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TRPV4 modulates inflammatory responses
and apoptosis in enteric glial cells triggered
by Clostridioides difficile toxins A and B
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Abstract

Clostridioides difficile, a spore-forming anaerobic bacterium, is the primary cause of hospital antibiotic-associated
diarrhea. Key virulence factors, toxins A (TcdA) and B (TcdB), significantly contribute to C. difficile infection (CDI).
Yet, the specific impact of these toxins, particularly on enteric glial cells (EGCs), still needs to be fully understood.
This study examines the role of the transient receptor potential vanilloid 4 (TRPV4), a calcium-permeable channel,
in the inflammatory response and apoptosis of EGCs induced by TcdA and TcdB and evaluates TRPV4 expression in
the cecum and colon of infected mice. EGCs were treated with TcdA (50ng/mL) or TcdB (1ng/mL) for 18 h, with or
without the TRPV4 antagonist RN-1734 (100 uM), to assess TRPV4 gene and protein levels, inflammatory markers,
and cell death. C. difficile infected mice were euthanized on day 3 post-infection for TRPV4 expression in the cecum
and colon. Findings reveal that EGCs naturally express TRPV4, increasing its expression by TcdA and TcdB exposure.
CDlI significantly upregulates TRPV4 in the cecum and colon’s submucosal and myenteric plexus regions. TRPV4
mediates TNF-a release in EGCs and is partially involved in the increase in /-6 gene expression triggered by these
toxins. Our results highlight TRPV4's role in triggering EGC apoptosis via caspase 3 activation and inhibiting the
reduction of Bcl-2, an anti-apoptotic protein in EGCs caused by C. difficile toxins. These results highlight TRPV4's
significant role in CDI pathogenesis and its potential as a therapeutic target to counteract the detrimental effects
of C. difficile toxins on enteric glia.
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Introduction

Clostridioides difficile (C. difficile), a Gram-positive,
spore-forming anaerobic bacterium found in the human
gastrointestinal tract, has emerged as a significant
enteropathogen, largely attributed to its association with
antibiotic use, which disrupts the natural microbial bal-
ance [1, 2]. This bacterium produces a range of proteins
critical to its pathogenicity. Among these, C. difficile tox-
ins A (TcdA) and B (TcdB) are particularly noteworthy as
the primary virulence factors, directly contributing to the
clinical symptoms and outcomes of C. difficile infection
(CDI) [3].

The cytotoxic effects of C. difficile toxins allow the
pathogen to infiltrate the deeper layers of the intestinal
mucosa, impacting not only the intestinal mucosal cells
but also cells within other layers of the intestine [4]. Spe-
cifically, enterocytes, colonocytes, and enteric neurons
are particularly vulnerable to the cytotoxic impacts of
TcdA and TcdB, leading to a wide range of clinical mani-
festations seen in CDI [5-7]. Recent research, including
studies from our group, has demonstrated the role of
enteric glial cells (EGCs) in the pathophysiology of CDI
[8-10].

EGCs, specialized non-neuronal glial cells within the
enteric neuron system (ENS), are distributed throughout
the intestinal tract [11]. As integral components of the
ENS, EGCs play crucial roles in maintaining the normal
function of the intestinal tract under physiological con-
ditions, regulating gut motility, intestinal barrier integ-
rity, and the modulation of immune responses. Beyond
their established roles in normal physiological processes,
EGCs have also been documented in the literature as
playing critical roles in various intestinal pathophysi-
ological conditions, including Crohn’s disease, ulcer-
ative colitis, irritable bowel syndrome, and CDI [12.13].
The pivotal role of these cells in gastrointestinal disor-
ders underscores their substantial contributions to gut
health and their involvement in inflammatory responses
through dynamic interactions with other cell types in
the complex gut environment [11]. However, the precise
mechanisms by which these cells impact such processes
still need to be fully understood. This area of research
has been relatively overlooked within the scientific com-
munity, particularly compared to the extensive research
focused on other gut cell types, such as epithelial cells.
Our study aims to address this gap by spotlighting the
effects of C. difficile toxins on EGCs.

The transient receptor potential vanilloid 4 (TRPV4)
is among the most extensively studied members of the
transient receptor potential (TRP) ion channels super-
family. It functions as a polymodal cation channel with
high permeability to Ca2+, activated by various physical
and chemical stimuli such as heat, cellular swelling, and
endogenous ligands, including arachidonic acid and its
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metabolites [14—17]. TRPV4 expression has been iden-
tified in the myenteric plexus of the human colon and
immune system cells, such as macrophages, neutrophils,
and dendritic cells [16—18]. Moreover, TRPV4 shows
widespread expression in the stomach, small intestine,
and colon within the intestinal tract of rodents [19].

The association of TRPV4 with the pathophysiology of
inflammatory bowel disease (IBD) [20] underscores its
significance in intestinal inflammation research, spot-
lighting its potential contribution to the mechanisms
driving intestinal disorders. Despite its established
involvement in IBD, a condition closely associated with
an increased risk of CDI, the specific role of TRPV4 in
the pathophysiology of CDI remains unexplored in cur-
rent scientific literature.

For the first time, this research explores whether EGCs
express TRPV4 under physiological conditions and dur-
ing CDI. Furthermore, it aimed to investigate the role of
this receptor in modulating the inflammatory response
and cell death induced by C. difficile toxins in EGCs.

Methods

In vivo studies

Mice

Male C57BL/6 mice, 8 weeks old, were obtained from
the Jackson Laboratory, Farmington, US. Furthermore,
these animals were accommodated in polypropylene
cages lined with wood shavings, with bedding changes
occurring twice a week. Throughout the experiments,
the animals were maintained in consistent environmental
conditions (temperature: 22°C + 2°C, with air exhaustion,
and a 12 h light/12 h dark cycle). They had unrestricted
access to water and standard chow diet ad libitum.

We confirm that all experimental protocols conducted
in this study were approved by the Ethics of Animal
Experiments Committee at the University of Virginia
(Protocol number 4096). Additionally, we affirm that
the reporting of all methods in this study aligns with
the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines, ensuring transparency and rigor in
presenting our findings.

C. difficile infection model

The murine CDI model utilized in this study follows
a well-established protocol due to its ability to mimic
clinical symptoms, such as severe diarrhea, presented by
humans with CDI [8]. This model consists of disturbing
the animal’s microbiota and thus facilitating colonization
or infection by C. difficile in wild-type (WT) C57BL/6
mice (n=6 for each group). The animals received a
cocktail of antibiotics in their drinking water for 3 days,
consisting of 0.035 mg per mL of gentamicin, 850 U per
mL of colistin, 0.215 mg per mL of metronidazole, and
0.045 mg per mL of vancomycin, as illustrated in Fig. 1.
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Fig. 1 C difficile infection model induction scheme

Following a 2-day antibiotic-free period, the animals
received an intraperitoneal injection of clindamycin
(32 mg per kg, i.p.) 1 day before C. difficile challenge.
Subsequently, 10° CFU (in 100pL of chopped meat broth,
a pre-reduced medium) of the vegetative C. difficile strain
VPI10463 (ATCC 43255, tcdA + tcdB + cdtB-) was admin-
istered by oral gavage. Control mice received chopped
meat broth (100 pl). The mice’s weight and disease symp-
toms development were monitored daily. Three days after
infection, animals were euthanized using a combination
of ketamine (180 mg. kg; i.p) and xylazine (15 mg/kg,
i.p.). Segments from the cecum and colon were collected
and processed for immunohistochemistry analysis.

Immunohistochemistry

Section (4 um thick) were prepared from paraffin-embed-
ded mouse cecum and colon tissues. After deparaffiniza-
tion, antigens were recovered by incubating the slides in
citrate buffer (pH 9.0) for 20 min at 95 °C in a PT link
tank (DAKO). To reduce non-specific binding, endog-
enous peroxidase was blocked with 3% H,O, for 10 min.
The sections were then incubated overnight with an Anti-
TRPV4 antibody (ab39260, Abcam, 1:1000), followed by a
30-minute incubation with polymer HRP (K8000, Dako).
The antibody-binding sites were visualized by incubating
the samples with diaminobenzidine—H202 (DAB, Dako)
solution. The brown coloration indicates positive stain-
ing. The number of immunopositive cells was quantified
using Image] software by counting cells with positive
staining in ten distinct fields per slide, focusing on the
“hot areas” (regions with intense staining). This analysis
used one slide per animal and four specimens per group
[21].

In vitro studies

Rat EGC culture and treatment

The immortalized EGC line used in this study comes
from the jejunum region of Rattus norvegicus ATCC
(PK060399egfr CRL-2690, Virginia-United States). These
cells have demonstrated morphological and functional
characteristics comparable to primary EGCs [22].

EGCs were cultured in DMEM medium (Dulbecco’s
Modified Eagle’s Medium, Gibco) and supplemented
with 10% fetal bovine serum, 1% antibiotics (100 mg/
mL penicillin and 100 mg/mL streptomycin, Gibco), and
1 mM sodium pyruvate (Gibco) at 37 °C in a humidified
incubator under 5% CO2 for no more than 25 passages.
For all experiments in this research, EGCs were released
from the culture flasks using 0.05% trypsin-EDTA for
5 min. The cells were incubated with the TRPV4-specific
antagonist (RN-1734-100pM, Cayman, 946387-07-1)
for 1 h before incubation with TcdA (50ng/mL) or TcdB
(Ing/mL). In an additional experiment, we included a
group of cells exposed simultaneously to both toxins. We
maintained the same exposure time and concentrations
evaluated in individual toxin treatments, with or without
the TRPV4 antagonist. The concentration of RN-1734
was obtained from the results of the MTT assay (Fig.
S1 — supplementary material). Furthermore, it is worth
highlighting that TcdA and TcdB used in the study were
purified from TechLab (Virginia-United States), and
these, in turn, were produced by the C. difficile strain
VPI10463.

Quantitative real-time PCR (qPCR)
Initially, we aimed to determine whether EGCs express
the TRPV4 receptor, establishing this as a prerequisite
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for advancing our research. To achieve this objective, we
investigated the gene expression of TRPV4 by the Poly-
merase Chain Reaction (PCR) at 2, 12, and 18 h following
incubation with either TcdA or TcdB. Subsequently, our
research extended to examine other genes that may play a
role in the pathophysiology of CDI, such as interleukin-6
(IL-6), interleukin-1 beta (IL-I1-f IL-1B), and antiapop-
totic B-cell lymphoma family gene 2 (bcl-2) genes, using
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
the reference gene.

EGCs (6 x 10° cells/well), at passage 20, were cultivated
in 6-well plates and incubated with TcdA (50ng/mL) or
TcdB (1ng/mL) for 18 h. The control group of cells was
cultured exclusively in a culture medium (DMEM) with-
out exposure to C. difficile toxins (control). After incuba-
tion, total RNA extraction was performed using a RNeasy
Plus Mini Kit (Qiagen, Hilden, Germany) on the QIA-
cube platform (Qiagen). Furthermore, RNA was quanti-
fied using the equipment Nanodrop. The RNA’s purity
was evaluated using the following proportions: nucleic
acids/proteins (260/280) and nucleic acids/other con-
taminants (260/230). Then, the RNA underwent reverse
transcription using a High-Capacity ¢cDNA Reverse
Transcription Kit (Thermo Fisher Scientific) according to
the manufacturer’s protocol.

Amplification of TRPV4, GAPDH, IL-6, IL-1-f3, and
bcl-2 genes in cell samples was carried out using the Ste-
pOne apparatus. Amplification of specified genes in EGC
samples was performed using a CFX Connect system
(Bio-Rad) with the following conditions: 95 °C for 30 s,
40 cycles of 95 °C for 5 s, and 60 °C for 30 s, and analysis
of the melting curve from 65 to 95 °C in increments of
0.5 °C for 2 s each. Gene expression was calculated by the
Livak & Schmittgen method (2—-AACt).

Following the same procedural steps described, the
cells were co-incubated for 18 h with either TcdA or
TcdB and the TRPV4 pharmacological modulator (RN-
1734). We have also analyzed and compared the protein
and gene expression profiles when cells were pre-treated
with the TRPV4 modulator for one hour before toxin
exposure. The primer sets used for these experiments are
listed in Supplementary Material (Table S1).

Western blotting analysis

To assess the expression of TRPV4 protein, EGCs (6 x 10°
cells/well) were seeded into 6-well plates and subse-
quently incubated with TcdA or TcdB for 18 h.

Following incubation, the supernatant was discarded,
and the cells were lysed with RIPA lysis buffer (Thermo
Fisher Scientific, containing EDTA and phosphatase-free
protease inhibitor). The lysate was centrifuged for 17 min
at 4 °C and 15.773 g, and the supernatant was collected
for further analysis.
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Protein concentrations were determined using the
bicinchoninic acid assay following the manufacturer’s
instructions (Thermo Fisher Scientific). Forty micro-
grams of protein, previously mixed with Laemmil sample
buffer and B-mercaptoethanol, were denatured at 95 °C
for 5 min. Subsequently, these proteins were separated on
10% BIS-Tris gel and transferred onto PVDF membranes
for 2 h.

Following the transfer, the membranes were blocked
with a 5% blocking solution (BioRad) at room tempera-
ture for 1 h. They were then incubated overnight at 4 °C
with primary antibodies (anti-a-tubulin 1:500, Sigma-
Aldrich T8203 and anti-TRPV4 1:2000, abcam39260).
After primary antibody incubation, membranes were
exposed to secondary antibodies (anti-mouse 1:500 and
anti-rabbit 1:500) for 1 h and 30 min. Membranes were
washed in Tris-buffered saline containing 0.05% Tween
20 (TSB-T) and then incubated with Enhanced Chemi-
luminescence — ECL (Biorad 1705060). The chemilumi-
nescence signal was detected using a ChemiDoc system
(BioRad). Densitometric quantification of bands was per-
formed using ImageLab software (BioRad).

In a distinct experimental set, replicating all the previ-
ously described procedural steps, the protein expression
of cleaved caspase-3 (an apoptosis marker) was assessed
in EGCs exposed to TcdA and TcdB in the presence or
absence of the TRPV4 antagonist. Specifically, cells were
pretreated with RN-1734 (100uM) 1 h before toxin incu-
bation. The antibodies used included primary antibodies
(B-actin 1:200, Santa Cruz sc-7210; cleaved Caspase-3,
1:400, Millipore AB3623) and the secondary antibody
(anti-rabbit; 1:400).

We used the Image] software to quantify Western blot
bands. After selecting each band of interest by draw-
ing a rectangular box around it, ensuring the band was
fully encompassed, the software generated a peak for
each band. The area under the curve of each peak cor-
responded to the band’s intensity. The signal intensity,
expressed in pixels, was directly proportional to the tar-
get protein concentration. To account for any variations
in sample loading, the intensity of each target band was
normalized by dividing it by the intensity of the corre-
sponding loading control band. This normalization step
ensured standardized data and allowed for reliable com-
parisons between samples.

Immunofluorescence

Immunofluorescence was performed to investigate the
localization of the TRPV4 receptor in EGCs following
an 18-hour treatment with TcdA or TcdB. EGCs at pas-
sage 17 were seeded in 24-well plates (4 x 10* cells/well).
After the 18 h incubation period with the toxins, the cells
were fixed in 4% paraformaldehyde (500 pL per well) for
15 min, followed by permeabilization in PBS containing
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0.025% Triton X100 (Sigma-Aldrich) and 0.2% bovine
serum albumin (BSA, Sigma-Aldrich) for 15 min. After
permeabilization, cells were blocked with 0.25% Triton
X100 (Sigma-Aldrich) and 5% BSA (Sigma-Aldrich) in
PBS at room temperature for 1 h, then washed with a
washing solution. Then, the cells were incubated with an
anti-TRPV4 primary antibody (1:1000, abcam39260) or
cleaved Caspase-3 (1:400, Millipore AB3623) at 4°C over-
night. After three washes with wash buffer (0.01% Tween
20 in PBS), cells were overnight incubated with Alexa-
Fluo 488 secondary antibody (1:400, Invitrogen). Follow-
ing a wash with PBS, cells were mounted with ProLong
Gold antifade reagent containing DAPI (Thermo Scien-
tific, P36931). The samples were visualized by confocal
fluorescence microscopy (LM10-Confocal Zeiss).

Immunofluorescence for TRPV4 or cleaved Caspase-3
was assessed using ten digital images captured in each
section, with four samples per group. The average posi-
tive fluorescence intensity was quantified using Zeiss
software. The average fluorescence intensity was quanti-
fied using Zeiss software. The software allows the selec-
tion of specific channels, such as DAPI and the protein
of interest. In this case, the green channel, corresponding
to the protein of interest, was selected. After completing
the analysis, the software generated a table displaying the
arithmetic mean intensity, representing the fluorescence
intensity for the selected protein.

In a separate experimental set, to assess the impact of
blocking TRPV4 with RN-1734) on the nuclear translo-
cation of the transcription factor NFxBp65 in EGCs, as
well as its effect on the expression of TNF-q, cells were
pre-incubated with RN-1734 1 h before to exposure to
TcdA or TcdB. The primary antibodies used were anti-
NFkBp65 (1:500, Abcam 16502) and anti-TNF-a (1:500,
Abcam 6671), along with the secondary antibody (Alexa
Fluor 488, 1:400, Invitrogen). The remaining steps of the
procedure were carried out as previously described, with
an average of 10 images acquired per slide. The average
TNE-positive fluorescence intensity was quantified using
Zeiss software. The percentage of NF«B p65-positive
cells was determined by counting 100 cells per coverslip
across five separate experiments, focusing on the “hot
areas” (regions exhibiting intense staining).

To evaluate the effect of TRPV4 activation by its ago-
nist, GSK 1,016,790 A (50 nM/ml), and inhibition by
its antagonist, RN-1734 (100 uM), on caspase-3 activa-
tion in EGCs, cells were pre-incubated with either GSK
1,016,790 A or RN-1734 for 1 h before exposure to TcdA
or TcdB. The primary antibody was anti-cleaved Cas-
pase-3 (1:400, Millipore AB3623), followed by the sec-
ondary antibody Alexa Fluor 488 (1:400, Invitrogen). The
remaining steps were conducted as previously described,
with an average of 10 images acquired per slide. The
cleavage caspase-3-positive fluorescence intensity was
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quantified using Zeiss software following the procedure
described above.

Realtime-glo annexin V apoptosis assay

Cell death was assessed using a live cell real-time assay
(Realtime-Glo annexin V apoptosis assay, Promega,
JA1000), following the manufacturer’s instructions. EGCs
(10* cells/well), at passage 20, were seeded in white tis-
sue culture-treated 96-well plates (Falcon, solid white
bottom). These cells were incubated with TcdA, TcdB or
both TcdA and TcdB simultaneously for 18 h, in either
the absence or presence of RN-1734, added 1 h before
exposure to the C. difficile toxins. Subsequently, 200uL of
2x detection reagent (containing 2pL of annexin Nano-
Bit substrate, 2 pL of CaCl2, 2puL of annexin V-SmBit,
and 2pL of annexin V-LgBit in 1000uL of pre-warmed,
supplemented DMEM) was added to each well. The cells
were then incubated at 37 °C in a humidified incubator
under 5% CO2. Luminescence readings were recorded
using a luminometer (NanoLuc technology ready, Pro-
mega). The intrinsic luminescence of the reagent (no-
cell, no-compound background control) was subtracted
from the sample luminescence signals. The adjusted val-
ues were normalized against the mean of control cells to
obtain the relative luminescent units (RLUs).

Assessment of intracellular calcium levels

To assess intracellular Ca® levels, EGCs were seeded at
a density of 60,000 cells per well in black 96-well plates.
The intracellular Ca* levels were measured using the
Fluo-8 no wash calcium assay kit (Abcam, ab112129) fol-
lowing the manufacturer’s instructions. In brief, 100 pL
of Fluo-8 dye-loading solution was added to each well
and incubated at 37 °C for 30 min. This was followed by
an additional 30-minute incubation at room temperature
to ensure optimal dye uptake. Afterward, the cells were
treated with TcdA and TcdB, and/or the TRPV4 antago-
nist, with the antagonist being added one hour prior to
toxin incubation. Fluorescence intensity was monitored
at an excitation/emission wavelength of 490/525 nm at
different time points using the Infinite 200 PRO-Tecan
plate reader. The fluorescence intensity of Fluo-8 (Ex/
Em=490/525) directly corresponds to the increase in
intracellular calcium levels.

Statistical analysis

All quantitative results obtained in this research were
expressed as mean t standard error of the mean (SEM).
Statistical analysis of the data was performed using
GraphPad Prism software, version 8.0. The student’s
t-test was used to compare the means between two
groups, and the analysis of variance (ANOVA) followed
by Tukey’s test was used to compare the means among
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three or more groups. A p-value<0.05 was considered
statistically significant.

Results

C. difficile infection increases TRPV4 expression in the
cecum and colon of mice

TRPV4 is naturally expressed in the cecum and colon’s
mucosa immune cells (orange arrows) and myenteric
plexus regions (red arrow) of healthy mice (control)
(Fig. 2A). Following CDI, there was a marked elevation
in the expression of this receptor across both the cecum
and colon. Notably, an increase in TRPV4 immunos-
taining was observed in the epithelial, submucosal,
and myenteric plexus cells of infected mice (red arrow)
compared to the control group, which was not infected.
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Furthermore, increased immunostaining in immune cells
(yellow arrows) can also be observed in infected animals.

Figure 2B shows that the number of TRPV4-positive
cells in the CDI group within the cecum and colon is
significantly increased compared to the control group
(uninfected mice). This evidence further supports the
involvement of this receptor in the context of infection,
highlighting its potential role in mediating the immune
response to CDI.

TcdA and TcdB upregulation the TRPV4 gene and protein
expression in EGCs

We found that EGCs constitutively express the TRPV4
receptor and that exposure to TcdA and TcdB led to a
gradual increase in basal TRPV4 gene expression over
time (Fig. 3A). In addition, both toxins significantly

ek [ Control
Bl Infected

Cecum

Colon

Fig. 2 C difficile infection (CDI) increases the expression of TRPV4 in the cecum and colon of infected mice. A) Photomicrographs showing the immu-
nohistochemical staining for TRPV4 within the intestinal regions (cecum and colon) of uninfected mice and those subjected to CDI. In the control group
(uninfected animals), TRPV4 is constitutively expressed in the mucosa immune cells (orange arrow) and myenteric plexus (red arrow); in animals exposed
to C. difficile, a pronounced increase in immunostaining is observed in the cecum and colon, particularly in immune cells (yellow arrows) and in the my-
enteric plexus (red arrow), clearly observed at 400x magnification (Scale bar =20 um.). The standard images were taken at 100x magnification (Scale bar
=50 um. B) The graph represents the mean+SEM of the number of immunopositive cells for TRPV4 in the cecum and colon of mice subjected to CDI
(infected group) and non-infected (control group). Statistical analysis was conducted using the student’s t-test was used. ***p <0.0001
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Fig. 3 C difficile toxins A (TcdA) and B (TcdB) increase TRPV4 gene and protein expression in enteric glial cells (ECGs) in vitro. A) Administration of TcdA
(50ng/mL) and TcdB (1ng/mL) led to a significant elevation in TRPV4 gene expression in EGCs. The gene expression was evaluated by gPCR after incubat-
ing EGCs with the toxins for 2, 12 and 18 h. The data are presented as mean+SD of the relative expression of TRPV4. Statistical significance was deter-
mined using the two-way ANOVA and Tukey tests; **p < 0.006 and ***p <0.0001. B) TcdA and TcdB significantly increase TRPV4 protein expression in EGCs,
assessed by Western Blotting. Data are presented as mean + SEM, normalized to a-tubulin for comparison. Statistical significance was determined using
the one-way ANOVA and Tukey tests. *p <0.001 and ***p <0.0001. C) Exposure to TcdA and TcdB increases the cytoplasmic immunostaining of TRPV4 in
EGCs. Photomicrographs showcase the cytoplasmic immunostaining of TRPV4 (green), the nuclear staining with DAPI (blue), and the merged images
(MERGE). D) illustrate the quantification of the mean fluorescence intensity of TRPV4 immunostaining in EGCs, measured using Zeiss software. The results
are expressed as mean +SEM of TRPV4 immunostaining fluorescence intensity. Statistical significance was determined using the one-way ANOVA and
Tukey tests. *p <0.001 and ***p <0.0001. The entire blotting membranes are available in the supplementary material (Figures S2 and S3)

increased the TRPV4 protein expression in EGCs
detected by Western Blot over the 18-hour incubation
period compared to the control group (Fig. 3B).

Figure 3C supports the Western Blot findings by illus-
trating the cytoplasmic immunostaining of the TRPV4
receptor in EGCs (green). Notably, upon exposure to
TcdA and TcdB, there was a noticeable increase in the
immunostaining of this receptor in ECGs compared
to the control group. Consistent with these qualitative
observations (Fig. 3C), the quantification of the fluo-
rescence intensity of TRPV4 immunostaining revealed

that TcdA and TcdB significantly increased TRPV4 pro-
tein expression in EGCs compared to the control group
(Fig. 3D).

Blocking TRPV4 by RN-1734 reduces translocation of
NFkBp65 in EGCs by TcdA and TcdB

To assess the involvement of TRPV4 in activating the
NFkB transcription factor in EGCs upon exposure to
TcdA and TcdB, we examined the nuclear expression of
NF«Bp65 using immunofluorescence in EGCs exposed to
TcdA and TcdB in the presence of a TRPV4 inhibitor.
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Our results indicate that TcdA and TcdB signifi-
cantly increased the number of NFkBp65 positive cells
compared to the control group cultured exclusively in
DMEM (Fig. 4A). This finding suggests that TcdA and
TcdB directly contribute to the activation of NFkB. In
contrast, pre-treating EGCs with RN-1734, a TRPV4
inhibitor, one hour before exposure to TcdA or TcdB par-
tially prevented the nuclear translocation of NFkBp65
(Fig. 4A), indicating that TcdA and TcdB activate NFxB
through TRPV4. Furthermore, there were no signifi-
cant differences between the control group and the RN-
1734-treated group of cells, which were incubated with
the TRPV4 antagonist but not exposed to TcdA or TcdB,
indicating that RN-1734’s effect is specific to the condi-
tion of toxin exposure.

The expression of NFkBp65 is visualized by immunola-
belling in Fig. 4B.

Blocking TRPV4 by RN-1734 reduces the inflammatory
response in EGCs triggered by TcdA and TcdB

Building on our research group’s prior findings, which
highlighted the impact of TcdA and TcdB on EGCs [8, 9],
leading to the secretion of inflammatory cytokines, we
aimed to elucidate the role of the TRPV4 receptor in this
process. Specifically, we investigated whether blocking
the TRPV4 receptor with its antagonist, RN-1734 could
decrease the gene expression of IL-6 and IL-1f5 and the
protein expression of TNF-«a in EGCs exposed to TcdA
and TcdB.

Our findings show that inhibiting TRPV4 with
RN-1734 significantly reduces IL-6 gene expression in
EGCs exposed to TcdA. In contrast, this effect was not
evident in cells subjected to TcdB treatment (Fig. 5A).
Additionally, we observed that TcdA and TcdB increased
IL-1B gene expression (Fig. 5B) and TNF-a protein
expression (Fig. 5C) in EGCs compared to the control
group. However, the impact of the C. difficile toxins on
IL-1B expression seems to be TRPV4-independent, as
inhibiting this receptor with RN-1734 failed to prevent
the increased IL-1P gene expression induced by the tox-
ins (Fig. 5B). On the contrary, RN-1734 reduced TNF
protein expression induced by TcdA and TcdB (Fig. 5C),
suggesting that TRPV4 plays a role in this process.

The expression of TNF in ECGs is visualized by immu-
nolabelling in Fig. 5D.

Blocking TRPV4 reduces toxins-induced cell death in EGCs
by reducing caspase-3 and upregulating bcl-2 expression
To investigate the impact of the TRPV4 receptor on
apoptosis induced by C. difficile toxins, we utilized the
real-time Glo-annexin V apoptosis assay. Furthermore,
we analyzed the expression of activated caspase-3 protein
and bcl-2 gene expression, which serve as indicators of
cell survival.
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In Fig. 6A, we observe a significant increase in the
death of EGCs when exposed to TcdA and TcdB com-
pared to the control groups. Both toxins prompted an
increase in the formation of the apoptotic conjugate, evi-
denced by the binding of annexin V to phosphatidylser-
ine on the outer layer of the cell membrane. Conversely,
the inhibition of TRPV4 with RN-1734 significantly
reduced the death of EGCs triggered by TcdA and TcdB.

The effect of TcdA and TcdB in promoting apoptosis in
EGCs was confirmed, as exposure to these toxins resulted
in a significant increase in caspase-3 protein expression
compared to the control group. This effect appears to
be dependent on the TRPV4 receptor, as the inhibition
of this receptor with its antagonist substantially reduced
the expression of caspase-3 protein in EGCs exposed to
TcdA or TedB (Fig. 6B).

Furthermore, TcdA and TcdB decrease the gene
expression of bcl-2 in EGCs compared to the control
group, reducing cell survival. RN-1734 blocks the TRPV4
receptor, protecting the cells from this toxic effect. We
observed an upregulation of bcl-2 gene expression in
EGCs pre-incubated with RN-1734 and subsequently
exposed to TcdA or TedB (Fig. 6C).

Given that TcdA and TcdB are released concomitantly
in vivo to promote disease, we next investigated whether
the TRPV4 antagonist could protect EGCs simultane-
ously exposed to both toxins (TcdA and TcdB). TRPV4
blockade effectively reduced EGCs death induced by C.
difficile toxins. Interestingly, there was no difference in
cell death between cells exposed to TcdA or TcdB alone
compared to those exposed to both toxins combined
(Fig. 6D).

These findings indicate that activating the TRPV4
receptor in EGCs modulates the apoptotic effects of
C. difficile toxins. Moreover, inhibiting TRPV4 with its
antagonist significantly reduces toxin-induced enteric
glia apoptosis, highlighting its critical role in protecting
these cells from toxic effects.

TRPV4 activation promotes EGC death via Caspase-3
activation (cleavage), while TRPV4 inhibition attenuates
toxin-induced apoptosis

To confirm the role of TRPV4 in enteric glial cell (EGC)
death, we incubated these cells with the TRPV4 agonist
GSK1016790A and assessed its effect on activated cas-
pase-3 expression. Compared to control groups, a signifi-
cant increase in activated caspase-3 protein was observed
in EGCs treated with GSK1016790A. Likewise, exposure
to TcdA and TcdB led to a marked activation of caspase-3
compared to controls. This increase in cleaved caspase-3
induced by C. difficile toxins appears to be TRPV4-
dependent, as treatment with the TRPV4 antagonist sig-
nificantly reduced caspase-3 cleavage in EGCs exposed to
either TcdA or TcdB.
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Fig. 4 Blocking TRPV4 with RN-1734 partially prevents the activation of NFkB induced by C. difficile toxins A (TcdA) and B (TcdB) in enteric glial cells
(EGCs). A) The data represent a quantitative analysis of the percentage of EGCs showing positive nuclear immunostaining for NFkBp65 after 18 h of
incubation with either TcdA (50ng/mL), TcdB (1ng/mL), EGCs with only DMEM (control group), RN -1734 alone (100uM), RN-1734 plus TcdA or RN-1734
plus TcdB. TcdA and TcdB activate TRPV4, leading to increased translocation of NFkBp65 to the nuclei of EGCs. Conversely, blocking the receptor with
RN-1734 decreases this nuclear translocation compared to the toxin groups. Data are presented as mean + SEM of the percentage of nuclei with positive
immunostaining for NFkBp65. Statistical significance was determined using the one-way ANOVA and Tukey tests. **p <0.001 and ***p <0.0001. B) Pho-
tomicrographs illustrate the nuclear immunostaining of NFkBp65 (green), the nuclear staining with DAPI (blue), and the merged images (MERGED). Red
arrows indicate the nuclear translocation of NFkB. The percentage of cells positive for NFkBp65 was evaluated in every 100 cells counted (n=5), specifi-
cally targeting the hot areas of each group (areas showing intense staining). Scale bars=50 um
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Fig. 6 TRPV4 regulates cell death in enteric glial cells (EGCs) induced by C. difficile toxins. A) Inhibition of TRPV4 by the antagonist RN-1734 significantly
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Data are presented as mean+SEM (n=5) of the relative luminescence unit (RLUs), proportional to the amount of phosphatidylserine-annexin V binding.
Statistical significance was determined using ANOVA and Tukey tests. ***p <0.0001. B) Inhibition of TRPV4 by the antagonist RN-1734 significantly re-
duced the cleaved caspase-3 protein expression in EGCs exposed to TcdA and TcdB over an 18-hour incubation period. Western Blotting detected protein
expression in EGCs. Data are presented as mean +SEM (n=5) of cleaved Caspase-3 protein expression relative to -actin. Statistical significance was
determined using one-way ANOVA and Tukey tests. ***p < 0.0001. C) Inhibition of TRPV4 by the antagonist RN-1734 significantly upregulates bcl-2 gene
expression in EGCs exposed to TcdA and TcdB over an 18-hour incubation period compared to the control group. Gene expression of bcl-2 in EGCs was
assessed by qPCR. Data are presented as mean+SEM of relative bcl-2 gene expression. Statistical significance was determined using one-way ANOVA and
Tukey tests. **p < 0.001 and ***p <0.0001. D) The inhibition of TRPV4 by the antagonist RN-1734 significantly reduced EGC death following simultaneous
exposure to TcdA and TcdB over an 18-hour incubation period. Apoptosis was assessed using the Glo-Annexin V Real-Time Assay, with data presented as
mean+SEM (n=3-5) of relative luminescence units (RLUs), proportional to phosphatidylserine-annexin V binding. Statistical significance was determined
using ANOVA followed by Tukey's post hoc test. EGCs following 18 h of incubation with either TcdA (50ng/mL), TcdB (1ng/mL), only EGCs with only DMEM
(control group), RN -1734 alone (100uM), RN-1734 plus TcdA or RN-1734 plus TcdB. The entire blotting membranes are available in the supplementary
material (Figure S4-S8)

These findings highlight the role of TRPV4 activation  difficile toxins. Calcium influx was assessed using the
in modulating apoptosis in EGCs, specifically in response  Fluo-8 no wash Calcium assay. Cells were challenged
to C. difficile toxins (See Fig. 7). with either TedA (50 ng/mL) or TcdB (1 ng/mL) at mul-

tiple time points (0, 3, 4, 6, and 9 h). The results demon-
TRPV4 antagonist inhibits calcium influx in EGC exposed to  strated a time-dependent increase in calcium levels upon
C. difficile toxins exposure to the toxins (Fig. 8A).
To further investigate the role of TRPV4 in modulating In another experiment, we examined whether blocking
calcium influx, we measured intracellular calcium lev- TRPV4 with its antagonist, RN-1734, could reduce toxin-
els in enteric glial cells (EGCs) following exposure to C.  induced calcium influx. EGCs were pre-treated with 100



Pacifico et al. Journal of Inflammation (2025) 22:3 Page 12 of 16
*kk k%
*k%k 3 *k%k

6- Fk%k *%
ey | 1 Control
2 EE GSK1016790A
E 4 mE TcdA
] Il RN-1734+TcdA
g = TcdB
o o @D RN-1734+TcdB
E] 1 B
('S

0--—

Fig. 7 TRPV4 activation promotes cell death in enteric glial cells (EGCs) via caspase-3 activation, while its inhibition reduces toxin-induced effects. Fluo-
rescence intensity of cleaved caspase-3 was measured in EGCs after 18 h of incubation with GSK1016790A (TRPV4 agonist), TcdA (50 ng/mL), TcdB (1
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Fig. 8 TRPV4 antagonist reduces calcium influx in enteric glial cells (EGCs) exposed to C. difficile toxins. (A) Calcium influx was measured using the Fluo-8
No Wash Calcium Assay in EGCs exposed to TcdA (50 ng/mL) or TcdB (1 ng/mL) at various time points (0, 3,4, 6, and 9 h). (B) Calcium influx was measured
after 9 h of exposure to TcdA and 6 h of exposure to TcdB in the presence or absence of 100 uM RN-1734 (a TRPV4 antagonist), which was added 1 h prior

to toxin exposure. Statistical analysis was performed using Student’s t-test

uM RN-1734 for 1 h before being exposed to TcdA for
9 h or TcdB for 6 h. The TRPV4 antagonist significantly
reduced calcium influx in both toxin-treated groups, con-
firming the involvement of TRPV4 in the calcium regula-
tion pathway triggered by C. difficile toxins (Fig. 8B).

Discussion

In this study, we provide new evidence indicating that
TRPV4 plays a pivotal role in regulating the inflammatory
response and EGCs death triggered by C. difficile toxins.
Our research illuminates a previously poorly explored
area within gastroenterological science, emphasiz-
ing the significant impact of C. difficile toxins on EGCs.
This focus is particularly noteworthy given the extensive

research traditionally dedicated to other gut cell types,
such as epithelial cells, while the involvement of EGCs
has remained relatively overlooked. By identifying the
TRPV4 receptor’s modulation in this context, our study
fills a critical gap in our understanding of gut pathology.
It opens new avenues for therapeutic interventions tar-
geting gut inflammation and cell death mechanisms.

We observed a marked increase in TRPV4 expression
in the cecum and colon of mice infected with C. difficile,
with a particular concentration in the submucosa, the
myenteric plexus, and within enteric immune cells. While
the overexpression of TRPV4 in association with CDI is a
novel finding, existing literature has documented TRPV4
expression in the myenteric plexus of the colon in mice
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experiencing conditions such as visceral hypersensitiv-
ity and intestinal dysmotility [16—19]. This observation
indicates that TRPV4 may have a role in post-infection
dysmotility linked with CDI, a functional disorder doc-
umented in the literature [23]. Furthermore, TRPV4
expression has been noted in the myenteric plexus of
human colon samples from individuals with IBD such as
Crohn’s disease and ulcerative colitis [24], highlighting its
potential relevance in a broader spectrum of gastrointes-
tinal pathologies.

Expanding on our research, we explored the expres-
sion of the TRPV4 receptor in EGCs and discovered that
EGCs naturally express the TRPV4 receptor on their cell
membranes. Furthermore, we demonstrate that exposure
to TcdA and TcdB results in a time-dependent upregula-
tion of this receptor’s expression in these cells. Moreover,
our research demonstrates that CDI significantly elevates
the expression of this receptor in the submucosal and
myenteric plexus regions of the cecum and colon in mice.

EGCs are pivotal for many essential physiological func-
tions within the intestine. These include regulating motil-
ity, maintaining mucosal integrity, managing secretion,
and neurotransmission, and overseeing the regulation of
the enteric immune system [25, 26]. Additionally, EGCs
are emerging as active components within the ENS,
playing crucial roles during intestinal inflammatory and
immune responses. The literature has documented a piv-
otal shift in EGCs, transitioning to a pro-inflammatory
phenotype in response to pathological stimuli, such as
bacterial products [12, 27]. A pronounced increase in
the expression of various receptors and membrane ion
channels, including toll-like receptor, P2X receptor, con-
nexin-43, and pannexin-1, marks this transformation [6,
9, 11, 28]. Notably, to our knowledge, the overexpression
of TRPV4 in EGCs in response to bacterial products is
reported for the first time in the present study.

Moreover, studies in the literature, including those
conducted by our group, have demonstrated that EGCs
contribute to the inflammatory response by releasing
cytokines and glial mediators, such as S100B, GDNE,
TNEF-q, and IL-1B [29, 30]. Particularly in CD], it is well
established that C. difficile toxins can stimulate various
cells, including intestinal epithelial cells, immune cells,
and neurons, to release cytokines and chemokines [5].
Our recent research sheds light on the impact of TcdA
and TcdB on EGCs [8]. We found that these toxins trigger
the activation of NFkB, resulting in a significant increase
in IL-6 gene expression, a cytokine critically involved in
the onset and progression of CDI [8]. The current study
confirms the activation of NFkB by these toxins in EGCs,
leading to a significant upregulation of IL-6 gene expres-
sion and a substantial increase in IL-1p gene expression
in these cells. Interestingly, our findings suggest that
TRPV4 appears to be implicated only in the effects of
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TcdA on increasing IL-6 gene expression. Blocking this
receptor did not affect the IL-6 gene upregulation trig-
gered by TcdB in EGCs, nor did it influence the impact
of both toxins on IL-1p gene expression. This suggests
the involvement of alternative mechanisms in mediating
these responses.

Moreover, we demonstrate that the inhibition of
TRPV4 using its antagonist, RN-1734, reduces the trans-
location of NF«kBp65 to the nucleus in EGCs and con-
sequently prevents the overexpression of TNF in these
cells. This finding suggests that TcdA and TcdB trigger
TNF-« release by activating NFkB in EGCs, with TRPV4
playing a crucial role in mediating these responses. The
translocation of NFkBp65 to the nucleus is a vital step
for activating this transcription factor, highlighting the
essential role of TRPV4 in facilitating NFkB pathway
activation in response to C. difficile toxins.

NFkB is a nuclear transcription factor critical in regu-
lating innate and adaptive immune functions [31]. Once
activated, NF«kB regulates the expression of several
pro-inflammatory genes, including those that encode
cytokines (TNF-«, IL-6, IL-1p, IL-2, IL-8), chemokines
(CXCL-1, CXCL-10, MCP-1), and additionally plays a
role in inflammasome regulation [31, 32]. These findings
align with our data, which show that the activation of
NF«B by TcdA and TcdB resulted in a significant increase
in IL-6 and IL-1p gene expressions in EGCs, subse-
quently leading to apoptosis of these cells.

Studies have shown the impact of TcdA and TcdB
inducing apoptosis in EGCs and other cells, including
enteric neurons, enterocytes, immune cells, and nerve
cells [5-10, 33-35]. However, the precise mechanism
behind cell death induced by C. difficile toxins remains
incompletely understood. Our research provides new
insights, revealing the crucial involvement of TRPV4 in
the death of EGCs triggered by C. difficile toxins. Inter-
estingly, simultaneous incubation with TcdA and TcdB
did not increase cell death compared to treatments with
each toxin alone. One possible explanation for this result
is that the mechanisms of cell death induced by TcdA and
TcdB may reach a threshold level at the concentrations
used, where further increases in toxicity are not observed
when both toxins are present together. Alternatively, both
toxins may trigger similar apoptotic pathways, which
might not necessarily amplify cell death when applied
simultaneously at these concentrations.

Additionally, our research offers insights into the
molecular mechanisms supporting the protective role
of TRPV4 inhibition in safeguarding EGCs against the
harmful effects of C. difficile toxins. Specifically, we
observed that the TRPV4 agonist and toxins C. difficile
toxins significantly increased caspase activation, a key
apoptosis effector, in EGCs. Caspase-3 is critical in medi-
ating the enteric glial cell death induced by TcdA or TedB
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Fig. 9 Possible mechanism of TRPV4 participation in the action of TcdA and TcdB in enteric glia. Cellular homeostasis — enteric glia, under physiological
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transcription factor NFkBp65 to the glial cell nucleus, increased pro-inflammatory cytokines (IL-6, IL-13 and TNF-a), decreased bcl-2 and increased cleaved
caspase-3 which results in the death of enteric glia (apoptosis). These results indicate that toxins increase calcium influx, which affects enteric glia. Partial
recovery — Blocking TRPV4 by its antagonist leads to a decrease in the inflammatory response and cell death caused by toxins in glial cells, thus reestab-

lishing the partial physiological conditions of these cells

[9, 36, 37]. The involvement of the TRPV4 receptor in
this apoptotic process is further supported by the finding
that its inhibition via the antagonist RN-1734 prevented
the toxin-induced caspase-3 cleavage. Our study sug-
gests that upon activation by C. difficile toxins, TRPV4
increases intracellular Ca2 + concentrations, which in
turn promotes caspase-3 activation. This was evidenced
by the time-dependent increase in calcium levels follow-
ing toxin exposure. These findings are consistent with
previous observations that disruptions in physiological
Ca2 +levels triggered by TcdA and TcdB are linked to the
initiation of cellular death mechanisms [26]. This effect is
attributed to the TRPV4 receptor’s notable permeability
to Ca2+ [38]. Accordingly, blocking TRPV4 significantly
reduced calcium influx in both toxin-treated groups,
confirming the receptor’s crucial role in the calcium reg-
ulation pathway triggered by C. difficile toxins.
Furthermore, evidence shows that increased cytoplas-
mic Ca2 +levels can trigger the activation of cell death
mechanisms beyond caspases, including pro-apoptotic

members of the B cell lymphoma-2 (Bcl-2) family [5, 33,
36]. The Bcl-2 family of proteins plays a crucial role in
regulating apoptosis. This family is categorized into two
main sub-groups: the anti-apoptotic proteins that inhibit
cell death and the pro-apoptotic proteins that facilitate
apoptosis [39]. Our findings demonstrate that TcdA and
TcdB reduce the gene expression of the Bcl-2, an anti-
apoptotic protein, in EGCs, consequently decreasing cell
survival. Significantly, the blockade of the TRPV4 recep-
tor with RN-1734 safeguards the cells against this detri-
mental effect, suggesting the involvement of this receptor
in this specific mechanism.

Another important aspect is that this increase in
Ca2 +levels may play a crucial role in transforming EGCs
into a reactive phenotype. It has been established that
EGCs form extensive communication networks through
a complex array of Ca2 +signals, enabling them to inte-
grate information from neurons, glial cells, immune cells,
or other cells in the gut microenvironment [40]. There-
fore, the excitability exhibited by EGCs is governed by
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their Ca2+responses, highlighting the importance of
these signals in potentially driving the transformation of
EGC:s in response to pathological conditions. The inhibi-
tion of TRPV4 might prevent the surge in intracellular
Ca2 + concentration and its subsequent effects, highlight-
ing a potential therapeutic target in managing the patho-
logical transformation of EGCs.

Our research sheds light on the pivotal role of TRPV4
in mediating the inflammatory response triggered by C.
difficile toxins and its significant role in the pathogenesis
of CDI, marking it as a promising therapeutic target, as
illustrated in Fig. 9. However, our study has certain limi-
tations. A more thorough investigation into the impacts
of TRPV4 receptor inhibition on CDI outcomes in vivo
is essential to fully understand the receptor’s activity and
implications. Furthermore, the potential clinical applica-
tion of TRPV4 antagonists requires extensive research
to evaluate their effectiveness and safety for human use.
These limitations highlight the imperative for ongoing
research to deepen our comprehension of TRPV4’s role
in CDI and to confirm the feasibility of TRPV4-targeted
therapies.
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