay
revealed that Tri-DAP, at the concentrations used, did not cause any cytotoxic effect, as cell
viability remained close to 100% after 24 h incubation (Figure 3A).

Nutrients 2024, 16, x FOR PEER REVIEW 9 of 19 
 

 

3.3. Effects of EcN and EcoR12 EVs on the Regulation of Tri-DAP Expression by  
Peptide Substrates 

In the colon, bacterial peptides derived from peptidoglycan degradation (MDP, Tri-
DAP) are internalized by the PepT1 transporter [13]. Moreover, di/tripeptide substrates 
are inducers of PepT1 expression in intestinal epithelial cells [10]. In this scenario, we de-
cided to analyze whether EVs from probiotic and commensal strains could influence the 
activation of PepT1 expression by natural substrates, such as Tri-DAP. Prior to the study, 
we stablished the experimental conditions to select the Tri-DAP dose and the optimal in-
cubation time to achieve a response. To this end, Caco-2 cell monolayers were incubated 
with two different concentrations of Tri-DAP (1 or 5 µg/mL) for 8 and 24 h. The MTT assay 
revealed that Tri-DAP, at the concentrations used, did not cause any cytotoxic effect, as 
cell viability remained close to 100% after 24 h incubation (Figure 3A). 

The cell response was assessed by measuring the relative expression of IL-8 and TNF-
α by RT-qPCR (Figure 3B). These proinflammatory cytokines serve as markers of NOD1 
activation by internalized Tri-DAP. The results indicated that the maximal expression of 
IL-8 and TNF-α was achieved at 8 h of incubation with Tri-DAP at 5 µg/mL, indicating 
that Tri-DAP induced a quick inflammatory response that decreased with time. 

Based on the results, we stablished the experimental conditions as follows: Caco-2 
cell monolayers were pre-incubated with EcN EVs or EcoR12 EVs (60 µg/mL) for 3 h, and 
afterwards treated with Tri-DAP (5 µg/mL) for 8 h. For comparison, cell monolayers incu-
bated for 8 h with the same concentration of EcN EVs or EcoR12 EVs were used.  

 
Figure 3. Setting up the experimental conditions for the Tri-DAP model. (A) Effect of the Tri-DAP 
concentration on cell viability assessed by the MTT assay. Caco-2 cell monolayers were exposed to 
Tri-DAP at the final concentration of 1 or 5 µg/mL for 24 h. (B) Influence of the Tri-DAP concentra-
tion on the expression of genes encoding the pro-inflammatory cytokines IL-8 and TNF-α. Caco-2 
cells were exposed to Tri-DAP at the indicated concentrations for 8 and 24 h. Untreated cells were 
incubated in parallel as a control (white bars). The relative mRNA levels of the indicated genes were 
determined by RT-qPCR using GAPDH as the reference gene. Data are expressed as mean ± SEM 
from three independent experiments. Differences were evaluated with one-way ANOVA, followed 
by post hoc Tukey’s. ** p ≤ 0.01 vs. untreated control cells. 

In this model, the expression of PepT1 was assessed by RT-qPCR (Figure 4A). The 
relative PepT1 mRNA levels significantly increased in cells stimulated with Tri-DAP (p ≤ 
0.05), a finding that was consistent with the activation effect of the transporter substrates. 
Remarkably, EVs from the probiotic EcN prevented Tri-DAP-mediated PepT1 upregula-
tion (p ≤ 0.05). In these cells, PepT1 mRNA levels were comparable to those of untreated 
control cells. EVs from the commensal EcoR12 exhibited a minor protective effect, with 
differences that did not reach statistical significance (Figure 4A, Tri-DAP treatment). 

Figure 3. Setting up the experimental conditions for the Tri-DAP model. (A) Effect of the Tri-DAP
concentration on cell viability assessed by the MTT assay. Caco-2 cell monolayers were exposed to Tri-
DAP at the final concentration of 1 or 5 µg/mL for 24 h. (B) Influence of the Tri-DAP concentration on
the expression of genes encoding the pro-inflammatory cytokines IL-8 and TNF-α. Caco-2 cells were
exposed to Tri-DAP at the indicated concentrations for 8 and 24 h. Untreated cells were incubated in
parallel as a control (white bars). The relative mRNA levels of the indicated genes were determined
by RT-qPCR using GAPDH as the reference gene. Data are expressed as mean ± SEM from three
independent experiments. Differences were evaluated with one-way ANOVA, followed by post hoc
Tukey’s. ** p ≤ 0.01 vs. untreated control cells.

The cell response was assessed by measuring the relative expression of IL-8 and TNF-
α by RT-qPCR (Figure 3B). These proinflammatory cytokines serve as markers of NOD1
activation by internalized Tri-DAP. The results indicated that the maximal expression of
IL-8 and TNF-α was achieved at 8 h of incubation with Tri-DAP at 5 µg/mL, indicating
that Tri-DAP induced a quick inflammatory response that decreased with time.

Based on the results, we stablished the experimental conditions as follows: Caco-2
cell monolayers were pre-incubated with EcN EVs or EcoR12 EVs (60 µg/mL) for 3 h,
and afterwards treated with Tri-DAP (5 µg/mL) for 8 h. For comparison, cell monolayers
incubated for 8 h with the same concentration of EcN EVs or EcoR12 EVs were used.

In this model, the expression of PepT1 was assessed by RT-qPCR (Figure 4A). The rela-
tive PepT1 mRNA levels significantly increased in cells stimulated with Tri-DAP (p ≤ 0.05),
a finding that was consistent with the activation effect of the transporter substrates. Re-
markably, EVs from the probiotic EcN prevented Tri-DAP-mediated PepT1 upregulation
(p ≤ 0.05). In these cells, PepT1 mRNA levels were comparable to those of untreated control
cells. EVs from the commensal EcoR12 exhibited a minor protective effect, with differences
that did not reach statistical significance (Figure 4A, Tri-DAP treatment). Comparable to the
model of intact intestinal epithelium presented in Figure 1 (48 h incubation), treatment of
Caco-2 cells with EcN or EcoR12 EVs for a shorter period did not affect PepT1 mRNA levels
compared to untreated control cells (Figure 4A). Despite differences in the PepT1 mRNA
levels, treatment with Tri-DAP did not result in higher PepT1 protein levels (Figure 4B,C).
Indeed, quantification of PepT1 protein levels did not reveal significant differences between
treatments (Tri-DAP and/or EVs).



Nutrients 2024, 16, 2719 10 of 19

Nutrients 2024, 16, x FOR PEER REVIEW 10 of 19 
 

 

Comparable to the model of intact intestinal epithelium presented in Figure 1 (48 h incu-
bation), treatment of Caco-2 cells with EcN or EcoR12 EVs for a shorter period did not 
affect PepT1 mRNA levels compared to untreated control cells (Figure 4A). Despite differ-
ences in the PepT1 mRNA levels, treatment with Tri-DAP did not result in higher PepT1 
protein levels (Figure 4B,C). Indeed, quantification of PepT1 protein levels did not reveal 
significant differences between treatments (Tri-DAP and/or EVs). 

 
Figure 4. Regulation of PepT1 expression by EcN or EcoR12 EVs in the Tri-DAP induction model. 
Caco-2 cells were incubated with EVs (60 µg/mL) from EcN or EcoR12 for 3 h and then treated with 
Tri-DAP (5 µg/mL) or the vehicle (PBS) for 8 h. In parallel, Caco-2 cells treated with EVs (60 µg/mL) 
from EcN or EcoR12 were incubated in the absence of Tri-DAP as a control. (A) Relative mRNA 
levels of PepT1 were measured by RT-qPCR using GAPDH as the reference gene. Data are expressed 
as mean ± SEM from 3 independent experiments. (B,C) Quantification of PepT1 protein levels by 
ELISA (B) and by immunofluorescence confocal microscopy (C). Representative confocal maximal 
projection images of cells treated as indicated are shown in Fire LUT after image processing. The 
calibration bar of Fire LUT intensity is shown in the left. Scale bar: 20 µm. Quantification of the 
PepT1 mean intensity is shown for each treatment on the right side. Data are shown as mean ± SEM 
of arbitrary intensity units (AU) (n = 3 independent biological replicates). Statistical differences were 
assessed with one-way ANOVA, followed by post hoc Tukey’s. * p ≤ 0.05 vs. untreated control cells 
(white bars); # p ≤ 0.05 vs. Tri-DAP treated cells (blue bars). 

The expression of miR-193a-3p and miR-92b was also analyzed in cells challenged 
with Tri-DAP (Figure 5). In the absence of probiotic/microbiota EVs, this pro-inflamma-
tory bacterial peptide promoted significant downregulation of both miRNAs (p ≤ 0.05). 
The reduced expression of miR-92b correlated with the increased expression of the PepT1 
mRNA target. Notably, the Tri-DAP downregulatory effect on miR-92b was counteracted 
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Figure 4. Regulation of PepT1 expression by EcN or EcoR12 EVs in the Tri-DAP induction model.
Caco-2 cells were incubated with EVs (60 µg/mL) from EcN or EcoR12 for 3 h and then treated with
Tri-DAP (5 µg/mL) or the vehicle (PBS) for 8 h. In parallel, Caco-2 cells treated with EVs (60 µg/mL)
from EcN or EcoR12 were incubated in the absence of Tri-DAP as a control. (A) Relative mRNA
levels of PepT1 were measured by RT-qPCR using GAPDH as the reference gene. Data are expressed
as mean ± SEM from 3 independent experiments. (B,C) Quantification of PepT1 protein levels by
ELISA (B) and by immunofluorescence confocal microscopy (C). Representative confocal maximal
projection images of cells treated as indicated are shown in Fire LUT after image processing. The
calibration bar of Fire LUT intensity is shown in the left. Scale bar: 20 µm. Quantification of the
PepT1 mean intensity is shown for each treatment on the right side. Data are shown as mean ± SEM
of arbitrary intensity units (AU) (n = 3 independent biological replicates). Statistical differences were
assessed with one-way ANOVA, followed by post hoc Tukey’s. * p ≤ 0.05 vs. untreated control cells
(white bars); # p ≤ 0.05 vs. Tri-DAP treated cells (blue bars).

The expression of miR-193a-3p and miR-92b was also analyzed in cells challenged
with Tri-DAP (Figure 5). In the absence of probiotic/microbiota EVs, this pro-inflammatory
bacterial peptide promoted significant downregulation of both miRNAs (p ≤ 0.05). The
reduced expression of miR-92b correlated with the increased expression of the PepT1
mRNA target. Notably, the Tri-DAP downregulatory effect on miR-92b was counteracted
by EVs from either EcN or EcoR12 strains. Again, EcN EVs showed a more prominent
effect (p ≤ 0.05) (Figure 5B). In the absence of Tri-DAP, EVs from the commensal EcoR12
reduced miR-92b levels (p ≤ 0.05) (Figure 4C, control panel). This effect was not observed
at longer incubation times (Figure 2).
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Figure 5. Regulation of miR-193a-3p (A) and miR-92b (B) by EcN or EcoR12 EVs in the Tri-DAP
induction model. Caco-2 cells were incubated with EVs (60 µg/mL) from EcN or EcoR12 for 3 h and
then treated with Tri-DAP (5 µg/mL) or the vehicle (PBS) for 8 h. In parallel, Caco-2 cells treated with
EVs (60 µg/mL) from EcN or EcoR12 were incubated in the absence of Tri-DAP as a control. Relative
expression levels of the indicated miRNAs were measured by RT-qPCR and normalized to the U6
reference gene. Data are expressed as mean ± SEM from three independent experiments. Differences
were evaluated with one-way ANOVA, followed by post hoc Tukey’s. * p ≤ 0.05 vs. untreated control
cells (white bars); # p ≤ 0.05 vs. Tri-DAP treated cells (blue bars).

Regarding miR-193a-3p, the expression profile differed depending on whether cells
were treated with EcN or Ecor12 EVs. EcN EVs tended to preserve the basal expression
levels of untreated control cells, whereas EcoR12 EVs upregulated miR-193a-3p over the
basal expression level (p ≤ 0.05) (Figure 5A). In the absence of Tri-DAP, no differences were
detected in miR-193a-3p levels between untreated or EV-treated cells (Figure 5A). Thus, in
the absence of additional signals, EVs from EcN and EcoR12 did not modulate early or late
miR-miR-193a-3p expression.

In the absence of Tri-DAP, the results of miRNA expression matched the expected
protein expression profile. In the presence of Tri-DAP, the regulatory effects exerted by
microbiota/probiotic EVs on PepT1 mRNA, miR-92b, and miR-193a-3p expression could
explain why these cells exhibited similar PepT1 protein levels to untreated control cells. In
this sense, although PepT1 mRNA levels were somehow higher in EcoR12 EVs + Tri-DAP-
treated cells than control cells (Figure 4A), the upregulation of miR-193a-3p by EcoR12
EVs under these conditions could compensate for the expected higher synthesis of PepT1.
In cells treated with EcN EVs + Tri-DAP, the relative expression of PepT1 mRNA, miR-
92b, and miR-193a-3p did not significantly differ from those of untreated control cells,
a fact that is consistent with similar PepT1 amounts detected. In the absence of EVs,
the downregulation of miR-193a-3p by Tri-DAP should result in higher PepT1 protein
levels. However, in cells stimulated with Tri-DAP, the total PepT1 amount did not differ
from that of control cells (Figure 4B,C), suggesting that peptide substrates may activate
additional regulatory mechanisms to preserve low levels of colonic PepT1 in order to
maintain intestinal homeostasis.

3.4. Modulation of Proinflammatory Cytokines by EcN or EcoR12 EVs in Caco-2 Cells Stimulated
with Tri-DAP

The uptake of Tri-DAP by PepT1 and the following elevation of proinflammatory
cytokines through the activation of NOD receptors are well documented [1]. In this
context, we analyzed the ability of EcN or EcoR12 EVs to influence the expression of these
inflammatory mediators after PepT1 activation. This analysis included cytokines IL-8 and
TNF-α. Treatment of Caco-2 cells with EcN or EcoR12 EVs significantly induced IL-8 and
TNF-α, both at the mRNA and protein levels, compared to untreated control cells (Figure 6).
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This finding was consistent with the activation of immune receptors (TLRs, NOD1) by
microbial-associated molecular patterns (MAMPs) carried and delivered to epithelial cells
by the bacterial EVs.
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Figure 6. Expression analysis of proinflammatory cytokines in cells stimulated with Tri-DAP in
the absence or presence of EcN Evs or EcoR12 Evs. Tri-DAP stimulation conditions: Caco-2 cells
were incubated with Evs (60 µg/mL) from EcN or EcoR12 for 3 h and then treated with Tri-DAP
(5 µg/mL) for 8 h (blue and dashed bars). Control conditions: Caco-2 cells were treated with Evs
(60 µg/mL) from EcN or EcoR12 and incubated for 8 h (white and gray bars). Relative mRNA levels
of the indicated cytokines were measured by RT-qPCR using GAPDH as the reference gene (upper
panels), and secreted levels of IL-8 and TNF-α were quantified by ELISA in the culture supernatants.
In all panels, data are presented as mean ± SEM from three independent experiments. Differences
were evaluated with one-way ANOVA, followed by post hoc Tukey’s. * p ≤ 0.05, ** p ≤ 0.01, and
*** p ≤ 0.001 vs. control cells.

Treatment with Tri-DAP also triggered upregulation of IL-8 and TNF-α. In this case,
the mRNA levels were even higher than those elicited by EcN or EcoR12 EVs. Notably,
EVs from these intestinal E. coli strains did not modify the expression profile of the pro-
inflammatory cytokines in response to Tri-DAP. The relative expression of mRNA and the
levels of secreted IL-8 and TNF-α were similar between cells challenged with Tri-DAP
both in the absence or presence of EVs. In cells incubated with EVs from the probiotic
EcN, the expression of both proinflammatory cytokines tended to be lower. Although not
statistically significant, these differences are compatible with the anti-inflammatory activity
of EcN EVs previously reported [30,33].

4. Discussion

Dysregulation of PepT1 in the colon has been associated with chronic inflammatory
diseases such as IBD and colitis-associated cancer [7]. In the colon, the mucosal surface
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is constantly exposed to microbiota and its derived bacterial metabolic products and
proinflammatory peptides such as MDP, Tri-DAP, or fMLP. The poor expression of PepT1
in healthy colonic epithelial cells limits the uptake of bacterial peptides and the subsequent
activation of inflammatory pathways. However, the normal PepT1 expression pattern
is altered in IBD. Several factors may contribute to the enhanced expression of PepT1
in the colonic epithelium of IBD patients such as the high levels of proinflammatory
cytokines [39–41] and dysregulation of miRNAs that target PepT1 mRNA [16,42]. In
this clinical condition, overexpression of PepT1 amplifies inflammation by transporting
bacterial proinflammatory peptides that activate NOD signaling cascades. This mechanism
contributes to the abnormal immune response against the gut microbiota. In fact, in the
experimental model of dextran sulfate sodium (DSS)-induced colitis, overexpression of
PepT1 in the colonic mucosa of transgenic mice aggravated inflammation [13], whereas
knockout (KO) PepT1 animals exhibited reduced levels of proinflammatory cytokines than
wild-type animals. Interestingly, differences between KO-PepT1 and wild type mice were
abolished by antibiotic treatment before colitis induction [43]. Moreover, there is evidence
that overexpression of PepT1 regulates the colonic expression and secretion of certain
miRNAs, such as miR-23, which is involved in active UC and CD, thereby contributing
to disease progression [44]. All these findings point to PepT1 as a potential target for IBD
treatment to ameliorate inflammation [6,45].

Previous studies of our group showed the efficacy of EVs from the probiotic EcN
to improve inflammation and intestinal barrier disfunction in the experimental model of
DSS-induced colitis in mice [30]. Further research allowed identification of the underly-
ing molecular mechanisms, particularly those related with dysregulated miRNAs that
control the trefoil factor 3 (TFF3) and serotonergic genes [32,33]. Based on these findings,
here, we explored the ability of EcN EVs to modulate the expression of PepT1 and its
regulatory miRNAs miR-193a-3p and miR-92b under inflammatory conditions using the
well-characterized IL-1β inflammation model in Caco-2 cells [33]. The results showed that
treatment with the proinflammatory cytokine IL-1β resulted in higher levels of PepT1 (both
mRNA and protein) together with lower levels of both miRNAs compared to untreated
control cells. Although in the absence of inflammation (control cells), EVs from the probi-
otic EcN regulate neither PepT1 expression nor its regulatory miRNAs; in IL-1β treated
cells, EcN EVs significantly reduced the PepT1 protein amount to levels even lower than
those of control cells. The main mechanism underlying this effect was the upregulation of
miR-193a-3p, which inhibits PepT1 synthesis without altering the mRNA levels [16]. This
is a strain-specific mechanism since EVs from the commensal EcoR12 did not upregulate
miR-193a-3p under inflammatory conditions. Concerning miR-92b, EVs from both strains
prevented the IL-1β-induced downregulation of miR-92b. The relative expression levels of
this miRNA and its target PepT1 mRNA were undistinguishable from those of untreated
control cells.

When analyzing the effects of EcN and EcoR12 EVs on the regulation of PepT1 by the
natural bacterial substrate Tri-DAP, we found that EVs from both strains prevented Tri-
DAP-mediated downregulation of miR-193a-3p and miR-92b and the associated increase in
the PepT1 mRNA levels. However, in this model of PepT1 induction, EVs from the probiotic
strain did not upregulate miR-193a-3p compared to untreated control cells. This suggests
that EcN EVs did not control PepT1 expression under basal conditions but can play a pivotal
role in response to inflammation as a stressor. Other regulatory mechanisms elicited by EcN
EVs, such as the anti-inflammatory effects or regulation of genes and miRNAs that control
intestinal serotonin levels, are only active under inflammatory conditions [33]. It should
be noted that although Tri-DAP increases PepT1 mRNA levels, the total protein amount
does not significantly differ from control or EV-treated cells. This suggests that PepT1 is
tightly controlled in the healthy colonic epithelium at the protein level. The transcriptional
activation of PepT1 induced by the abundant proinflammatory bacterial peptides in the
colon may be compensated by post-transcriptional mechanisms other than miR-193a-3p
to prevent strong proinflammatory responses. In this sense, a study aimed at elucidating
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the role of specific miRNAs that contribute to the posttranscriptional regulation of main
drug transporters in the gut identified miRNAs whose expression negatively correlate with
PepT1 protein levels. Besides miR-193a-3p, reporter gene assays confirmed the role of
miR-193b-3p and miR-27a-3p in regulating PepT1protein levels [46].

It is important to consider that the gut microbiota plays a fundamental role in the
training of the innate immune system, which should quickly recognize and mount inflam-
matory responses against pathogens. The uptake of Tri-DAP through PepT1 induced a
pro-inflammatory response with increased production of IL-8 and TNF-α. This finding
was consistent with the recognition of Tri-DAP by cytosolic NOD receptors and the subse-
quent activation of NF-κB [11]. The inflammatory response was not prevented by EcN or
EcoR12 EVs. In fact, treatment of Caco-2 cells with EVs from both strains also triggered the
expression and secretion of proinflammatory cytokines IL-8 and TNF-α. In this context,
we previously showed that EVs released by commensal microbiota are internalized by
intestinal epithelial cells trough endocytosis and interact with NOD1 at the endosomal
compartment [47]. Since PepT1 expression is negligible in healthy colonic epithelia, endo-
cytosis of microbiota EVs provide a mechanism for peptidoglycan transport into the host
cell cytosol and the detection of microbial products that prime the innate immune system.

Clinical research is gradually moving towards personalized medicine. Understand-
ing how host–microbe associations may impact human health and disease highlights
microbiome research as a crucial element to drive future advancements in medicine and
nutritional approaches [48,49]. This is especially relevant in the case of chronic intestinal
inflammatory diseases, since current IBD therapies have substantial side effects, and in
most cases their efficacy diminishes after long-term treatments [50]. Moreover, proper
control of chronic inflammation may reduce long-term complications such as colorectal
cancer [51]. Now, the discovery of novel probiotic strains for IBD treatment is a growing
area. In this context, besides the well-known probiotic EcN, the gut colonizing bacteria
Akkermansia muciniphila and Faecalibacterium prausnitzii are seen as promising candidates
for next-generation probiotics [52,53]. The aim of biotherapies involving probiotics and
prebiotics is to restore the gut microbiota composition to anti-inflammatory and mucosa-
repairing profiles [54,55]. Considering that the beneficial effects of probiotics are mediated
by bioactive bacterial molecules, the paradigm of microbiome-based interventions is cur-
rently shifting towards postbiotics [21,56]. The administration of postbiotics is a harmless
strategy that exploits the biological activity of probiotic effectors, avoiding the risk of bacte-
rial translocation in patients with disrupted intestinal barrier and altered immune responses.
In addition, postbiotics generally exhibit good absorption and distribution, circumvent-
ing the technical challenges associated with bacterial viability and colonization efficiency.
This characteristic facilitates their application in a wide variety of pharmaceuticals and
functional foods [57,58].

Now, EVs derived from gut beneficial microbes are emerging as upcoming
postbiotics [24,59–61]. In the gut, microbiota–host communication principally relies on
metabolites, secreted biomolecules, and vesicles able to migrate through the mucus layer [62].
Accumulated evidence has shown that microbiota EVs serve as vehicles for the transport
of functional bacterial molecules to host cells in a protected environment. Microbiota EVs
enclose a wide variety of components produced by the parental strain, including typical
MAMPs that engage host immune receptors, as well as specific proteins, metabolites, lipids,
and nucleic acids that modulate host responses [26,63]. Therefore, some effects of the
microbiota EVs are specific as they depend on the producer bacterial strain and cargo.

Despite intense research in animal models of human diseases demonstrating the
benefits of EVs from certain beneficial gut commensals in ameliorating IBD through dif-
ferent mechanisms, mainly involving the reinforcement of the epithelial barrier and anti-
inflammatory effects [30,64–66], translation of probiotic/microbiota EVs to human health
as a postbiotic strategy requires deep knowledge of the action mechanisms. Concerning
PepT1 expression, experimental models have been used to explore the ability of Lactobacil-
lus strains to regulate PepT1 expression in the small intestine. Upregulation of PepT1 in
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the jejunum by L. plantarum has been associated with an improvement in the absorption
of dietary proteins under inflammatory conditions [67]. However, in the same model of
spontaneous colitis (IL-10 knockout mice), L. plantarum treatment decreases the expression
and transport activity of PepT1 in the colon [68]. Importantly, PepT1 regulation has been
shown for interventions administering viable probiotics. To our knowledge, whether these
effects are mediated by EVs is unknown. Given the key role of bacterial EVs in mediating
probiotic effects, it is likely that the regulation of PepT1 by L. plantarum or other probiotics
is also mediated by extracellular vesicles.

This study provides new insights into the molecular mechanisms triggered by EVs
from the probiotic EcN to ameliorate inflammation in intestinal epithelial cells. The main
finding is the EV-mediated upregulation of miR-193a-3p and the accompanying downregu-
lation of PepT1 protein. Importantly, this regulatory effect is only activated in epithelial
cells exposed to inflammatory mediators. By this mechanism, EcN EVs may reduce in-
flammation in response to microbiota in IBD and other chronic inflammatory disorders
by limiting the entrance of bacterial proinflammatory peptides. Moreover, downregula-
tion of miR-193a-3p in IBD is related with the promotion of colitis-associated colorectal
cancer [42,69] acting on the target mRNAs of the Interleukin-17 receptor D (IL-17RD) and
the plasminogen activator urokinase (PLAU). IL-17RD is a multifunctional regulator of
immune receptors and inflammatory signaling pathways [70], whereas PLAU is involved
in cancer cell migration and angiogenesis [69]. In this context, upregulation of miR-193a-3p
by EcN EVs may have additional beneficial effects preventing cancer onset and progression
in chronically inflamed colon.

5. Conclusions

This study provides new insights into the regulation of PepT1 by EVs of the probiotic
EcN in colonic epithelial cells under inflammatory conditions, emphasizing their potential
use as a postbiotic strategy for treating IBD and associated cancer progression. Upregula-
tion of miR-193a-3p and the subsequent downregulation of PepT1 in response to EcN EVs
serve to limit the colonic uptake of bacterial proinflammatory peptides, thereby reducing
intestinal inflammation in response to microbiota in chronic intestinal inflammation dis-
orders. To the best of our knowledge, this is the first study providing evidence that EVs
from a probiotic strain regulate PepT1 expression through upregulation of miR-193a-3p.
Further studies in IBD animal models are needed to demonstrate the regulation of PepT1
and miR-193a-3p by EcN EVs in vivo.

IBD is a group of multifactorial diseases influenced by multiple mechanisms. The
results presented here, together with previous findings of our group, show the potential of
EcN EVs in (i) repairing and reinforcing the intestinal epithelial barrier through regulation
of TFF3/miR-7-5p and tight junction proteins; (ii) reducing serotonin levels through regu-
lation of SERT expression at both the transcriptional and posttranscriptional levels; and
(iii) counteracting oxidative stress through differential regulation of pro-inflammatory and
antioxidant enzymes. These findings strongly support the potential application of EVs from
the probiotic EcN as a safe postbiotic strategy for IBD, acting at multiple levels to improve
intestinal homeostasis. Clinical trials are necessary to confirm the benefits of interventions
involving EcN EVs in leaky gut and chronic inflammatory conditions in humans.
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